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I. RESUME (Francais)

L’O-GlcNAcylation est une modification post-traductionnelle qui consiste en 1’ajout
covalent du N-acetylglucosamine au groupement hydroxyle des sérines et thréonines des
protéines nucléaires et cytoplasmiques. Ce type de glycosylation atypique est régulé de
manicre trés dynamique par 1’action de I’O-GIcNAc transférase (OGT) et de ’O-GIlcNAcase
(OGA) qui catalysent et hydrolysent cette modification respectivement. Aujourd’hui, OGT
émerge comme un régulateur transcriptionnel et senseur critique du métabolisme ou les
protéines ciblées par I’O-GlcNAcylation couvrent la presque totalité des voies de signalisation
cellulaire. Récemment, des études ont aussi proposé qu’OGT soit impliquée dans la régulation
épigénétique par I’O-GlcNAcylation des histones. Dans le but de caractériser le role
fonctionnel d’OGT dans la régulation épigénétique, nous avons revisité le concept d’O-
GlcNAcylation des histones et, de maniére surprenante, n’avons pu confirmer cette
observation. En fait, nos données indiquent que les outils disponibles pour détecter 1’O-
GlcNAcylation des histones génerent des artéfacts. De ce fait, nos travaux supportent plutot un
modele ou la régulation épigénétique médiée par OGT se fait par 1’O-GlcNAcylation de
régulateurs transcriptionnels recrutés a la chromatine. Parmi ceux-ci, OGT s’associe au
complexe suppresseur de tumeurs BAP1. En étudiant le role d’OGT dans ce complexe, nous
avons identifié¢ le facteur de transcription FOXK1 comme un nouveau substrat d’OGT et
démontrons qu’il est régulé par O-GlcNAcylation durant la prolifération cellulaire. Enfin,
nous démontrons que FOXKI1 est aussi requis pour I’adipogenese. Ensemble, nos travaux

suggerent un role important d’OGT dans la régulation du complexe BAP1.

Mots clés : OGT, O-GlcNAcylation, Histones, H2BS112, BAP1, FOXK1, Transcription,

Epigénétique, Chromatine, Adipogenése



II. RESUME (Anglais)

O-GIcNAcylation is a post-translational modification which consists in the covalent
addition of an N-acetylglucosamine sugar to the hydroxyl group of serine and threonine
residues of nuclear and cytoplasmic substrates. This atypical glycosylation is regulated in a
very dynamic manner through the action of the O-GlcNAc transferase (OGT) and the O-
GlcNAcase (OGA) that catalyze and hydrolyze this modification respectively. OGT has
emerged as a critical transcriptional regulator and sensor of metabolism whereby proteins
targeted by O-GlcNAcylation cover several cell signaling pathways. Recently, studies have
also suggested that OGT may be involved in epigenetic regulation through the O-
GlcNAcylation of histones. For the purpose of characterizing the functional role of OGT in
epigenetic regulation, our group revisited the concept of histone O-GlcNAcylation and
surprisingly, our work could not confirm this observation. In fact, our data indicate that the
available tools for histone O-GlcNAcylation detection generate artifacts. Consequently, our
work rather supports a model whereby OGT-mediated epigenetic regulation is indirectly
achieved through O-GlcNAcylation of chromatin-associated transcriptional regulators. Among
these, OGT strongly associates with the BAP1 tumor suppressor complex. Thus, by focusing
on the role of OGT in this complex, we identified the transcription factor FOXKI as a novel
substrate of OGT and demonstrate that it is regulated throught O-GlcNAcylation during cell
proliferation. Finally, we demonstrate that FOXKI1 1is also required for adipogenesis. Taken

together, these data suggest an important role of OGT in regulating the BAP1 complex.

Key words: OGT, O-GlcNAcylation, Histones, H2BS112, BAP1, FOXKI1, Transcription,

Epigenetic, Chromatin, Adipogenesis.
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CHAPITRE 1

1. REVUE DE LITTERATURE



1.1 O-GIcNAc Transférase (OGT)

La régulation des mécanismes biochimiques par les modifications post-traductionnelles
(MPT) est un processus de régulation complexe qui nécessite une collaboration et une
coordination accrues des enzymes permettant de modifier des substrats spécifiques en réponse
a un stimulus. Ces modifications permettent une régulation dynamique, rapide et varié¢e de la
fonction protéique par 1’ajout de groupements fonctionnels permettant de changer les
propriétés physicochimiques des protéines ciblées [1]. Cela peut résulter en ’ajout d’une
charge, d’un sucre, d’un groupement lipidique, d’une protéine etc. Ces modifications sont
majoritairement bénéfiques et constituent un élément fonctionnel important quant a I’activité,
la localisation, 1’affinité, la solubilité et la stabilité protéique. Par exemple, la phosphorylation
qui consiste en 1’ajout d’une molécule de phosphate chargée négativement est parmi les
modifications les plus abondantes [2]. Par ailleurs, son importance est soulignée par le fait que
plus d’une centaine de kinases et de phosphatases, qui catalysent 1’ajout et I’enlévement de
cette modification respectivement, sont connues a ce jour et participent dans la presque totalité
des voies de signalisation cellulaire. D’autre part, un autre exemple important de modifications
post-traductionnelles est 1’ubiquitination qui consiste en I’ajout d’une ou plusieurs protéines
d’ubiquitines sur les résidus lysines. Cette derni¢re est principalement impliquée dans la
régulation de la demi-vie en ciblant les protéines pour la dégradation dépendante du
protéasome [3]. Ce mécanisme s’avere central quant au contrdle de la qualité des protéines et

au recyclage des acides aminés.

Au cours des dernicres décennies, 1’identification de nouvelles molécules et enzymes
modificatrices telles que 1’ajout de I’O-Linked B-N-Acétylglucosamine (O-GIcNAc) catalysé
par ’O-Linked B-N-Acétylglucosamine Transférase (OGT), a considérablement augmenté la
complexité de ce réseau de modifications, mais a aussi contribué¢ de maniére importante a la
compréhension des mécanismes a la base de diverses maladies dont le cancer. Depuis la
découverte de 1’0O-GIcNAc par Dr. Gerald W. Hart en 1984, I’'intérét grandissant autour
d’OGT émerge, entre autres, du fait qu’elle est la seule enzyme connue a ce jour responsable
de cette MPT nommée O-GlcNAcylation, mais aussi a cause de son omniprésence au sein des

voies de signalisation cellulaires ainsi que de son implication dans la régulation du



métabolisme [4]. L’identification grandissante de substrats ciblés par I’O-GlcNAcylation
suggere une importance cruciale de cette modification dans les fonctions biologiques et révele
un mécanisme de régulation complexe ou 1’équilibre entre la disponibilité du substrat donneur
et des substrats receveurs ainsi que la stabilité¢ protéique d’OGT est finement régulé. Afin de
mieux comprendre le role d’OGT dans I’O-GlcNAcylation de nombreuses cibles (nommé O-
GlcNAcome), il est important de comprendre les particularités de cette enzyme unique au

niveau structural ainsi qu’au niveau de sa régulation.

1.1.1 Structure d’OGT

Le geéne codant pour les formes prédominantes de la protéine humaine OGT se
retrouve sur le chromosome X a proximité du locus Xist responsable du processus
d’inactivation du chromosome X [5]. Le géne d’OGT est sujet a de nombreuses études et
s’avere étre essentiel a I’embryogenese et a la survie cellulaire étant donné que sa suppression
est létale a un stade embryonnaire précoce chez les souris KO [5, 6]. Ce geéne est composé
d’un total de 23 exons, qui suite au processus d’€pissage alternatif, peuvent mener a la
formation de 3 isoformes distinctes de la protéine OGT, soit la forme nucléo-cytoplasmique
longue (ncOGT), mitochondriale (mOGT) ou nucléo-cytoplasmique courte (sOGT) (Figure 1)

qui sont exprimées de maniére ubiquitaire, mais différentielle dans les tissus [7, 8].

: 12 TPR : NLS | Catalytic domain |
ncOGT ] 1046 aa
MTS 9 TPR
mOGT N-Cat c-Catp 920 aa
2|EIR
sOGT e | o o -t Jummnic cafp 665 2

Figure 1. Schématisation des 3 isoformes humaines de I’O-GlcNAc transférase (OGT) codées par
le chromosome X. Le nombre de répétitions tétratricopeptides (TPR), le signal de localisation
mitochondriale (MTS), le signal de localisation nucléaire (NLS) et les lobes du domaine catalytique
(N-Cat et C-Cat) sont représentés en vert, rouge, jaune et bleu respectivement. ncOGT; forme
nucléocytoplasmique longue d’OGT, mOGT; forme mitocondriale d’OGT, sOGT; forme
nucléocytoplasmique courte d’OGT.



Plus récemment, une étude sur la drosophile a mené a 1’identification d’une forme atypique
humaine d’OGT (EOGT) présente dans la lumiére du réticulum endoplasmique qui serait
responsable de 1’O-GlcNAcylation de protéines de la matrice extracellulaire [9]. Le géne
codant pour cette forme est présent sur le chromosome 3, mais n’a été que trés peu caractérisé
[9, 10]. De ce fait, la présente section portera uniquement sur une description détaillée de la
structure et de la fonction des formes prédominantes d’OGT qui sont beaucoup plus
caractérisées. Cependant, [D’identification d’EOGT souligne [DI’importance de [I’O-
GlcNAcylation et indique qu’il reste encore beaucoup a découvrir sur son implication

cellulaire.

1.1.1.1 Répétitions tétratricopeptides d’OGT

Comme indiqué précédemment, malgré le fait que les 3 isoformes prédominantes
d’OGT possedent une séquence presqu’identique, elles se sont révélées étre différemment
impliquées dans la fonction cellulaire et ce, principalement a cause de la différence entre leurs
séquences N-terminales [11, 12]. La forme mOGT possede une séquence N-terminale
contenant un signal de localisation mitochondrial (MTS), ce qui la situe dans la membrane
interne de la mitochondrie ou elle joue un rdle dans la réponse pro-apoptotique [11, 13, 14].
Les formes ncOGT et sOGT, quant a elles, se retrouvent dans le cytoplasme et dans le noyau
et son impliquées dans de multiples voies de signalisation, en étant associées a différents
partenaires [8, 15-17]. La distinction principale entre ces isoformes provient du nombre de
répétitions du motif tetratricopeptide (TPR) situé en N-terminal. Ce motif est composé d’une
répétition d’un groupe de 34 acides aminés qui s’arrange en une structure formée de 2 hélice-a
antiparalleles [18]. La répétition de ce motif résulte en une accumulation de ces hélices-a
antiparalleles permettant la formation d’une super hélice formant un canal amphipathique

important dans la formation d’interactions protéine-protéine (Figure 2) [18].

Ce module d’interaction a été identifi¢ dans la structure de nombreuses protéines impliquées
dans des complexes multi-protéiques [19]. Par ailleurs, bien qu’aucune séquence consensus
ciblée par OGT n’ait été identifiée, le site d’ancrage défini par le nombre de TPRs semble
jouer un role déterminant dans la préférence de substrats entre les différentes isoformes

d’OGT et suggere donc un role différentiel de ces derniers [20, 21]. En effet, la présence de



plusieurs résidus asparagine (Asp) sur la surface concave du tunnel formé par les TPRs serait

importante dans la reconnaissance des substrats de différentes tailles [22]. Cette différence est

Figure 2. Structure tridimensionnelle de I’O-GlcNAc transférase (OGT) représentée de maniére
schématique simple (gauche) et détaillée (droite). Le nombre de répétitions tétratricopeptides (TPRs)
propre aux différentes isoformes d’OGT est indiqué sur le schéma simple et représenté en gris sur les
deux schémas. Le mode¢le tridimensionnel détaillé représente une forme tronquée contenant les 4
TPRs illustré en gris foncé sur le schéma simple. Les lobes N-terminal (C-Cat), Intervening (Int-D) et
C-terminal (C-Cat) du domaine catalytique sont représentés en rouge, vert et violet respectivement.
Les deux hélices additionnelles propres au domaine catalytique d’OGT sont représentées par H1 et
H2. ncOGT; OGT nucléocytoplasmique, mOGT; OGT mitochondriale, sOGT; isoforme courte
d’OGT nucléocytoplasmique. Tirée avec autorisation de Lazarus MB et al (2011) [21].

d’autant plus importante dans le cas de ncOGT et de sSOGT qui se retrouvent dans les mémes

compartiments cellulaires et qui possedent le méme domaine catalytique fonctionnel [23].

1.1.1.2 Domaine catalytique d’OGT

Le domaine catalytique d’OGT comporte un lobe C-terminal (C-Cat) et un lobe N-
terminal (N-Cat) qui sont séparés par un domaine Intervening (Int-D) qui forme chacun un
repliement en sandwich de type a-B-a ressemblant & un pli de Rossmann (Figure 2) [24]. La
structure de ce domaine catalytique ainsi que la présence de 2 hélices-a supplémentaires
propre a la structure du lobe N-Cat d’OGT permettent la formation d’une poche de liaison a
I’uridine di-phosphate N-Acétylglucosamine (UDP-GIcNAc) qui est le substrat donneur utilisé
par OGT pour faire sa catalyse enzymatique [24, 25]. Cependant, bien que des études

structurales aient démontré que le domaine Int-D se situe plus prés du lobe C-Cat, son rdle



reste encore a déterminer. Les études cristallographiques et d’analyses mutagéniques d’OGT
ont permis 1’identification de résidus importants a la catalyse enzymatique. Les acides aminés
Thr560, His920, Leu653 et Gly654 sont importants pour la stabilisation du sucre (GlcNAc) de
I’UDP-N-Acétylglucosamine (UDP-GlcNAc) dans le site actif et les résidus Cys917, Met501
et Leu502 forment une poche hydrophobe pour interagir avec le groupe N-acétyl de ce dernier.
Le groupement B-phosphate de I’'UDP-GIcNAc se trouve dans une poche formée de His920,
Thr921 et Thr922 ainsi que Lys842, ce qui favorise la conformation particuliére de 1’UDP-
GlcNAc dans le site actif (Figure 2) [26]. La stabilité de la charge négative du phosphate
résultant de ’attaque nucléophile du substrat est médiée par la charge positive du résidu
Lys842 qui est absolument essentielle a la réaction enzymatique [26]. D’autres mutations
abolissant la catalyse ont été identifiées telles que le mutant Asp925A (D925A) qui a été

utilisé par notre groupe pour réaliser nos travaux [22].

1.1.1.3 Site actif d’OGT

Contrairement aux enzymes conventionnelles qui dépendent d’une diade ou triade
catalytique pour déclencher la catalyse enzymatique entrainant la modification de leurs
substrats, OGT semble plutdt favoriser un mécanisme de catalyse assistée par le substrat en
imposant dans son site actif une conformation particuliere a ’'UDP-GIcNAc et au substrat, ce
qui induit une attaque nucléophile entre la sérine (Ser) ou thréonine du substrat et I’'UDP-
GlcNAc [26]. Par ailleurs, les ¢tudes de compétition indiquent qu’OGT effectue la catalyse
par un mécanisme ordonné séquentiel bi-bi qui nécessite d’abord I’interaction de 1’UDP-

GlcNAc dans le site actif et ensuite I’interaction du peptide substrat [7, 27].

Enfin, ces études ont contribué de maniére significative a la résolution de la structure d’OGT
et de son complexe avec I’'UDP-GIcNAc et certains peptides substrats, ce qui a permis
d’éclaircir son mécanisme d’action ainsi que d’identifier les déterminants importants pour la
reconnaissance de ses substrats. Les différents aspects de la structure d’OGT font d’elle une
enzyme unique, capable de modifier une multitude de substrats impliqués dans des voies de

signalisation variées et soulignent la complexité fonctionnelle de I’O-GlcNAcylation.



1.1.2 Fonction enzymatique d’OGT

OGT catalyse une modification post-traductionnelle cruciale et unique nommée O-
GlcNAcylation. A ce jour, elle est la seule enzyme connue comme étant responsable de la
catalyse de cette modification qui cible les résidus sérine et thréonine d’une multitude de
protéines nucléo-cytoplasmiques pour I’ajout d’une molécule d’O-GIcNAc [28, 29]. Plus
précisément, 1’0O-GIlcNAcylation consiste en la modification réversible du groupement
hydroxyle des sérines et thréonines par 1’ajout covalent d’un sucre (O-GIcNAc) acétylé et non
chargé provenant du substrat donneur d’OGT dérivé de la voie biosynthétique des

hexosamines, I’UDP-GIcNAc (Figure 3) [30].

HtIJ_IO 0 OoGT X HOHO
- f\ HO -

UDP-GIcNAc 0-GlcNAcylated protein

Figure 3. Réaction d’O-GlcNAcylation. Ajout de ’0O-GlcNAc catalysé par ’O-GIcNAc transférase
(OGT) utilisant I’UDP-GIcNAc. Le groupement hydroxyle de la sérine (S) ou de la thréonine (T) de la
protéine cible est modifi¢ par I’ajout du GlcNAc alors que ’UDP est relaché dans le milieu.

L’O-GlcNAcylation est une modification qui résulte d’interactions trés transitoires qui
compliquent ’analyse de son mécanisme. Les études cristallographiques qui ont mené a la
compréhension du mécanisme moléculaire d’OGT ont nécessité 1’utilisation d’inhibiteurs de
son site actif, tels que I’'UDP et ’'UDP-5SGIcNAc, qui ont permis de stabiliser la présence du
substrat donneur et du peptide en complexe avec OGT. Comme indiqué précédemment, le site
actif d’OGT favoriserait une conformation et une proximité du substrat donneur et du substrat
receveur ou la sérine ou thréonine de la protéine cible (substrat receveur) attaque 1’UDP-
GlcNAc, ce qui résulte en I’addition du GIcNAc a cette derniere et en la libération de I’'UDP
[7]. D’ailleurs, bien qu’une protéine cible puisse étre O-GIcNAcylée sur plusieurs résidus,

OGT ne catalyse 1’ajout que d’une seule molécule d’O-GlcNAc par résidu sérine ou thréonine,



ce qui ne méne pas a la formation de chaines complexes d’O-GIcNAc [31]. Cette
caractéristique ainsi que la localisation cellulaire des formes prédominantes d’OGT, favorisant
majoritairement 1’0O-GlcNAcylation des protéines cytoplasmiques et nucléaires plutot que
celles dans la lumiére du réticulum endoplasmique et du Golgi, font de I’O-GlcNAclation un
type de glycosylation atypique et une modification unique. Cependant, malgré les avancées sur
la compréhension du mécanisme d’action d’OGT, 1I’omniprésence de celle-ci ainsi que la liste
exhaustive de protéines O-GlcNAcylées indiquent que les caractéres structuraux identifiés
jusqu’a maintenant ne sont pas les seuls déterminants qui régissent sa fonction. La maniére
dont OGT agit et cible spécifiquement certains substrats dans des contextes précis reste encore
énigmatique. Des études ont cependant proposé que la présence d’OGT dans de nombreux
complexes multi-protéiques suggere que sa spécificité pourrait provenir de son association
contextuelle a ces complexes et a la disponibilité des protéines ciblées pour O-GlcNAcylation
en fonction de leur expression, association ou régulation déterminées par le contexte cellulaire.
Plus récemment, une étude a toutefois démontré que la structure du site actif d’OGT lui
impose des contraintes quant a la séquence du substrat ciblé grace aux positions -3 a +2 du

résidu thréonine ou sérine modifi¢[32].

1.1.3 Régulation de I’O-GlcNAcylation

Contrairement a d’autres modifications comme la phosphorylation qui peut étre
modulée de manicre spécifique par ’action de centaines de kinases et phosphatases qui
interviennent dans différentes voies de signalisation, I’0O-GlcNAcylation ne peut étre
généralement régulée que de manicre globale par ’entremise de facteurs clés pouvant affecter
1) la formation du substrat donneur de la réaction, 2) la réversibilité¢ de la réaction et/ou 3) la
régulation d’OGT. Les modes possibles de régulation sont nombreux, mais la fluctuation du
métabolisme et la disponibilit¢é des nutriments sont sans aucun doute des déterminants
importants qui contribuent au dynamisme de 1’O-GlcNAc. Cette section met donc 1I’emphase

sur les modes principaux de régulation de I’O-GlcNAcylation.

1.1.3.1 Voie Biosynthétique des Hexosamines

Comme mentionné précédemment, OGT nécessite I’intervention de I’UDP-GIcNAc

dans son site actif qui agit a titre de substrat donneur du GIcNAc pour la catalyse enzymatique



[24]. L’UDP-GIcNAc joue un role fondamental dans la sensibilit¢ de la réaction d’O-
GlcNAcylation et procure a OGT une fonction métabolique majeure comparativement a
d’autres glycosyltransférases [17, 33]. La particularité de I'utilisation de I’'UDP-GIcNAc pour
la réaction d’O-GlcNAcylation provient du fait que ce monosaccharide dérivé du glucose est
le produit final de la voie Biosynthétique des Hexosamines (HBP), une voie impliquée dans la
résistance a l’insuline et au développement du diabéte [34, 35]. Normalement, I’activité
limitante de la glutamine fructose-6-phosphate amidotransférase (GFAT) permet a environ 2-
5% du glucose intracellulaire d’emprunter HBP plutot que d’étre dirigé vers la glycolyse
(Figure 4) [35]. Ce glucose est soumis a de nombreux changements moléculaires nécessitant la
collaboration d’une pléthore d’enzymes et voies métaboliques critiques pour la fonction
cellulaire. Entre autres, le glucose, la glutamine, I’acétyl-CoA et 1’Uridine tri-phosphate (UTP)
sont des métabolites critiques pour la production de I’'UDP-GIcNAc, ce qui implique une
coordination accrue du métabolisme du glucose, des acides aminés, des acides gras et des
nucléotides pour sa synthése [7]. De nombreux inhibiteurs affectant le flux de HBP ont été
synthétisés pour manipuler les niveaux d’O-GlcNAcylation et ont grandement contribués a la
compréhension de la régulation des niveaux d’O-GlcNAc [7]. Tout changement métabolique
pouvant affecter le flux de HBP peut résulter en un défaut dans la syntheése de novo de ’UDP-
GlcNAc et par conséquent entrainer a long terme une diminution de 1’O-GlcNAcylation
globale qui aura des répercussions majeures sur la presque totalité des voies biologiques dans
lesquelles cette modification est impliquée [30]. Par I'utilisation de ’'UDP-GIcNAc, OGT se
distingue donc par sa capacité a capter rapidement des changements métaboliques et en étant
capable de convertir un stress en une réponse cellulaire globale vu 1’étendu des substrats
régulés par O-GlcNAcylation [36, 37]. De ce fait, OGT est décrite comme un senseur du

métabolisme [38].
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Figure 4. Schéma intégratif de la voie Biosynthétique des Hexosamines (HBP) simplifiée
démontrant les voies métaboliques intermédiaires impliquées dans la syntheése de novo de ’UDP-
GlcNAc et de la réaction d’O-GlcNAcylation ou 1’ajout de I’O-GlcNAc sur une protéine cible par OGT
peut étre contrecarré par 1’action hydrolase d’OGA ou par compétition avec la phosphorylation. Tirée
avec autorisation de Hanover JA et al (2012) [14].

1.1.3.2 O-GIlcNAcase

L’O-GlcNAcylation est une modification dynamique qui est réversible par 1’action
unique de I’O-GlcNAcase (OGA). OGA est une glycoside hydrolase qui catalyse 1’enlévement

du GlcNAc par une réaction d’hydrolyse qui libére ce dernier et qui est ensuite recyclé via la
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voie de recyclage du GlcNAc (GlcNAc salvage pathway). Durant leurs vies, les protéines
ciblées par I’O-GlcNAcylation subissent donc des cycles variables d’ajout et d’enlévement de
la molécule d’O-GIcNAc en fonction du contexte cellulaire. Le dynamisme de cette
modification est donc gouverné par 1’action de deux enzymes uniques qui sont constamment
soumises a une régulation fine permettant de maintenir et de controler les niveaux d’O-

GlcNAcylation intracellulaires globaux (Figure 5).

OH
H,0

Hﬂgé&,o HO
e

UDP-GIcNAc

Figure 5. Réversibilité de la réaction d’O-GlcNAcylation catalysée par 1’0O-GIcNAc transférase
(OGT) et I’'O-GlcNAcase (OGA). OGT catalyse I’ajout de 1’O-GIcNAc a I’aide de son substrat
donneur, ’'UDP-GIcNAc, alors qu’OGA hydrolyse le GlcNAc. Tirée avec autorisation de Zhu Y et al
(2014) [204].

Contrairement 8 OGT, OGA n’a été que tres peu caractérisée et sa structure cristalline n’a pas
encore été résolue. Différentes études ont rapporté que la forme longue d’OGA est constituée
d’un domaine GH84 en N-terminal contenant un motif catalytique a double aspartate (Asp174
et Aspl75) caractéristique de son site actif et d’un amas d’hélices immédiatement suivi d’un

domaine HAT en C-terminal (Figure 6) [39].

rLnocr [GHEA [ Har Jots
wea [ Ghea ] 677

Figure 6. Schématisation des 3 isoformes humaines de I’O-GlcNAcase (OGA) codées par le
chromosome 10. Les domaines O-GlcNAcase (GH84) et HAT sont représentés en orange et vert
respectivement. Les deux résidus aspartate critiques du site catalytique Aspl74 et Aspl75 sont
indiqués. La forme longue (FL), ainsi que les deux formes tronquées (VOGA et sOGA) correspondent
a des protéines de 916, 677 et 350 acides aminés respectivement.
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Néanmoins, bien que ce dernier domaine ait été¢ identifi¢ comme étant un domaine HAT,

celui-ci n’a pas été associé a une activité acétyle transférase.

Trois isoformes prédominantes de la protéine OGA résultant de 1’épissage alternatif du gene
d’OGA sur le chromosome 10 ont été identifiées chez I’humain [40]. Chaque variant différe
en C-terminal ou seule la forme longue posséde le domaine HAT et ou la forme la plus courte
ne contient que le domaine GH84 ayant le site catalytique (Figure 5) [40, 41]. Ces isoformes
ont pu étre détectés dans les compartiments cytoplasmique et nucléaire et des évidences
indiquent que leur expression est régulée par I’homéostasie de I’O-GlcNAc intracellulaire [41,
42]. Enfin, tout comme OGT, les déterminants qui régissent la spécificit¢ d’OGA envers des
centaines de substrats sont encore trés peu compris et nécessitent des analyses beaucoup plus
approfondies de son mécanisme d’action [43]. Evidemment, tous processus pouvant affecter
la stabilité ou I’activité catalytique d’OGA auront des répercussions sur 1’O-GlcNAcylation
globale. De nombreuses molécules inhibitrices d’OGA, telles que 1’O-(2-acetamido-2-
deoxyglucopyranosylidene) amino N-phenylcarbamate (PUGNACc) utilisé dans nos travaux,
ont ¢té synthétisées et sont couramment utilisées pour étudier la fonction de cette modification

[44].
1.1.3.3 Régulation d’OGT

Une autre facon de réguler 1’ajout de I’O-GIcNAc provient d’événements capables
d’altérer ou d’accentuer de maniere directe ou indirecte 1’activité enzymatique ou les niveaux
protéiques d’OGT. Il a été¢ démontré qu’en réponse a une baisse de glucose intracellulaire et a
une diminution du flux de HBP, I’expression d’OGT est augmentée paradoxalement suite a la
diminution de la concentration en UDP-GIcNAc [45, 46]. Cependant, il n’est pas encore tres
clair si ce phénotype est dépendant ou non de ’AMPK qui est activée en réponse a une
privation de glucose [46, 47]. De manicre intrigante, la stabilit¢ d’OGT a été montrée comme
étant positivement régulée par les voies mTOR/ PI3K et c-MYC indépendamment de sa
transcription [48, 49]. Lorsque la réponse autophagique est enclenchée, mTOR est inhibé et
OGT est alors ciblée pour la dégradation par le protéasome résultant en une diminution de 1’O-
GlcNAcylation globale. Ceci démontre la complexité de la régulation d’OGT en réponse a un

contexte particulier. D’autre part, les fluctuations en nutriments et autres influences
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métaboliques ne sont cependant pas les seules responsables de la régulation d’OGT. En effet,
OGT est la cible de multiples MPTs permettant a cette derniére de livrer une certaine
sélectivité et/ou spécificité de réaction. Parmi ces MPTs, plusieurs sites de phosphorylation
influengant 1’activité ou la stabilit¢ d’OGT ont été identifiés. En réponse a une stimulation par
I’insuline, OGT est transloquée du noyau au cytoplasme et est phosphorylée sur une ou
plusieurs tyrosines par le récepteur a I’insuline résultant en une augmentation de son activité
catalytique [50, 51]. Une augmentation de 1’activit¢ d’OGT a aussi été observée par la
phosphorylation de ses sérines 3 et 4 par GSK3p, un événement important dans la régulation
du rythme circadien [52]. Comme indiqué précédemment, la phosphorylation d’OGT par
mTOR augmente sa stabilité [48, 49]. A I’inverse, OGT est aussi la cible des ubiquitines
ligases LSD2 et B-TrCP1 qui provoquent sa dégradation médiée par le protéasome [53, 54].
Bien que la phosphorylation et I’'ubiquitination semblent étre les modifications prédominantes
pour la régulation de la fonction d’OGT, OGT est aussi sujette a 1’auto O-GlcNAcylation [55,
56]. Cependant, la conséquence fonctionnelle de cette auto régulation reste encore inconnue,
mais semble étre impliquée dans la régulation de son activité [52]. Enfin, autre que la voie de

I’insuline, peu de régulateurs transcriptionnels d’OGT ont été identifiés [51].

1.1.4 Role de I’O-GlcNAcylation

Depuis sa découverte, 1’0O-GlcNAcylation a été ¢tudiée dans plusieurs organismes
modeles dans le but de déterminer sa fonction physiologique [6, 57-59]. Les travaux effectués
chez le vers, la drosophile et la souris ont permis de déterminer que bien qu’OGT semble avoir
des fonctions trés différentes dans ces organismes, ses fonctions sont essentielles lorsqu’il
s’agit de déterminer son role chez les eucaryotes complexes comme la souris et la drosophile
[60]. De nombreuses études ont tent¢ de comprendre comment 1’O-GlcNAcylation peut
affecter la fonction protéique. Ces dernicres ont révélé I’'importance de I’O-GlcNAc dans la
régulation fonctionnelle a plusieurs niveaux [61, 62]. De facon notable, OGT cible
majoritairement des régulateurs et complexes transcriptionnels [63]. Malgré le fait que 1’O-
GlcNAcylation d’un résidu puisse avoir un réle spécifique, il s’aveére que la plupart des sites
d’O-GlcNAcylation rapportés peuvent engendrer des répercussions diverses au niveau
transcriptionnel et épigénétique (Figure 7). La section suivante présente donc quelques

exemples spécifiques de régulation par O-GlcNAcylation rapportés dans la littérature qui
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montrent I’implication répandue d’OGT dans la régulation du protéome. Cependant, a cause e
son implication biologique majeure, cette liste d’exemples n’est pas du tout exhaustive et ne

démontre que partiellement I’ampleur de la fonction d’OGT.
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Figure 7. Exemples de régulateurs transcriptionnels rapportés pour étre ciblés par OGT. L’O-
GlcNAcylation de ces cibles a des répercussions sur la transcription, la traduction, le métabolisme, le
développement neuronal, le cycle cellulaire et la réponse cellulaire au stress. Leur dérégulation
contribue a de nombreuses maladies incluant le diabéte, la maladie d’Alzheimer et le cancer. Adaptée
avec autorisation de Slawson C et Hart GW (2011) [60].

1.14.1 Régulation des interactions protéine-protéine

De nombreux exemples sur le role de I’O-GIcNAction dans la régulation des

interactions protéine-protéine ont été décrits dans la littérature. Un cas connu est la régulation
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positive de I’assemblage du complexe de pré-initiation de la transcription par 1’O-
GlcNAcytion du domaine C-terminal de I’ARN polymérase I ayant un impact positif sur la
transcription des génes [64]. Un autre est la médiation de I’interaction entre les nucléoporines
Nup62 et Nup68 ou la co-immunoprécipitation de Nup62 avec Nup68 se trouve pratiquement
abolie dans des conditions de déplétion d’OGT [65]. Ceci suggere que dans ce cas précis, 1’O-
GlcNAcylation augmente 1’interaction entre ces deux protéines de maniere favorable pour la
fonction du complexe pore nucléaire qui est impliqué dans de nombreux processus en plus de
sa fonction cruciale dans le transport nucléocytoplasmique [65, 66]. Un cas opposé a aussi été
rapporté entre les facteurs de transcription Spl et SREBP2 ou dans ce cas précis, 1’0O-
GlcNAcylation de Spl interrompt son association avec SREBP2 et réduit I’expression de
I’acétyl-CoA synthétase 1 (AceCS1) résultant en une diminution de la synthése de lipides et
d’autres processus dépendant de 1’acétyl-CoA, tels que 1’acétylation des histones [67-69]. Ces
exemples et de nombreux autres, démontrent 1’implication cruciale de 1’O-GlcNAcylation
dans la régulation positive et négative des interactions protéiques engagées dans des voies de

signalisation variées.

1.1.4.2 Régulation de la stabilité protéique

L’O-GlcNAcylation a aussi été impliquée dans la régulation des niveaux protéiques et
a récemment été décrite comme étant un régulateur du controle de qualité¢ des protéines
naissantes, impliquant que 1’O-GlcNAcylation est aussi une modification co-traductionnelle
[70]. Un exemple crucial de la régulation de la stabilité protéique ayant un impact important
sur la régulation transcriptionnelle est ’O-GlcNAcylation de la Ser149 du suppresseur de
tumeur et gardien du génome p53. Cette derniere empéche la dégradation de p53 par
I’inhibition de son ancrage avec 1’ubiquitine ligase MDM2 qui cible p53 pour la dégradation
[71]. D’autre part, ’O-GlcNAcylation joue un role important dans I’homéostasie du glucose
ou la modification de PGC-1a favorise le recrutement du complexe de la déubiquitinase BAP1
qui permet la stabilisation des niveaux de PGC-1a en la protégeant contre la dégradation par le
protéasome [72]. La stabilit¢ de beaucoup d’autres protéines telles que la H3K27me3
méthyltransférase EZH2, le médiateur de la voie Wnt B-caténine, I’oncogéne c-MYC [73] et
les protéines du rythme circadien dont BMAL1/CLOCK sont aussi régulées par OGT et ont

des répercussions majeures sur la fonction cellulaire [74-76].
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1.1.4.3 Régulation de la localisation cellulaire des protéines

L’O-GlcNAcylation a aussi €té impliquée dans le transport et le changement de
localisation cellulaire de plusieurs protéines dans une variété de tissus. Au niveau neuronal,
I’ajout de 1I’O-GIcNAc sur la Thr87 de synapsin I inhibe sa localisation aux synapses et
diminue la densité des vésicules synaptiques et la taille des vésicules synaptiques de réserve
dans les axones [77]. Ceci a été suggéré comme étant un mécanisme permettant de moduler la
plasticité présynaptique. Dans les cellules B du pancréas, des niveaux élevés de glucose et
donc une activité accrue d’OGT engendre la translocation nucléaire du facteur de transcription
NeuroD1 afin d’induire I’expression des génes en rapport avec la voie de I’insuline [78]. Par
ailleurs, I’O-GlcNAcylation du proto-oncogéne Ewing sarcoma induit sa translocation
nucléaire ou il participe a la maturation du miARN Let-7g qui contribue a 1’adipogenése [79-
81]. Encore une fois, les cibles d’OGT sont diverses et celles-ci ne sont que quelques

exemples permettant d’apprécier les multiples fonctions de I’O-GlcNAcylation.

1.1.4.4 Régulation de la phosphorylation

L’abondance de protéines modifiées par O-GlcNAcylation, le dynamisme de sa
cyclisation dans les différents compartiments cellulaires ainsi que la spécificité ce cette
modification pour les résidus sérine et thréonine rappelle la phosphorylation. En fait, des sites
communs d’O-GIcNAcylation et de phosphorylation ont ét¢ identifiés sur un grand nombre de
protéines telles que ’ARN polymérase I [82], la méthylcytosine déoxygénase TET2 [83]
ainsi que la protéine tau [84] et ont rapidement mené a I’identification d’un mécanisme de
régulation par compétition ayant des répercussions majeures sur la signalisation cellulaire [85-
87]. De plus, OGT et OGA ont été trouvées en complexe avec de nombreuses kinases et
phosphatases, ce qui implique que la compétition O-GlcNAc/phosphate nécessite
I’intervention d’un mécanisme en 2 étapes ou le phosphate doit d’abord étre enlevé pour
ensuite ajouter 1’O-GlcNAc et vice versa [85, 87-89]. Cependant, la phosphorylation peut
aussi €tre régulée par 1’O-GlcNAcylation de manieére indépendante de la compétition
considérant que plusieurs kinases et phosphatases sont des substrats d’OGT [88, 90, 91]. Par
ailleurs, plusieurs études ont aussi rapporté des impacts fonctionnels résultant d’un crosstalk

entre des résidus phosphorylés et O-GlcNAcylés adjacents [92, 93]. Clairement, la
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compréhension de la relation entre 1’0O-GlcNAcylation et la phosphorylation n’est encore qu’a
ses débuts et des découvertes récentes suggerent un mode de régulation encore plus complexe

qu’attendu [94].
1.1.5 Implications biologiques majeures

1.1.5.1 Maturation de HCF-1 par O-GlcNacylation

OGT est une enzyme multifonctionnelle pour laquelle on ne cesse de découvrir de
nouvelles fonctions. Un autre aspect unique de cette enzyme est le fait qu’elle retient une
activité protéolytique envers le régulateur du cycle cellulaire HCF-1 (Host cell factor 1). OGT
a d’abord été¢ démontrée comme étant requise pour la maturation protéolytique de la forme
précurseur de HCF-1 qui doit étre clivée pour que ses formes HCF-1N et HCF-1C résultantes
puissent permettre la transition G1/S et la cytokinese respectivement [95, 96]. Les résidus
aspartate et asparagine des TPRs d’OGT sont engagés dans une interaction avec une série de
thréonines de la région répétitive HCF-1pro de la forme précurseur d’HCF-1 [97]. Durant cette
interaction HCF-1 occupe une position spécifique dans le site actif d’OGT a proximité de
I’UDP-GIcNAc. Des études mutationnelles et cristallographiques ont pu montrer qu’OGT O-
GlcNAcyle et clive subséquemment HCF-1 dans sa région HCF-1pro qui contient plusieurs
répétitions d’une séquence contenant un acide glutamique en position 10 qui semble important
dans le mécanisme de clivage [97, 98]. Malgré que le mécanisme exact de protéolyse n’ait pas
été identifié, les évidences structurales du site actif d’OGT en complexe avec I’inhibiteur
analogue UDP-5SGIcNAc et un peptide tronqué d’HCF-1 contenant la région de clivage
proposent que le clivage se fait via un mécanisme assist¢ impliquant la formation d’un
intermédiaire glutamyl-sucre entre 1’acide glutamique de la séquence HCF-1pro et le GIcNAc
[97]. Bien que pour le moment cette activité protéolytique n’ait été identifiée qu’envers HCF-
1, il ne serait pas étonnant que celle-ci s’applique aussi a d’autres protéines étant donné la

quantité de substrats d’OGT qui s’éléve maintenant a plusieurs centaines [87].

1.1.5.2 Réle polycomb d’OGT

L’homologue d’OGT chez la drosophile est codé par le géne polycomb sxc (super sex
combs) [99]. Sa fonction polycomb a €té déterminée par I’identification de mutations causant

un phénotype de transformation homéotique caractérisé par une dérégulation de 1’expression
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des genes Hox [100]. OGT/sxc s’avere donc étre cruciale pour la répression des génes HOX,
ce qui concorde avec le phénotype de létalité embryonnaire des souris Ogt™ [6]. En fait, 1’O-
GlcNAcylation de protéines aux sites PREs (Polycomb Response Elements) a permis de
déterminer qu’OGT régule ce processus de répression via 1’O-GlcNAcylation d’autres
protéines polycombs. Un exemple de cette régulation est 1’0O-GlcNAcylation de la protéine
polycomb Ph (Polyhomeotic) qui est nécessaire a I’assemblage du Complexe Polycomb
Répressif 1 (PRC1). Des défauts d’O-GlcNAcylation ont démontré que 1’ajout d’O-GlcNAc
sur une région spécifique de résidus Ser/Thr prévient 1’agrégation du domaine SAM (Steril
alpha motif) entre protéines Ph et permet une liaison ordonnée des protéines Ph nécessaire a la
répression des génes HOX [101]. Par ailleurs, OGT controle aussi la triméthylation de
I’histone H3 sur la lysine 27 (H3K27me3) en régulant la stabilité de la protéine du Complexe
Polycomb Répressif 2 (PRC2), EZH2, qui catalyse I’ajout de cette marque répressive [74]. En
fait, de maniére plus large, 1’0O-GlcNAcylation des protéines polycombs et thritorax joue un
role primordial dans la régulation de leurs fonctions et indique qu’OGT est, en quelque sorte,

un chef d’orchestre qui coordonne 1’expression génique lors du développement embryonnaire

(Figure 8).
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Figure 8. Régulation de la fonction des protéines polycombs et trithorax par I’0O-GleNAcylation.
Les Complexes Polycombs Répressifs 1 et 2 (PRC1 et PRC2) catalysent 1’ajout des marques
répressives H2AK119Ub et H3K27me3 respectivement. Les groupes de protéines Trithorax (TrxG)
catalysent 1’ajout de la marque activatrice mono-, di- ou tri-méthyl sur H3K4. L’O-GlcNAcylation de
certaines composantes de PRC1 et PRC2 ainsi que certaines composantes des TrxG permet la
répression (Off) ou D’activation (On) de la transcription des génes respectivement. Tirée avec
autorisation de Hanover JA et al (2012) [17].
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1.1.5.3 Association d’OGT au complexe BAP1

De maniere importante, OGT est un partenaire majeur du complexe suppresseur de
tumeur BAP1 qui est décrit comme un complexe polycomb répresseur déubiquitinase (PR-
DUB). L'ubiquitination est une modification post-traductionnelle caractérisée par
I’attachement covalent d’une molécule ubiquitine aux lysines de protéines cibles.
L'ubiquitination joue un role crucial dans la régulation de nombreux processus biologiques.
D'un point de wvue clinique, les mutations des génes impliqués dans le systéme
ubiquitine sont associées a de nombreuses maladies humaines et sont souvent impliquées dans
le développement et la progression de plusieurs types de cancers [102]. Entre autres,
l'ubiquitination de l'histone H2A sur la lysine 119 (H2AK119Ub) par PRC1 a été décrite
comme jouant un réle majeur dans la cancérogenése, ou certaines composantes sont hautement
surexprimées dans plusieurs cancers [103-105]. L'ubiquitination est une modification
réversible grace a I’action de protéases appelées déubiquitinases (DUBs) qui sont responsables
de I’enlévement de la molécule d'ubiquitine sur les protéines cibles. Bien que les DUBs
émergent comme des régulateurs critiques des processus biologiques, les mécanismes
fonctionnels et les déterminants de leurs spécificités sont encore des domaines tres actifs de

recherche [106].

BAP1 (BRCAl-associated protein 1) est une DUB particuliere de la famille ubiquitine
carboxyl hydrolase (UCH) qui a d’abord été identifiée par son interaction avec le suppresseur
de tumeurs BRCA1 [107]. BAPI est principalement caractérisée pour son action sur
H2AK119Ub, agissant ainsi comme un antagoniste de PRC1. De fagon importante, BAP1 est
mutée dans un large éventail de cancers (mélanome, carcinome du rein, mésothéliome pleural,
cancer du sein, du poumon, du pancréas etc.) et est a ce jour la déubiquitinase la plus mutée du
génome humain [108, 109]. BAP1 forme un large complexe multi-protéines composé
principalement de protéines Polycombs (PcG) et de régulateurs transcriptionnels (Figure 9)

[110].

En plus de I’interaction majeure avec OGT, le corps du complexe BAP1 est composé d’HCF-1
(Host cell factor 1) qui est impliqué dans la prolifération cellulaire et dans la transition G1/S,

d’ASXL1 et ASXL2 (Additional Sex-Comb like protein I and 2) qui sont des régulateurs
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Figure 9. Composantes et implications du complexe suppresseur de tumeur BAP1. a)
Composantes corps majeures du complexe BAP1 incluant OGT. b) (Haut) Implication épigénétique du
complexe BAP1 opposant le Complexe Repressif 1 (PRC1) par la déubiquitination de 1’histone H2A.
(Milieu) Régulation de la transcription des genes via le recrutement de BAP1 a la chromatine par les
nombreux facteurs de transcription associés a BAPI. (Bas) Implication biologique par Ia
déubiquitination de substrats cibles. Ces derniers incluent PGCloa, OGT et HCF-1. Tirée avec
autorisation de Carbone M et al (2013) [104].

transcriptionnels et des PcG trés impliqués dans 1’intégrité du systeme hématologique, [111]
de YY1 (Ying Yang 1) qui est un facteur de transcription et un facteur PcG impliqué dans la
prolifération cellulaire et la différenciation [112] et de LSD2/KDMIB (Lysine-Specific
demethylase 1B) qui est une histone déméthylase de H3K4mel/me2 antagoniste du complexe
méthyltransférase MLL/SET1 et a la fois la E3 ubiquitine ligase responsable de la dégradation
protéasomale d’OGT [54]. Ce complexe est aussi formé des deux facteurs de transcription
FOXK1 et FOXK2 (Forkhead box K1 and K2) qui n’ont été que trés peu caractérisés, mais qui
sont impliqués de manicere majeure dans la régulation du métabolisme et la différenciation
cellulaire [113, 114]. Les évidences indiquent que l'intégrit¢é du complexe ainsi que la
coordination de ses différentes activités, incluant ’O-GIlcNAcylation, sont cruciales pour sa
fonction de suppression tumorale [108, 111, 115]. Le complexe BAP1 peut étre décrit comme
une plate-forme multifonctionnelle qui combine I’action de nombreuses MPTs nécessaires a la

régulation transcriptionnelle trés spécifique de régions régulatrices critiques impliquées dans

la réponse anti-tumorale.
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La fonction du complexe BAP1 dans la régulation de l'expression de nombreux genes via la
déubiquitination de H2AK119Ub a d'abord été mise en évidence par la présence du complexe
ternaire BAP1/HCF-1/YY1 sur le promoteur du géne mitochondrial COX7C et par la
régulation de ce géne de maniere dépendante de I’activité déubiquitinase de BAP1 [116].
L’analyse par puce ARN de cellules déficientes du géne de BAP1 a cependant révélé la
dérégulation d'un nombre ¢élevé de geénes impliqués dans le cycle cellulaire, la réparation de
I'ADN, I'apoptose et la prolifération [116]. En fait, des analyses d’immunoprécipitation de
chromatine couplée au séquencgage a haut débit (ChIPseq) de BAP1 ont révélé qu’environ 65%
des sites de liaisons de BAP1 se trouvent sur des régions promotrices a environ (+/- 2kb) de
I’origine de transcription, ce qui suggere un rdéle déterminant quant a la régulation
transcriptionnelle de nombreux processus biologiques [115]. Cependant, bien que des défauts
transcriptionnels importants chez les patients atteints de cancers caractérisés par des mutations
somatiques inactivatrices de BAP1 aient été observés, il n’a pas encore été¢ déterminé si ce
phénotype est uniquement causé par des niveaux trop élevés de H2ZAK119UD ou s’il est aussi
causé par I’impossibilité de recruter les autres protéines modificatrices du complexe BAP1 a

des locus spécifiques [117].

La fonction d’OGT dans la complexe BAP1 est encore trés peu connue. Bien que sa fonction
dans la maturation protéolytique d’HCF-1 ait été trés décrite et liée a un role dans le
recrutement du complexe BAP1 a la chromatine, I’'impact de 1’0O-GlcNAcylation d’autres
composantes telles que YY1 sur la fonction du complexe BAP1 n’a pas encore été investigué
[118]. Inversement, des études indiquent que BAP1 régule la stabilité des niveaux protéiques
d’OGT [115, 119]. Néanmoins, indépendamment de leur interaction directe, OGT et BAP1
collaborent dans certains contextes cellulaires ou, comme indiqué précédemment, 1’O-
GlcNAcylation de PGC-1a par exemple, favorise le recrutement du complexe BAP1 qui
déubiquitine PGC-1a et stabilise ses niveaux protéiques en le protégeant contre la dégradation

par le protéasome [72].

Toutefois, la présence stcechiométrique aussi importante d’OGT dans le complexe BAPI
suggere qu’il remplit une fonction critique et qu’il est possiblement essentiel a la spécificité et

a la régulation de la fonction déubiquitinase et suppressive de tumeurs de ce complexe [110].
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1.1.5.4 Association d’OGT au régulateur épigénétique TET2

La contribution importante d’OGT dans la régulation épigénétique a surtout été
soulignée par la découverte de son interaction avec la déméthylase d’ADN TET2 [120]. La
méthylation de I’ADN par les ADN méthyltransférases est la modification épigénétique la plus
¢tudiée et probablement la plus importante du génome. La méthylation de I’ADN est cruciale
non seulement dans la répression de la transcription, mais aussi dans le maintien de
I’empreinte épigénétique et I’identité cellulaire [121]. Néanmoins, les joueurs clés
responsables de la suppression de cette marque épigénétique n’avaient pas été identifiés
jusqu’a tout récemment. En effet, la derniére décennie a mené a I’identification des premiéres
déméthylases de I’ADN qui sont maintenant décrites comme faisant partie de la famille des
protéines Ten Eleven Translocation (TET). Plus précisément, les trois membres de cette
famille, TET1, TET2 et TET3, sont des méthylcytosine déoxygénases qui catalysent
principalement I’hydroxylation du 5-méthylcytosine en 5-hydroxyméthylcytosine [122]. I est
maintenant établit que ces enzymes sont des régulateurs épigénétiques cruciaux et semblent
prometteurs quant a leur utilisation comme marqueurs cliniques pour des fins diagnostiques ou
pronostiques dans les cas de cancers ou l’on observe des défauts dans les patrons de
méthylation de ’ADN [123, 124]. Le role crucial du maintien de 1’intégrité cellulaire des
TETs a, entre autres, ét¢ démontré par la quantité impressionnante de mutations de TET2
identifiées dans les cellules hématopoiétiques de diverses leucémies myéloides [125, 126].
D’autre part, TET2 s’ajoute a la longue liste de substrats ciblés par ’O-GIlcNAcylation et
renforce 1’idée que des défauts dans la fonction d’OGT puissent engendrer des dérégulations
profondes de 1’homéostasie cellulaire menant a des conséquences physiologiques
considérables [127]. Cependant, les mécanismes découlant de cette interaction et I’implication
au niveau de I’épigénome et de la transcription son encore incompris. Il a été proposé que 1’O-
GlcNAcylation de TET2 permette de réguler ses niveaux de phosphorylation [83]. D’autre
part, TET2 serait nécessaire au recrutement d’OGT a la chromatine, ce qui permettrait de
réguler la transcription via la régulation de certaines marques d’histones [127, 128]. Ce
recrutement résulterait aussi en 1’O-GlcNAcylation des histones corps du nucléosome,

suggérant ainsi que 1’O-GlcNAc serait une nouvelle marque épigénétique [125, 126].
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1.1.5.5 O-GlcNAcylation des Histones

Les modifications post-traductionnelles des histones sont connues pour jouer un role critique
dans les processus biologiques dépendants de I’ADN incluant la transcription, la réplication et
la réparation de I’ADN. Entre autre, la queue N-terminale des histones émanant du corps du
nucléosome, soit les histones H2A, H2B, H3 et H4, sont sujettes a un nombre important de
combinaisons de marques activatrices ou répressives agissant de maniére concertée et qui sont
associées a la régulation de la structure ainsi qu’a la fonction de la chromatine. Certaines
marques sont présentes de maniére constitutive et sont tissus spécifiques, telles que la
méthylation, et participent a [’élaboration de [I’identité cellulaire et de I’empreinte
épigénétique. D’autres marques sont hautement dynamiques et régulées par la coordination et
I’association de complexes protéiques pouvant ou non exécuter la catalyse directe de ces
modifications telles que 1’acétylation, 1’ubiquitination, la phosphorylation et encore une fois la
méthylation. Ces MPTs contribuent au remodelage, au recrutement, a 1’activation/répression
de la transcription et a d’autres évenements impliquant le remaniement de la chromatine
nécessaire pour orchestrer une réponse spécifique associée a un évenement cellulaire donné.
Ce soit disant «code d’histones» est a la base de tous les processus cellulaires eucaryotes et
tout un domaine de recherche est dévoué a 1’étude fonctionnelle de ces marques [129]. Tres
récemment, des études ont proposé que plusieurs résidus des histones humaines soient O-
GlcNAcylés in vivo ajoutant ainsi 1’0O-GlcNAcylation a la longue liste de marques

épigeénétiques (Tableau L.I) [130-132].

Toutefois, la majorité des sites rapportés par analyse de spectrométrie de masse ne sont pas
concordants entre les différentes ¢tudes. D’autre part, certains sites ont été étudiés de maniere
fonctionnelle et les études suggerent différents rdles de régulation. Entre autres, 1’O-
GlcNAcylation de la Ser112 de H2B a été rapportée comme étant importante pour le dépot
subséquent de 1’ubiquitine sur la lysine 120 de H2B pour induire 1’activation de la
transcription [133]. Les résidus Ser91 et Ser123 de H2B ont aussi été identifiés [134]. Les
résidus Ser10 et Thr32 de H3 seraient aussi modifié¢s par O-GlcNAcylation et ont été¢ suggérés
dans la régulation de I’entrée en mitose en empéchant la phosphorylation des résidus Ser10,
Ser28 et Thr32 [135]. L’O-GlcNAcylation de la Thr101 sur la queue C-terminale de H2A

serait possiblement impliquée dans 1’ancrage du tétramere H3H4 au nucléosome qui serait
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aussi O-GIcNAcylé sur la Ser36 de H2B et la Ser47 de H4 [136]. Cependant cette méme étude
a aussi détecté de 1’0O-GlcNAcylation sur H3 a 1’aide d’anticorps spécifiques contre 1’O-
GlcNAc, mais n’ont pas pu déterminer de sites spécifiques par analyse au spectromeétre de

massec.

Tableau LI. Liste et références des sites d’O-GlcNAcylation identifiés sur les histones corps du
nucléosomes. Tiré avec autorisation de Gambetta MC et al (2015) [57].

0O-GIcNACc site Ref
Ser 36 Sakabe et al., 2010
Thr 52 Hahne et al_, 2012
Ser 55 Hahne et al., 2012
Ser 56 Hahne et al_, 2012
= Ser 64 |Schouppe et al., 2011; Hahne et al., 2012
Ser 91 Fujiki et al., 2011
Ser 112 Fujiki et al., 2011
Ser 123 Fujiki et al., 2011
H2A | Thr 101 | Sakabe et al., 2010; Fuijiki et al., 2011
H3 Ser 10 Zhang et al., 2011
Thr 32 Fong et al., 2012
H3.3 Thr 80 Schouppe et al., 2011
H4 Ser 47 Sakabe et al., 2010

L’identification de 1’0O-GlcNAcylation sur les histones repose principalement sur des
techniques de détection par spectrométrie de masse, par anticorps contre 1’0O-GIcNAc et par
analyse mutationnelle. Dans le but de caractériser le role fonctionnel d’OGT dans la régulation
épigénétique, notre groupe s’est intéressé a confirmer ce concept d’O-GlcNAcylation des
histones. De maniére surprenante, nos efforts pour valider ces observations ont mené a une
conclusion différente, soit que les histones ne sont pas des substrats d’OGT. En fait, les
travaux de recherche effectués par notre groupe soulévent un doute raisonnable quant a
I’occurrence de cette modification sur les histones et suggérent plutdot une détection
artéfactuelle provenant des anticorps contre 1’O-GlcNAc ou contre des sites spécifiques
d’histones menant a une interprétation biaisée de la fonction de 1’O-GlcNAcylation dans ce
contexte. Le chapitre 2 de ce mémoire présente donc I’ensemble des travaux qui ont mené a la

remise en question de ce paradigme.
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1.2 Facteur de transcription Forkhead box K1 (FOXK1)

FOXKIT aussi connu sous le nom de MNF (myocyte nuclear factor), est un facteur de
transcription de la famille Forkhead box exprimé de manicre ubiquitaire et codé par le
chromosome 7. FOXKI1 est majoritairement connu et étudié¢ pour son role central dans la
régulation de la régénération du muscle squelettique. Jusqu’a trés récemment, la majorité des
travaux sur FOXKI portait principalement sur sa fonction dans la différenciation
myoblastique et trés peu d’études avaient démontré son implication dans d’autres processus
biologiques. Depuis les 3 derniéres années, FOXKI1 ¢émerge comme un régulateur
transcriptionnel atypique qui ne se limite pas a une régulation transcriptionnelle dépendante de
sa liaison a I’ADN. En effet, il est maintenant clair que FOXKI1 est impliqué dans la régulation
de I’autophagie, de la signalisation Wnt/B-caténine, de la transcription via le complexe BAP1
et de la réponse anti-virale [114, 137-139]. Notre groupe s’intéresse particuliérement a
FOXK1 dans le contexte de son interaction avec le complexe BAP1, ce qui nous a menés a
identifier FOXK1 comme un nouveau substrat d’OGT. De ce fait, notre étude sur le role de
I’0O-GlcNAcylation dans la régulation transcriptionnel s’est étendue a la détermination de la

fonction de la régulation de FOXK1 par I’O-GlcNAcylation.

Cette section se consacre donc sur la revue des principales découvertes au sujet de
FOXKI en lien avec son role prépondérant dans la régulation de la myogenese et dans la

régulation d’autres voies de signalisation cellulaire métabolique.

1.2.1 Famille Forkhead Box

Les protéines Forkhead box (FOX) font partie d’une famille de facteurs de
transcription comprenant 19 sous-familles dont les membres sont classés de FOXA a FOXR.
Ces facteurs sont impliqués dans la régulation de I’expression génique et influencent une
multitude de processus biologiques incluant I'embryogenese, la progression du cycle cellulaire,
la prolifération, la différenciation, la morphogenese et la réparation de I'ADN [140]. Par
exemple, certains membres des sous-familles FOXA, FOXD, FOXE et FOXO sont des
facteurs pionniers essentiels au développement embryonnaire et a la régulation de I’identité
cellulaire par leur capacité¢ a lier la chromatine condensée et a permettre le recrutement

de complexes régulateurs secondaires nécessaires a l'activation de la transcription de geénes
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réprimés [141]. FOXM1 est un oncogeéne impliqué dans la régulation des phases G1/S et
G2/M du cycle cellulaire et connu pour stimuler la transcription de la cycline B1 [142, 143].
FOXKI1 est un facteur crucial dans le maintien de Il'identit¢ des cellules progénitrices
myogéniques. Enfin, les membres de la sous-famille FOXP sont impliqués dans I’homéostasie
du systéme immunitaire [113, 140, 141, 144]. Par ailleurs, les protéines FOX sont
caractérisées par la présence du domaine de liaison a I’ADN forkhead (FH) (ou winged-helix
domain) qui est composé de trois hélices-a flanquées par deux feuillets-p. Cette organisation
structurale est hautement conservée entre les sous-familles FOX et permet de lier la séquence
consensus de base (A/C)AA(C/T) [144]. Ainsi, puisque les protéines FOX reconnaissent la
méme séquence de base, la spécificité de chaque sous-famille est dictée par la reconnaissance
spécifique des séquences d'ADN encadrant cette s€équence minimale et par leur association a
d’autres facteurs de transcription. En dépit de leur domaine FH trés conservé, la différence

dans leurs régulations et fonctions réside dans leurs régions non conservées [144].

Les protéines FOX sont soumises a de nombreux processus de régulation cellulaire
principalement par l'entremise de MPTs. La phosphorylation, 1'ubiquitination, 1’acétylation et
récemment I’O-GIcNAcylation ont été impliquées dans leur activation, répression, dégradation
et méme dans leur traffic intracellulaire [144]. Par exemple, la localisation cellulaire et la
stabilit¢ de certains FOX sont régulées par le systeme classique de dégradation par le
protéasome via la polyubiquitination de type K48 conduisant a leur translocation et
dégradation dans le cytoplasme [145]. De plus, la localisation cellulaire d’autres protéines
FOX est régulée par des événements dynamiques et trés complexes de phosphorylation et
d’acétylation [144]. Selon la nature de la protéine FOX ciblée, la phosphorylation et
l'acétylation peuvent induire des changements servant a affecter leur association avec des
protéines de transport ainsi qu’avec certaines chaperonnes et par conséquent permettent un
controle strict de leur import et export nucléaire [ 144]. En raison de 1'étendue des fonctions des
membres de la famille de protéines FOX, plusieurs études ont montré que des défauts dans la
régulation de ces MPTs peuvent entrainer de graves conséquences transcriptionnelles pouvant

contribuer au développement et a la progression de cancers [146, 147].
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1.2.1.1 Sous-familles K

Chez I’humain, FOXK1 et FOXK2 sont les deux seules protéines de la sous-famille K.
La particularité de ces facteurs de transcription provient du fait qu’ils sont les deux seules
protéines FOX qui contiennent a la fois, le domaine FH et un domaine FHA (Forkhead-
associated domain). Le domaine FHA est un module de liaison au phosphate strictement
spécifique pour les résidus phospho-thréonine (pT) et est donc engagé dans des interactions de
type protéine-protéine [148]. Ce domaine protéique est largement répandu chez les eucaryotes
et est retrouvé dans la séquence de groupes de protéines ayant des fonctions régulatrices
incluant des kinases, des phosphatases, des facteurs de transcription, des protéines ring-finger
etc [149]. La spécificité de liaison des protéines contenant un FHA est assurée par la regle
pT+3 ou lapropriété de l'acide aminéa la position +3 de la thréonine phosphorylée est
importante pour la liaison et la spécificit¢é du FHA [148]. Par exemple, la protéine de
réparation de I'ADN Rad53 contient deux domaines FHA chacun ayant une préférence pour un
résidu pT+3 différent soit un résidu acide aspartique et un résidu isoleucine [150]. Toutefois,
les éléments biochimiques et physicochimiques qui déterminent la préférence des FHA pours
des résidus pT+3 différents sont encore incompris. Ainsi, I’acquisition du domaine FHA chez
la sous-famille FOXK leur confére un avantage mécanistique considérable ne limitant pas leur
spécificité a seulement une séquence consensus d’ADN, mais en permettant un mode de

régulation plus complexe en collaboration avec la phosphorylation.

Une autre particularité de la sous-famille K est leur association commune au complexe
suppresseur de tumeur BAP1. Bien que FOXK1 et FOXK?2 aient des domaines semblables et
qu’ils soient souvent impliqués dans des voies de régulation communes, leur homologie de
séquence n’est que d’environ 50% suggérant qu’ils puissent avoir des fonctions non
redondantes (Figure 10). Ceci est concordant avec le fait que FOXK1 peut interagir avec Sin3.
En général, FOXK1 est décrit comme un répresseur transcriptionnel alors que FOXK2 est
plutot décrit comme un activateur. Cependant, I’association de FOXK2 au complexe BAP1 a
récemment ¢ét¢é montrée comme un processus répressif de la transcription [138]. Leur rdle
répresseur ou activateur semble donc étre dicté par les complexes protéiques auxquels ils
s’associent (Figure 11). De plus, I’identification de leur liaison 8 BAP1 via la méme phospho-

sérine de BAP1 indique qu’ils forment des complexes mutuellement exclusifs. Ceci est aussi
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Figure 10. Représentation schématique des domaines de FOXKI1 et FOXK2 humains. La
séquence de 733 acides aminés (aa) de FOXK1 est composée d’une région riche en résidus alanine
(Ala-rich) et proline (Pro-rich) en N-Terminale, des domaines Forkhead (FH), Forkhead-associated
(FHA) et d’un signal de localisation nucléaire (NLS). La séquence de 660 aa de FOXK?2 est composée
d’une région riche en résidus glycine (Gly-rich) en N-Terminale, des domaines Forkhead (FH),
Forkhead-associated (FHA) et d’un signal de localisation nucléaire (NLS). Les résidus définissant les
domaines sont indiqués. L homologie de séquence des domaines FH et FHA a été réalis¢ a ’aide du
logiciel Geneius (Global alignment with free end gaps, matrix Blosum45).

vrai pour leur interaction avec la protéine d’échaffaudage DVL impliquée dans la voie Wnt/p-
caténine. Ceci laisse croire que ces facteurs peuvent intégrer la phosphorylation et la fonction
modificatrice de la chromatine du complexe BAP1 en réponse a une transduction du

signal afin de réguler 1'expression génique en réponse a des stimuli spécifiques.
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Figure 11. Exemples de régulation transcriptionnelle répressive par I’association de FOXK1 et
FOXK?2 avec certains complexes. Bien que 1’action répressive de FOXK?2 par son association avec le
complexe BAP1 soit connue, I’action de FOXK1 quant a elle n’a pas été déterminée.

1.2.2 Régulation de FOXK1

Des travaux récents ont identifi¢ un ¢élément de liaison Sox (SBE) en amont du
promoteur de FOXKI1. Une analyse plus approfondie a permis d’identifier le régulateur
transcriptionnel SOX15 (SRY-related HMG-box protein) comme un activateur majeur du géne
FOXKI1 via la liaison a ce motif SBE [151]. Le réle de SOX15 quant a la régulation de
FOXKI1 est concordant avec le fait que SOX15 est aussi exprimé dans les cellules satellites du
muscle squelettique et que sa déplétion provoque aussi des défauts de régénération musculaire
en plus d’un arrét des cellules progénitrices en phase G0/G1 [152]. De plus, des études ont
confirmé 1’implication de Fhl3 (Four and a half LIM domain protein 3) en tant que co-
régulateur de la transcription de FOXKI1 via son interaction avec SOX15 et ont démontré que
ce mécanisme d'activation est critique pour la régulation positive de FOXK1 [151]. Toutefois,
la déplétion de Fhi3 n'est pas associée a des défauts phénotypiques similaires a ceux observés
suite a la déplétion de SOX15 ou de FOXKI1. Puisque les protéines LIM sont exprimées dans
une large gamme de tissus, il a été¢ suggéré et plus tard confirmé que Fhl2 (Four and a half

LIM domain protein 2) est un co-activateur synergique de FOXK1 bien qu’il n’interagisse pas
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avec SOX15 [151]. Ceci concorde avec une autre étude qui a conduit a l'identification de Fhi2
comme partenaire d'interaction de FOXK1 [153]. Etonnamment, ’expression de FOXK1 est
aussi contrdlée par son paralogue FOXK2 qui induit sa répression transcriptionnelle [114].
Enfin, ces études mettent en évidence une régulation complexe du gene de FOXK1 impliquant
de multiples protéines engagées dans diverses voies de signalisation. Cependant, il reste
encore beaucoup de facteurs a identifier et les mécanismes de régulation autour de 1’activité et

de I’expression de FOXK1 sont encore incompris.

1.2.2 Maintien des cellules progénitrices myoblastiques (MPC)

Les souris Foxkl” montrent des défauts graveset un retard dela régénération
musculaire ou 1’on note une importante diminution de la population de cellules progénitrices
myoblastiques (MPC) en plus d’une dérégulation importante du cycle cellulaire [154]. En
réponse a une blessure du muscle, les cellules satellites quiescentes entourant les myofibres
endommagées reprennent le cycle cellulaire, proliférent et entreprennent le programme de
différenciation pour fusionner et former de nouveaux myotubes multi-nucléaires [155].
Dans le tissu musculaire, FOXK1 est limit¢ a la population de MPC et son expression est
réduite dans les myotubes différenciés, soulignant son importance dans le maintien de la

population MPC [153, 154].

1.2.2.1 Répression de [’activité transcriptionnelle de FOX0O4

Les études sur les souris FhI2”-ont démontré un phénotype similaire a celui observé
pour les souris Foxkl™” et Sox157, soit des défauts de régénération musculaire et I’arrét du
cycle cellulaire en phase GO/G1 [153]. Ceci peut étre expliqué par le fait que l'interaction entre
FOXKI1 et Fhl2 médie la répression de l'activité transcriptionnelle de FOX04 [153]. FOXO04
est une protéine de la famille Forkhead impliquée entre autres dans l'activation de la
transcription de I’inhibiteur du cycle cellulaire p21 [113]. En plus d’interagir avec Fhl2,
FOXKI1 interagit avec le domaine FH de FOXO4 par sa région contenant les domaines FH et
FHA [113]. La séquence minimale d’interaction n’a cependant pas ¢été déterminée.
Etonnamment, en contraste avec plusieurs autres partenaires d’interaction de FOXKI
identifiés jusqu’a maintenant, FOXK1 interagit avec Fhl2 via sa région C-terminale distale

aux domaines FH et FHA. Ce réseau d’interactions démontre que la régulation médiée par
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FOXKI1 peut impliquer des mécanismes indépendants de son activité transcriptionnelle. En
resumé, la capacité de répression de FOX04 renforce 1'idée que FOXKI est impliqué dans le
maintien de I'état prolifératif des MPC par la régulation de facteurs qui contrdlent le cycle

cellulaire.

1.2.2.2 Répression des genes cibles de Mef2

Basée sur 1'observation que la surexpression de FOXKI1 provoque aussi des défauts de
différenciation du muscle squelettique, des analyses du transcriptome ont identifi¢ MEF2
comme une cible potentielle de FOXKI1. En effet, tout comme FOXKI1 a un effet sur la
prolifération cellulaire par I’inhibition de FOXO4, des travaux récents ont montré que FOXK1
peut retarder l'activation du programme de différenciation grace a l'inhibition du facteur de
transcription MEF2. En effet, MEF2 est un régulateur important de la myogenése par son
action combinatoire avec le facteur de transcription spécifique de la lignée myogénique
MYOD [113, 156, 157]. De maniére importante, la déplétion du facteur de transcription
MyoD et la surexpression du facteur de régulation myogénique précoce Myf5 observées dans
les cellules myogéniques Sox157 pourraient étre une conséquence indirecte de la régulation
négative de FOXKI1. En effet, ce mécanisme de répression est médié par une interaction
directe entre MEF2 et FOXK1 via le domaine MADS (Mothers against decapentaplegic) de
MEF2 et une région comprenant les domaines FH et FHA de FOXKI. Etant donné que le
domaine MADS est un domaine de liaison a I’ADN en plus d’un domaine impliqué dans des
interactions protéiques, la liaison de FOXKI1 résulte en une inhibition de la capacité
transcriptionnelle de MEF2. Ces données concordent avec le modele selon lequel FOXK1
régule la population MPC en agissant simultanément sur différentes cascades de signalisation

qui convergent afin de retenir 1’état prolifération des MPC [113].

1.2.2.3 Répression des genes dépendant de SRF

Des études antérieures chez Saccharomyces cerevisiae ont identifi¢ le facteur de
transcription forkhead Fkh2p et le facteur de transcription MADS-box MCMIlp comme
partenaires d'interaction dans divers processus cellulaires montrant ainsi l'importance de la
formation de complexes multi-protéines ainsi que l'association des facteurs de transcription
dans la régulation de I’expression génique [158]. Ces études ont conduit a 1'extrapolation

d'un mécanisme d'interaction similaire chez les mammifeéres, puisque la plupart des
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mécanismes de base qui se produisent dans la levure sont conservés. De ce fait, FOXKI1 a
¢té identifi¢ comme un partenaire d'interaction du facteur de transcription a domaine MAD-
box SRF (Serum response factor). SRF est une protéine nucléaire qui régule la prolifération et
la différenciation par sa liaison & un motif SRE (Serum Response Element) trouvé dans le
promoteur de plusieurs genes tel que FOS [159]. La protéine FOS de structure leucine-zipper a
la capacité¢ d’hétérodimériser avec JUN formant ainsi le facteur de transcription AP1
largement impliqué dans la régulation génique. AP1 affecte la prolifération et la
différenciation. Il est donc possible de spéculer que FOXK1 agit en amont ou en collaboration
avec ce régulateur. De plus, l'interaction FOXKI1-SRF réprime la transcription de genes
dépendants de SRF [160]. Cette répression est la conséquence de l'interaction entre le domaine
FHA de FOXK1 et le domaine de liaison a I’ADN de SRF. Par conséquent, SRF ne peut plus
lier les motifs SRE de ses geénes cibles ce qui réprime son activité transcriptionnelle. II est a
noter que des expériences de co-immunoprécipitation ont déterminé que FOXK1 n’a que trés
peu d’affinité pour SRF. Ainsi, I’interaction est rare lors d’une atténuation de la prolifération
cellulaire, tandis qu’elle se produit plus fréquemment suite a une augmentation de la
prolifération afin de réguler ce dernier. FOXK1 régule donc I’activité de SRF via une boucle
de rétroaction négative. De plus, SRF est fortement phosphorylé [161, 162]. 1l serait donc
intéressant de déterminer quel(s) site(s) sont responsables de I’interaction entre FOXKI1 et
SRF. Il serait ensuite possible d’identifier les kinases responsables de cette phosphorylation et
ainsi identifier la cascade de signalisation menant a la régulation de SRF via FOXKI.
Toutefois, il est possible que cette interaction soit médiée par un mécanisme indépendant
d’une dynamique de kinase/phospho-résidu de SRF comme c’est le cas pour I’interaction entre

FOXKI1 et Fhl2.

Par ailleurs, les génes a-actine de muscles lisses et PPGB (protective protein de beta-
galactosidase) sont indirectement régulés par FOXK1 via son interaction avec SRF. En effet,
I’inhibition de I’expression de FOXKI1 et/ou la surexpression de SRF engendre une
augmentation de I’expression de ces deux genes. Aussi, des analyses d’interaction ont pu
¢lucider deux mécanismes par lesquels FOXK1 agit en tant que répresseur transcriptionnel. Le
premier est un mécanisme indépendant de sa liaison a I’ADN ou FOXKI peut lier SRF

directement et inhiber sa fonction. Le deuxiéme en est un dépendant de sa liaison a I’ADN ou
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FOXKI1 peut étre recruté a la chromatine via SRF et inhiber la transcription. Ces résultats
suggerent que FOXKI1 peut réguler des processus cellulaires a différents niveaux d’une
cascade de signalisation et que les modifications post-traductionnelles sont critiques pour la

régulation de sa fonction.

1.2.2.4 Association avec le complexe SIN3 et SDS3

L'importance de la contribution de complexes modificateurs d’histones pour la
fonction de FOXKI1 est démontrée par son association avec le complexe SIN3 (SWI-
independent-3) [163]. SIN3 est un complexe contenant les histones déacétylases 1 et 2
(HDACT et HDAC?2) capable de réprimer la transcription en provoquant le remodelage de la
chromatine. Ce complexe est composé d’un des trois isoformes de la protéine d’échafaudage
Sin3, soit Sin3a, Sin3b ou Sin3b(293), des déacétylases HDAC1 et HDAC?2, des protéines de
liaison au rétinoblastome Rbbp4 et Rbbp7 et des protéines associées a Sin3, SAP18 et SAP30
et Sds3 (suppressor of defective silencing 3). L’interaction entre FOXKI et Sin3 est médiée
par la région N-terminale de FOXK1 (1-40) et le domaine PAH2 présent dans les trois
isoformes de Sin3. Par ailleurs, bien que les trois isoformes puissent lier FOXK1, elles n’ont
pas toutes le méme effet sur la transcription. En effet, Sin3a et Sin3b inhibent p21 et p27
tandis que Sin3b peut aussi inhiber p57, ce qui suggere que leur spécificité pourrait étre
déterminée via des domaines autres que ceux qui interagissent avec FOXKI. Il existe aussi
une deuxiéme interaction entre FOXKI1 et le complexe SIN3. En effet, le domaine FHA de
FOXKI lie le résidu phosphorylé Thr49 de Sds3. De ce fait, une méme molécule de FOXK1
peut lier a la fois la protéine d’échafaudage Sin3 ainsi que Sds3 a I’aide de son domaine N-
terminal et de son FHA et encore avoir la capacité de lier I’ADN via son domaine FH. De
plus, il a été montré que Sin3 inhibe I’expression de FOXKI1. Il existe donc une boucle de
rétroaction négative entre Sin3 et FOXK1 qui peut servir & maintenir un certain niveau de
FOXK1 en réponse a un contexte cellulaire particulier. Aussi, des études ont démontré
I’implication de Sin3 dans plusieurs complexes répressifs et indiquent qu’il existe peut-étre
une cascade de signalisation ayant comme but d’inhiber I’expression de FOXK1 pendant la
différenciation [164]. Plus de données expérimentales sont nécessaires afin de comprendre la

complexité de la régulation de FOXK1 et son rdle dans des boucles de régulation négative.
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1.2.3 Réponse a I’autophagie

Le tissu musculaire est trés dépendant du glucose et une restriction peut engendrer des
défauts de différenciation myoblastique [165]. L’implication de FOXK1 dans la maintenance
de I’état prolifératif des myoblastes suggeére que ce dernier soit lié a la régulation du
métabolisme [113]. Une analyse de ChIPseq couplée a une analyse d’ontologie de genes a
démontré que FOXKI1 régule de maniére transcriptionnelle de nombreux genes liés au
métabolisme. Ceci n’est pas surprenant compte tenu de son interaction avec le complexe
BAP1 qui est lui-méme impliqué dans la gluconéogenése par I’entremise d’OGT [72].
Cependant, il se trouve que Foxkl murin est aussi ciblé par la phosphorylation dépendante de
la voie mTOR et que ses sites de phosphorylation (Ser225, Ser229, Thr231, Ser427 et Ser431)
sont critiques a sa localisation nucléaire [114]. Cette translocation au noyau meéne au
recrutement du complexe Sin3-HDAC aux genes d’autophagies via FOXKI1 résultant en la
répression de ces derniers par déacétylation [114]. De ce fait, lors d’une privation de glucose
qui cause l’inhibition du complexe mTOR, FOXKI1 ne peut étre phosphorylé et demeure
cytoplasmique, ce qui permet une activation des genes de la réponse a I’autophagie. Cette
privation de glucose engendre aussi la phosphorylation de FOXK1 nucléaire par d’autres
kinases qui n’ont pas été identifiées, ce qui cause sa translocation au cytoplasme. En d’autres
termes, le transport nucléo-cytoplasmique de FOXKI1 est essentiel a la réponse au stress

métabolique et indique que la phosphorylation joue un réle prédominant dans cette régulation.

1.2.4 Signalisation Wnt/B-caténine

La signalisation canonique de Wnt est une voie de régulation complexe principalement
impliquée dans des processus a potentiel oncogénique qui contribuent aux mécanismes de
développement et de progression de nombreuses tumeurs ainsi qu’a la résistance de plusieurs
cancers aux traitements chimio-thérapeutiques [166]. Récemment, FOXK1 et FOXK2 ont été
identifiés comme facteurs clés requis dans la régulation de la voie canonique Wnt dépendante
de PB-caténine en régulant la translocation nucléaire de la protéine d’échaffaudage DVL
(Dishevelled) [137]. En fait, FOXK1 et FOXK2 provoquent I’événement initial qui contribue a
I’activation de la voie Wnt/B-caténine qui nécessite la translocation nucléaire dépendante de la

phosphorylation des protéines DVL [137]. Encore une fois, cette interaction entre FOXKs et

34



DVL sollicite la contribution du domaine FHA et intégre un mécanisme de régulation
indépendant de I’activité transcriptionnelle de FOXK1 et FOXK?2. Par ailleurs, cette étude a
permis I’identification de deux nouvelles caractéristiques de FOXK1 et FOXK2 qui était
jusqu’a maintenant inconnues, soit 1) leurs potentiels de régulation via le cytoplasme par
interaction directe avec des protéines cytoplasmiques et 2) la présence d’un motif hydrophobe
(Leul37-phel45-phel54) dans une région en aval de la séquence FHA qui est conservée entre

FOXKT1 et FOXK2 et qui peut contribuer aux interactions protéine-protéine.

En résumé, toutes ces études ont mené a la découverte de nouveaux mécanismes de
régulation de I’expression et de la fonction de FOXK1 indépendants de son rdle en tant que
régulateur myogénique et indiquent que ce dernier est en fait un régulateur essentiel a
beaucoup d’autres voies de signalisation cellulaire. De plus, FOXK1 démontre un autre niveau
de complexité de régulation transcriptionnelle, car il agit de fagon indépendante de sa liaison a
I’ADN. Son association avec de nombreux complexes de fonctions diverses indique aussi que
FOXKI1 peut agir a titre d’oncogene et de suppresseur de tumeur spécifique en réponse a un
stress cellulaire précis. D’autres études sont nécessaires a I’identification de nouvelles
fonctions et implications de FOXK1 afin d’établir sa contribution dans 1’oncogenése et son

potentiel comme cible thérapeutique.

1.3 Hypothese et Objectifs de recherche

OGT est une enzyme multifonctionnelle qui a la capacit¢ de médier une
réponse précise et spécifique malgré le fait qu’aucune séquence consensus cible n’ait été
identifiée. La complexité de son réseau de régulation propose un défi de taille quant a
I’¢élaboration d’inhibiteurs spécifiques a une fonction ciblée d’OGT et demande une
compréhension sans équivoque de son implication cellulaire. Cependant, il est notable
qu’OGT régule principalement des complexes impliqués dans le controle de 1’expression
génique. De ce fait, I’0O-GlcNAcylation doit avoir un impact essentiel sur la régulation
transcriptionnelle et épigénétique en régulant le remodelage de la chromatine. La présence
d’OGT dans le complexe suppresseur de tumeur BAP1 suggere qu’elle contribue a un

mécanisme de régulation transcriptionelle et épigénétique important a investiguer incluant 1)

35



la possibilit¢ qu’il existe un crosstalk entre 1’0O-GlcNAcylation et la déubiquitination de
I’histone H2A en lien avec la O-GIcNAcylation des histones qui a récemment été rapportée et
2) I'implication d’OGT dans la régulation de la fonction suppressive de tumeur du complexe
BAP1 par O-GlcNAcylation des composantes corps du complexe et/ou par O-GlcNAcylation
de joueurs clés intermédiaires qui sont recutés aux genes cibles de BAP1 et qui collaborent
avec ce dernier. De ce fait, en fonction des connaissances actuelles sur OGT et sur le
complexe BAP1 et en fonction de notre intérét quant a la compréhension des mécanismes de
régulation transcriptionnelle et épigénétique modulés par le complexe BAP1, nous avons
postulé 1’hypothése que I’O-GlcNAcylation des histones par OGT coordonne la
déubiquitination de I’histone H2A médiée par le complexe BAP1. De plus, sachant que
certaines composantes centrales du complexe BAP1 sont sujettes a I’O-GlcNAcylation et que
I’absence d’OGT n’affecte pas 1’activité déubiquitinase de BAP1, nous croyons qu’OGT est
importante quant a la régulation fonctionnelle de ce complexe dans un contexte cellulaire
donné. Nos objectifs généraux de recherche étaient donc principalement axés sur :

1) La validation du réle d’OGT dans la régulation épigénétique en lien avec le concept

d’O-GlcNAcylation des histones (Chapitre 2),
2) La caractérisation biochimique et fonctionnelle des facteurs de transcription FOXK1 et

FOXK2 dans le role suppresseur de tumeur du complexe BAP1. (Chapitre 3)

Afin de répondre au premier objectif, nous nous sommes intéressé a :

1.1 Reproduire et revisiter les techniques employées pour identifier I’O-GlcNAcylation des
histones dans le but de déterminer le lien entre I’O-GlcNAcylation et la déubiquitination
des histones.

1.2 Investiguer la spécificité¢ des anticorps actuels générés pour détecter I’O-GlcNAcylation
globale ou spécifique a la sérine 112 de I’histone H2B.

1.3 Indentifier des contextes cellulaires pouvant mener a I’O-GlcNAcylation des histones.
Afin de répondre au second objectif, nous nous sommes, entre autre, intéresse a :

2.1 Comprendre la dynamique des interactions au sein du complexe BAP1 en présence ou en

absence des FOXKs.
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2.2 Identifier des modifications post-traductionelles pouvant réguler la fonction de FOXK1 et

FOXK2.
2.3 Investiguer le role fonctionnel de I’O-GlcNAcylation de FOXK1 dans la fonction du

complexe BAP1.
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CHAPITRE 2

2. Article1



Statut de P’article: Publié

Référence: Gagnon J, Daou S, Zamorano N, lannantuono NV, Hammond-Martel I, Mashtalir
N, Bonneil E, Wurtele H, Thibault P, Affar el B. Undetectable histone O-GIcNAcylation in
mammalian cells. Epigenetics. 2015;10(8):677-91. doi: 10.1080/15592294.2015.1060387.
PubMed PMID: 26075789; PubMed Central PMCID: PMC4622518.

Contribution des co-auteurs:

Pour cet article intitulé «Undetectable Histone O-GlcNAcylation in Mammalian Cells», en tant
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des expériences, j'ai exécuté et analysé la majorité des expériences, supervisé les co-auteurs et
discuté des expériences complémentaires ainsi que des questions devant étre abordées. J'ai
contribu¢ de maniére significative a la préparation des figures, a I’écriture et a la correction du
manuscrit durant les étapes de soumission, de révision et de re-soumission et j’ai participé a la
lettre de réponses aux évaluateurs. Entre autre, j’ai réalisé les travaux présentés aux figures 14
a)b), 16 a) c¢), 17, 18 a), 2S5 et participé pour les travaux présentés aux figures 14 c), 254 et
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I’analyse des figures de spectrométrie de masse présentés aux figures 256, 2S7 et 2S8. Tous
les auteurs ont participé a I’interprétation des résultats et a éditer et révisé le manuscrit.
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2.1 Abstract

O-GlcNAcylation is a post-translational modification catalyzed by the O-Linked N-
acetylglucosamine (O-GIcNAc) transferase (OGT) and reversed by O-GlcNAcase (OGA).
Numerous transcriptional regulators including chromatin modifying enzymes, transcription
factors and co-factors are targeted by O-GlcNAcylation indicating that this modification is
central for chromatin-associated processes. Recently, OGT-mediated O-GlcNAcylation was
reported to be a novel histone modification, suggesting a potential role in directly coordinating
chromatin structure and function. In contrast, using multiple biochemical approaches, we
report here that histone O-GlcNAcylation is undetectable in mammalian cells. Conversely, O-
GlcNAcylation of the transcription regulators Host Cell Factor-1 (HCF-1) and the Ten-Eleven
Translocation protein 2 (TET2) could be readily observed. Our study raises questions on the
occurrence and abundance of O-GlcNAcylation as a histone modification in mammalian cells
and reveals technical complications regarding the detection of genuine protein O-
GlcNAcylation. Therefore, the identification of the specific contexts in which histone O-

GlcNAcylation might occur is still to be established.
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2.2 Introduction

O-GlcNAcylation is a widespread post-translational modification corresponding to the
addition of a single O-Linked N-acetylglucosamine (O-GlcNAc) moiety to nuclear and
cytosolic proteins [27-29]. Similar to other post-translational modifications, O-GlcNAcylation
regulates protein function by influencing protein-protein interactions, enzymatic activity and
sub-cellular localization [167, 168]. In mammals, this modification is coordinated by two
enzymes, the O-Linked pB-N-acetylglucosamine transferase (OGT) which catalyzes the
attachment of the O-GlcNAc moiety on serine and threonine residues of target proteins, while
the O-GlcNAcase (OGA) ensures its removal through hydrolysis [43, 169]. O-GlcNAcylation
signaling is dependent on the availability of the donor substrate, Uridine Diphosphate N-
Acetylglucosamine (UDP-GIcNAc), which is produced via the Hexosamine Biosynthetic
Pathway [34]. O-GlcNAcylation is a highly dynamic modification, being regulated by a
plethora of intracellular and extracellular cues, including growth factor signaling, fluctuation
of nutrient levels, as well as stress responses [17, 33, 170]. Indeed, O-GlcNAcylation signaling
acts as a metabolic sensor that links changes in the cellular metabolism to downstream
regulation of numerous cellular pathways [168, 171, 172]. Moreover, recent studies have
shown that direct competition between phosphorylation and O-GIlcNAcylation can occur for
the same amino acid residue, thus adding another layer of complexity to the outcome and
regulation of this post-translational modification [135, 173]. The physiological importance of
O-GlcNAcylation is further emphasized by the fact that defects in its regulation have been
associated with human pathologies such as diabetes, neurodegenerative diseases and cancer

[15, 31, 38, 174, 175].

O-GlcNAcylation signaling was proposed to play important roles in regulating the
epigenome [28, 176]. Indeed, several transcriptional regulators and chromatin-modifying
enzymes are modified by O-GlcNAcylation, thus impacting their recruitment to chromatin,
assembly into functional transcription regulatory complexes, stability and activity [61, 177-
179]. For instance, we and others have identified a non-canonical mechanism of OGT-
mediated transcriptional regulation which involves the O-GlcNAcylation of the Host Cell
Factor 1 (HCF-1) transcriptional regulator inducing its proteolytic maturation [95, 97, 98].
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Recent studies have also reported that histones are modified by O-
GlcNAcylation, suggesting an interesting possibility of crosstalk with other well-established
histone marks [136, 180, 181]. Moreover, it was suggested that the methylcytosine
dioxygenase Ten Eleven Translocation 2 (TET2) enzyme directly interacts with OGT to
stimulate histone H2B S112 O-GlcNAcylation (H2B S112 O-GIcNAc) and gene expression
[182]. Several methods were used to detect histone O-GIcNAcylation, including mass
spectrometry, immunodetection with O-GIcNAc-specific antibodies and affinity binding to
Wheat Germ Agglutinin lectin (WGA) [133, 136, 173]. However, discrepancies regarding the
occurrence and the identity of the histones being modified were also reported. For instance,
some studies suggested that histones H2A and H2B might be the principal targets for O-
GlcNAcylation while others have shown that histone H3 would be the main substrate [133,
135, 173, 181]. Upon further characterization, it was reported that histone H2B S112 O-
GlcNAcylation promotes H2B monoubiquitination on lysine 120 (H2B K120ub), an event
associated with transcriptional activation [133, 183]. On the other hand, histone H3 serine 10
was also reported to be O-GlcNAcylated, and this appears to compete with the
phosphorylation of this site as well as modulate the transcriptional state of chromatin [135,
173]. Other O-GlcNAcylation sites were reported within the globular domains of histones
suggesting that they may function in maintaining higher-order chromatin structure [181].
Strikingly, during our investigation on the role of OGT in chromatin function; we were unable
to reproduce the previous findings regarding histone O-GIcNAcylation in mammalian cells,
whereas modification of other known OGT substrates was readily detected. Our results raise
questions about the occurrence of histone O-GlcNAcylation and its proposed function in

chromatin regulation.

2.3 Results & discussion

2.3.1 Undetectable Histone O-GlcNAcylation using various extraction techniques

OGT interacts with the TET family of methylcytosine dioxygenase enzymes, notably
TET2, which appear to be required for the chromatin association of OGT and this was
suggested to promote histone O-GIcNAcylation [182, 184]. To further investigate the potential

biological significance of histone O-GIcNAcylation, we initially sought to reproduce
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previously published results on the modification of histones H2B and H2A [133, 136, 173,
182, 183]. We co-expressed Flag-H2B or Flag-H2A with either Myc-OGT or the D925A
catalytic inactive mutant (Myc-OGT CD) [22]. Coexpression of Myc-TET2 with Myc-OGT
was also included since their association was expected to significantly increase OGT-mediated
histone O-GlcNAcylation [182, 185]. We conducted an immunoprecipitation of Flag-H2B or
Flag-H2A under denaturing conditions to determine their potential O-GIcNAcylation levelsby
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using the widely employed anti-O-GlcNAc antibodies RL2 and CTD110.6 (Figure 12 and
Figure 2.S1). We did not detect a specific signal at the molecular weight region corresponding
to histones Flag-H2B or Flag-H2A using the two anti-O-GIcNAc antibodies. However, using
similar conditions, we were able to detect HCF-1 and TET2 O-GlcNAcylation, two known
substrates of OGT (Figure 2.S1) [95, 178]. Of note, as expected, OGT-mediated HCF-1

proteolytic cleavage also confirmed the activity of OGT in our co-transfection conditions
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Figure 12. Undetectable Histone O-GlcNAcylation following OGT and TET2 overexpression. (A) HEK293T
cells were transfected with Flag-H2B along with either pcDNA3 empty vector, Myc-OGT or Myc-OGT catalytic
dead (CD), as well as Myc-TET2 alone or in combination with Myc-OGT. Three days post-transfection, cells
pellets were harvested and immunoprecipitation (Flag-IP) following protein denaturation was conducted to
obtain purified Flag-H2B. The immuno-purified histones were subjected to western blotting analysis using the
indicated antibodies. Dots indicate Myc-OGT and endogenous OGT (eOGT). (B) HEK293T cells were
transfected with either GFP-OGT or GFP-OGT catalytic dead (CD) in the presence of HA-HCF-1 full length
(FL) or Myc-TET2 expression vectors. Three days post-transfection, cells were harvested and total cell lysates
were subjected to immunoprecipitation (IP), following sample denaturation, using anti-Myc or anti-HA
antibodies to purify TET2 and HCF-1 respectively. Total cell lysates (Input fractions) as well as
immunopurifications were subjected to western blotting analysis using the indicated antibodies. Arrow indicates
the full length (precursor) form of HCF-1 and brace indicates the cleaved forms of HCF-1. Dots indicate GFP-
OGT and endogenous OGT (eOGT). kDa; Molecular weight marker in Kilodalton.
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(Figure 2.S1) [95, 97, 98]. Next, using the same transfection conditions indicated above, we
performed several established extraction methods in order to enrich endogenous histones for
O-GlcNAcylation detection. Chromatin and Histones were isolated using both high
salt/detergent (300 mM NaCl, 1% NP-40) extraction (Figure 13A and Figure 2.S3A) and acid
extraction (0.2 N HCIl) (Figure 13B and Figure 2.S3B) methods, respectively. First,
immunoblotting with RL2 or CTD110.6 antibodies was conducted on the soluble fractions to
detect global O-GlcNAcylation levels (Figure 13 and Figure 2.S3, Left panels). As expected,
we observed an increase of cellular O-GlcNAcylation levels following OGT overexpression.
However, chromatin fractions revealed faint signals between 10 and 20 kDa when the blots
probed with RL2 antibody were overexposed. The CTD110.6 antibody occasionally produced
more pronounced signals at the levels of histones (Figure 13 and Figure 2.S3, Right panels).
Overall, we did not observe increasing signals following overexpression of OGT or TET2,
regardless of the O-GIcNAc antibody used, the quantity of proteins loaded or the method of
extraction performed (Figure 13 and Figure 2.S3). On the other hand, upon OGT
overexpression, we detected increased O-GIcNAcylation of certain chromatin-associated
proteins corresponding to bands > 37 kDa. Based on these results, we concluded that the faint
and inconsistent signals produced between 10 and 20 kDa by the RL2 or CTD110.6 antibodies

are not indicative of histone O-GIlcNAcylation.
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Figure 13. Undetectable histone O-GlcNAcylation following various extraction procedures. (A) HEK293T
cells were transfected with Flag-H2B along with either pcDNA3 empty vector, Myc-OGT, Myc-OGT catalytic
dead (CD) or Myc-TET?2, as well as the combination of Myc-OGT with Myc-TET2. Three days post-transfection,
cells pellets were collected for subsequent high salt/detergent extraction and cellular extracts were then analysed
by western blotting with the indicated antibodies. (Left panel) Soluble fraction showing global increase of O-
GlcNAcylation following OGT overexpression. (Right panel) Immunodetection of histone O-GIlcNAcylation by
RL2 and CTD110.6 antibodies on chromatin fraction. B-Actin and histone H3 were used as loading controls. (B)
HEK293T cells were transfected as in (A). Three days post-transfection, cells were harvested and histones were
extracted. The samples were analysed by western blotting with the indicated antibodies. (Left panel) Soluble
fraction showing global O-GlcNAcylation levels. (Right panel) Histones fraction detected with both RL2 and
CTD110.6 anti-O-GlcNAc antibodies. Coomassie Brilliant Blue staining indicates abundance of histones loaded.
Histone H3 was use as a loading control. Dots indicate Myc-OGT and endogenous OGT (eOGT). kDa; Molecular
weight marker in Kilodalton.

2.3.2 Modulation of O-GlIcNAc levels does not result in the detection of specific histone
O-GIlcNAcylation

We reasoned that if the signals detected by RL2 or CTD110.6 around 10-20 kDa
correspond to histone O-GIlcNAcylation, then it might be possible to modulate these signals by
depleting endogenous OGT. Thus, we conducted siRNA knockdown of OGT in U20S cells
and performed cellular fractionation to separate the soluble and histone-containing chromatin
fractions. As shown in figure 14A (Right panel), the signals detected with RL2 or CTD110.6
antibodies around 10-20 kDa, did not decrease following OGT depletion suggesting that these
signals are unspecific. In contrast, using both antibodies, we detected a significant decrease in
global O-GlcNAcylation in the soluble fraction upon siRNA treatment (Figure 14A, Left
panel). Again, we noted that while the signal obtained with RL2 antibody in the 10-20 KDa
region can be seen only upon overexposure of the membrane, the CTD110.6 antibody
produced a much more readily detectable signal in this region. As RL2 and CTD110.6 are
respectively IgG and IgM isotypes, we sought to determine if the signal detected at the level of
histones with CTD110.6 could be due to the peroxidase-coupled secondary anti-IgM antibody.
This is particularly relevant as high quantities of histones were probed with anti-O-GIcNAc
antibodies. Thus, we incubated the blots with a non-relevant anti-rhodamine IgM antibody
prior to incubation with the same anti-IgM HRP-conjugated antibody or with this secondary
antibody alone (Figure 14A, Right panel). Interestingly, both combinations displayed a similar
signal pattern as that obtained using the CTD110.6, suggesting that the non-specific signal
originates from the combination of secondary anti-IgM antibody and high protein density of
histone bands. In addition, probing the membranes with a non-relevant anti-BAP1 antibody

also resulted in background signals at molecular weights corresponding to histone bands
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(Figure 14A, Right panel). These data indicate that the high abundance of histones present on
membranes renders the detection of O-GlcNAcylation amenable to false-positive
immunoblotting signals. Of note, previous studies questioned the specificity of CTD110.6
towards O-GIcNAc and revealed cross-reactivity with N-GlcNAcz-modified glycoprotein and
GlcNAcylated O-mannose modified proteins [186, 187]. Consequently, we used the RL2
antibody to continue our investigation since it was not shown to cross react with other GIcNAc
modifications. Nonetheless, our data suggested that the faint signal obtained with RL2
corresponds to a non-specific background caused by high amounts of histones. To further
support our data, we extracted endogenous histones from HeLa cells for comparison with
purified yeast H2B (yH2B) and recombinant human H2B (hH2B) produced in bacteria. We
reasoned that if the faint signal produced by RL2 corresponds to histone O-GlcNAcylation,
then this signal should not be detected for histones purified from yeast or bacteria which are
not O-GlcNAcylated. We observed that the RL2 antibody produced low signals following
overexposure of the blot, and these signals increased proportionally with the amount of
histones loaded, irrespective of the species from which the histones were isolated (Figure 2.54,
panels A, B). Next, we conducted competition assays and found that, as expected, N-
Acetylglucosamine (GIcNAc) inhibited RL2 binding to high molecular weight O-
GlcNAcylated proteins present in the soluble fraction or associated with the chromatin fraction
(Figure 2.S4C). However, GlcNAc also strongly reduced the signal produced by RL2, in the
region of histone bands, for both mammalian chromatin and recombinant human H2B (Figure
S4C). These results are not surprising as a non-specific and low affinity binding of the RL2
antibody to histone fraction could also be potentially blocked by GIcNAc. Thus, these results
further suggest that the RL2 antibody recognizes non-specifically antigenic determinants on

histones through its paratope.

To further investigate potential histone O-GlcNAcylation, we sought to determine if
inhibiting O-GlcNAcase (OGA), the enzyme responsible for O-GlcNAc removal, with O-(2-
acetamido-2-deoxyglucopyranosylidene) amino N-phenylcarbamate (PUGNAc) would
increase the signal of histone O-GlcNAcylation above background levels. Treatment of HeLa
and HEK293T cells with PUGNAc promoted the accumulation of O-GlcNAcylated proteins
but not of the background signal at the level of histones (Figure 14B, Left and Right panel).
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We also conducted a nutrient starvation in C2C12 myoblasts, and analysed global protein and
potential histone O-GIcNAcylation. As expected, AMPK phosphorylation progressively
increased and decreased with starvation and medium replenishment (R) respectively (Figure
14C, Left panel) [188]. We observed that while chromatin-associated high molecular weight
protein O-GIcNAcylation was reduced upon starvation, only weak and inconsistent

background signals were detected for histones (Figure 14C, Right panel).

Taken altogether, our results indicate that the immunoblot signal detected by RL2 in
the region corresponding to histones, is a non-specific O-GlcNAcylation-independent

background signal.
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Figure 14. Modulation of O-GlcNAcylation does not result in detectable histone O-GlcNAcylation. (A) U20S
cells were transfected twice with OGT siRNA and three days post-transfection, cells were harvested. Chromatin
fraction was isolated and protein levels were analysed by western blotting with the indicated antibodies. (Left)
U20S soluble fraction showing OGT depletion and decrease of global O-GlcNAcylation levels. YY1 was used as
a loading control. (Right) Chromatin fraction showing O-GlcNAcylation background detection of histones using
various antibodies. (B) HeLa and HEK293T cells that were treated with 100 uM PUGNACc for 0, 9 and 24 hours.
The soluble and chromatin fractions were blotted with RL2 antibody. Histone H3 and Tubulin were used as
loading controls. (C) C2C12 mouse myoblast cell line were starved by incubation in HBSS buffer, and harvested
at the indicated times for cellular fractionation. R; 4 hours of starvation followed by 2 hours of replenishment with
complete culture medium. (Left) Western blot analysis of the soluble fraction showing increasing levels of
phosphorylated AMPKa (a-p-AMPKa) as a control of the starvation treatment. Tubulin was used as a loading
control. (Right) The chromatin fraction was analysed by western blotting using the indicated antibodies. Histone
H3 was used as a loading control and Coomassie Brilliant Blue staining indicates the abundance of histones
loaded. kDa; Molecular weight marker in Kilodalton.

2.3.3 Undetectable histone O-GlcNAcylation in different cell lines and during cell cycle
progression

Although our data did not reveal constitutive histone O-GlcNAcylation, we could not
exclude that this post-translational modification might occur on histones in specific cell types.
Thus, we investigated potential histone O-GlcNAcylation in a variety of previously used cell
lines including mouse Embryonic Fibroblast (MEF) as well as mouse Embryonic Stem Cells
(mESCs) [182, 183, 185]. We also included the mouse pre-adipocyte 3T3-L1 cell line often
used in differentiation studies as well as several multiple myeloma cell lines, RPMI-8226,
JIN-3, NCI-H292 cells, that we had in culture at the time of our investigation. We find that
this cell line panel is representative of multiple tissue-origins as well as primary and cancer
cells. When immunoblotting the insoluble chromatin fraction for O-GlcNAcylation, we
detected a very faint signal at the level of histones (Figure 15A, Top panel). This signal,
obtained only following extended exposure of the blot, does not correlate with the cell-specific
levels of endogenous O-GlcNAcylation detected for high molecular weight proteins. Instead,
by probing total H2A levels, it can be noticed that the RL2 signal follows the trend of histones
abundance (Figure 4A, Bottom blot).

To further determine whether histone O-GIcNAcylation might be enriched in a specific
phase of the cell cycle, U20S cells were synchronized at the G1/S boundary with a double
thymidine block and released to progress through the cell cycle [189]. These cells were also
treated with the CDK1 inhibitor (RO-3306) to enrich for late G2 cells (Figure 15B, Top panel)
[190]. The chromatin fraction was isolated from cells at different phases of the cell cycle and

histone O-GlcNAcylation was monitored by western blotting using the RL2 antibody. We
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noticed the expected faint signal at the level of histones and that this signal did not change
during cell cycle progression. However, high molecular weight chromatin-associated proteins
show significantly increased O-GIcNAcylation at G1/S transition. Therefore, we concluded
that fluctuating histone O-GlcNAcylation could not be observed during cell cycle. Moreover,
along with our previous data, these results strengthen the notion that the signal detected by

RL2 at the level of histones following blot overexposure corresponds to background.
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Figure 15. Unspecific signal detected at the level of histones in various cell lines and during cell cycle
progression. (A) Various cell lines were cultured and harvested to perform chromatin extraction. The chromatin
fraction was analysed by western blotting with the indicated antibodies. Total histone H2A was used as a loading
control. Dots indicate endogenous H2A ubiquitination (¢H2Aub) and total H2A (eH2A). (B) Histones O-
GlcNAcylation analysis of synchronized U20S cells. Cells were blocked in G1/S boundary by double thymidine
block (DTB) and then released to progress through the cell cycle. U20S cells were also treated with the CDK1
inhibitor, RO-3306, for 24 hours to block cells in late G2. Cells were harvested at the indicated times for FACS
analysis (Upper panel) and for chromatin extraction (Bottom panel). The chromatin fraction was analysed by
western blotting with the indicated antibodies and by Coomassie Brilliant Blue staining. Histone H3 was used as
a loading control. NS; Non-Synchronized, DTB; Double Thymidine Block. kDa; Molecular weight marker in
Kilodalton.

2.3.4 Lack of evidence supporting H2B Ser112 O-GlcNAcylation and its link with H2B
Lys120 monoubiquitination

It was reported that H2B S112 is O-GlcNAcylated (H2B S112 O-GlcNAc), an event
that appears to promote the monoubiquitination of H2B Lys120 (H2B KI120ub) thus
coordinating gene expression [133]. It was also described that AMPK-mediated OGT Thr444
phosphorylation hindered its ability to associate with chromatin, and this was shown to reduce
the reported H2B S112 O-GIcNAc signal [170]. In turn, this effect was proposed to inhibit
monoubiquitination of H2B K120, thus repressing gene expression in MEF cells [183]. As an
anti-O-GlcNAcylated H2B S112 is commercially available [183], we first inquired about the
specificity of this antibody. Since H2B S112 O-GIcNAc was shown to decrease dramatically
following knockdown of OGT by RNAi, we used a similar approach to deplete OGT by
siRNA in HeLa cells (Figure 16A) [133, 183]. As expected, OGT knockdown resulted in the
accumulation of the precursor form of HCF-1, as its proteolytic maturation is O-
GlcNAcylation-dependent (Figure 16A, Left panel) [95, 97, 98]. However, neither the signal
generated by the anti-H2B S112 O-GIcNAc nor that for anti-H2B K120ub changed following
OGT depletion (Figure 16A, Right panel). In addition, we expressed Flag-H2B WT and Flag-
H2B S112A mutant in HEK293T cells and conducted anti-Flag immunoprecipitation under
denaturing conditions (Figure 16B). Unexpectedly, the anti-H2B S112 O-GIcNAc signal
decreases by only ~3-fold in the H2B S112A mutant, instead of completely disappearing. In
addition, we observed no change in H2B K120ub levels. Our results could not validate the
reported link between H2B S112 O-GlcNAc and H2B K120ub and moreover further suggest
that the anti-H2B S1120-GIcNAc antibody might not confer specific detection for H2B O-
GlcNAcylation. Next, we sought to further investigate the anti-H2B S112 O-GlcNAc antibody
specificity by producing recombinant human histones H2B (His-hH2B) and H2B S112A (his-
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hH2B S112A) purified from bacteria (Figure 16C). We also used a GST-H2A construct as a
negative control. Following relative quantification of recombinant histones shown by
Coomassie Brilliant Blue staining (Figure 16C, Top panel), we subsequently probed
increasing quantities of these proteins by immunoblotting using the anti-H2B S1120-GlcNAc
antibody. We found that purified recombinant proteins are detectable using this antibody and
that this signal decreased by about two to three folds when the serine was mutated to alanine
(His-hH2B S112A) (Figure 16C, Middle panel). Moreover, the H2B S1120-GIcNAc signal
detected for the recombinant His-hH2B protein is comparable to that detected for a similar
amount of mammalian endogenous H2B in the chromatin fraction (Figure 16C, Bottom panel).
Thus, these results indicate that this antibody recognizes the H2B backbone itself rather than
O-GlecNAc moiety and that unmodified S112 is a major determinant in epitope recognition by

this antibody.
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Figure 16 H2B Ser112 O-GlcNAc antibody is not specific and Ser112 O-GlcNAcylation is not linked to
H2B K120 monoubiquitination. (A) HeLa cells were transfected twice with OGT siRNA and three days post-
transfection, cells were harvested to perform cellular fractionation. Protein levels were analysed by western
blotting with the indicated antibodies. HeLa soluble fraction was analysed for HCF-1 proteolytic cleavage. YY1
was used as a loading control (left panel). Chromatin fraction was analysed for H2B Ser112 O-GIlcNAc and H2B
Lys120ub levels (Right panel). (B) HEK293T cells were transfected with Flag-H2B or Flag-H2B Ser112A. Three
days post-transfection, cells were harvested and total cell lysates were subjected to protein denaturation and
immunoprecipitation (IP) using a-Flag antibody. Input as well as IP fractions were subjected to immunoblotting
analysis using the indicated antibodies. Arrows indicate Flag-H2B and endogenous H2B (eH2B). Tubulin was
used as a loading control for the input fraction. (C) Relative quantification of eluted purified recombinant
histones detected by Coomassie Brilliant Blue staining. Known amounts of BSA protein were used as standards
for relative quantification (top panel). Increasing amounts of recombinant His-hH2B, His-hH2B Serl12A mutant,
GST-H2A as well as chromatin extract from HEK293T cells were analysed by western blot using the indicated
antibodies. Red Ponceau S staining of the membrane used for subsequent western blotting showing the loading of
purified proteins (bottom panel). Arrows and lines indicate the position of recombinant and endogenous histones
respectively. kDa; Molecular weight marker in Kilodalton.

2.3.5 Undetectable binding of mammalian histones to the Wheat Germ Agglutinin
(WGA) lectin
It was previously reported that HeLa cell nucleosomes obtained by micrococcal

digestion can be enriched with a WGA lectin resin which is known to strongly bind O-
GlcNAcylated proteins [133]. However, the extraction procedure does not preclude histone
binding to the WGA column as a consequence of interaction of histones with O-GIlcNAcylated
proteins associated with nucleosomes. Thus, we sought to use an acid extraction procedure to
separate the soluble histones from all other proteins that remain in the insoluble fraction.
Moreover, acid treatment ensures denaturation of proteins, thereby preventing potential
interactions of histones with O-GlcNAcylated proteins associated with chromatin. We cultured
HEK293T cells with PUGNAc for 24 hours and also included this inhibitor during the
extraction steps to exclude the possibility of losing protein O-GIcNAc modification [173].
Moreover, to ensure that acid treatment does not influence detection of O-GlcNAc
modification, we also analyzed the ability of chromatin-associated-proteins in the acid
extraction mixture to bind the WGA column (Figure 17). Importantly, HCF-1 and several
chromatin-associated proteins were enriched approximately 5 to 10 times compared to the
input signal, thus confirming that the WGA resin strongly and efficiently binds O-
GlcNAcylated proteins (Figure 17, Left panel). This result also indicates that acid treatment
did not covalently modify or disrupt the O-GlcNAc moiety. In contrast, immunoblotting with
RL2, anti-H2B S112 O-GIcNAc or anti-H2A revealed that histones were found only in the
input and the flow through fractions (Figure 17, Right panel). Consistently, staining of
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histones with Coomassie Brilliant Blue did not reveal histones binding to WGA-agarose. Note
that the background signal produced by the RL2 antibody at the level of histones was observed
in the input and the flow through fractions. To further exclude the possibility that only a small
fraction of histones are modified in proliferating human cells, and that such limited amounts of
modified histones are below immunoblotting detection thresholds, we carried out a WGA pull-
down experiment in conditions that would allow for the total depletion of HCF-1 from the cell
lysate (Figure 2.S5, Left panel). Even in these conditions, histones were again only detected in
the inputs and the flow through fractions by immunodetection and silver staining (Figure 2.S5,
Right panels). Altogether, these data support our findings that histone O-GIcNAcylation is

undetectable in mammalian cells.
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Figure 17. HCF-1 and several chromatin-associated proteins but not histones bind to WGA lectin.
HEK293T cells were treated with 100 uM PUGNAc or equal volume of DMSO for 24 hours as indicated and
harvested to perform acid extraction of histones. The indicated soluble and chromatin-associated-proteins
fractions (Left panels), and histone fraction (Right panels) were incubated for 2 hours with agarose bound WGA
lectin or with agarose resin to control for non-specific binding. Two elutions (E1 and E2) of agarose and WGA
bound proteins as well as the flow through (FT) fractions were analysed by western blot using the indicated
antibodies. The Coomassie Brilliant Blue staining and the anti-H2A antibody indicate that histones are found in
the input and the FT fractions. Arrows indicate endogenous H2A ubiquitination (eH2Aub) and total H2A
(eH2A). kDa; Molecular weight marker in Kilodalton.

2.3.6 Histone O-GlcNAcylation is not detected by Click-it biotin-alkyl chemistry, mass
spectrometry or following in vitro O-GlcNAcylation reactions

To further corroborate our observations, we sought to use other methods for O-
GlcNAcylation detection. We first used the commercially available in vitro Click-it chemistry
system. This procedure consists in modifying O-GlcNAcylated proteins with an azido sugar
(GalNAz), which can then react with biotin-alkyne thus becoming detectable via streptavidin-
conjugated HRP [191]. This approach is highly sensitive since it allows for the detection of the
O-GlcNAcylation of a-crystallin, a lens protein that was reported to be O-GlcNAcylated at a
very low stoichiometric ratio [191, 192]. Thus, we performed the Click-it chemistry reaction
on histones extracted from HeLa cells, as well as on a-crystallin, used as the positive control.
As shown in Figure 7A, although similar amount of both purified histones and a-crystallin
were used (Figure 18A, Right panel), we could only detect O-GlcNAcylation of a-crystallin in
these conditions (Figure 18A, Left panel). Moreover, O-GlcNAcylation of co-purified high
molecular weight proteins could be readily observed, thus demonstrating the efficiency of

GalNAz labeling in the same reaction conditions as histones.

Next, we sought to determine, by performing ETD-MS/MS analysis, if we could
recapitulate the reported histone O-GIcNAcylation sites using acid extracted histones from
HelLa cells. We also purified HCF-1 from HEK293T cells and included it as a positive control.
Mass spectrometry analysis by HCD and ETD for proper glycan localization was conducted
[193]. As shown in Figure 2.56 and Supplemental Table 1, in addition to several novel sites,
we were able to identify 6 of the reported HCF-1 O-GlcNAcylation sites [95, 98, 194-198].
However, we were unable to detect O-GlcNAcylation of the core histones. Indeed, even
though the MS analysis revealed the presence of histone peptides that were reported to be
modified (e.g., H2B S112, H2A T101, H3 S10 and H4 S47), we did not detect their
corresponding O-GlcNAcylated forms (Figures 2.S7 and 2.S8).
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Figure 18. Histones are not modified by Click-it biotin-alkyl chemistry or by in vitro OGT-mediated O-
GlcNAcylation. (A) The poorly O-GIcNAcylated a-crystallin is detected with the click-it biotin-alkyl chemistry
but not histones. HeLa cells were harvested and acid extraction followed by acetone precipitation was performed
to purify histones. The GalNAz labeling reaction was carried out for a minimum of 16 hours and the biotin-alkyl
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reaction was performed in the presence or absence of the GalTl enzyme. (Left panel) O-GIcNAcylation was
analysed by blotting with streptavidin-HRP. (Right panel) Coomassie Brilliant Blue staining shows the indicated
amounts of used purified proteins. (B-D) Histones are not O-GlcNAcylated in vitro by OGT. (B) Purified
proteins analysed by Coomassie Brilliant Blue or silver staining as indicated. (Left panel) Relative quantification
of purified recombinant His-OGT and GST-HCF-1-N to known amounts of BSA. (Middle and Right panels)
Integrity of Flag-H2A-purified mammalian nucleosomes and recombinant His-hH2B. (C) In vitro O-
GlcNAcylation reaction of the purified recombinant His-hH2B. GST-HCF-1-N and recombinant His-hH2B were
incubated with increasing amounts of recombinant His-OGT for 4 hours. O-GlcNAcylation was detected by
western blotting using the anti-O-GlcNAc antibody (RL2). (D) In vitro O-GlcNAcylation reaction of the purified
mammalian nucleosomes by OGT. GST-HCF-1-N and nucleosomes were incubated in the absence or presence of
His-OGT for 11 hours. The O-GlcNAcylation was detected as in (C). kDa; Molecular weight marker in
Kilodalton.

Previous studies reported that histones can be modified by OGT in vitro [133]. Thus,
we performed in vitro O-GlcNAcylation reactions using purified recombinant human His-
hH2B and purified mammalian nucleosomes. As a positive control, we also used purified
recombinant GST-HCF-1N (for N-Terminal HCF-1) [199] as this domain is a well-established
substrate of OGT [95, 98, 199]. The relative quantity and integrity of the purified proteins
were assessed by Coomassie Brilliant Blue staining or silver staining as indicated (Figure
18B). As shown in Figures 18C and 18D, we detected a strong O-GIcNAcylation of HCF-1-N,
but not of the recombinant His-hH2B (Figure 18C) or nucleosomal histones (Figure 18D).

In summary, using various approaches, we were unable to detect histone O-
GlcNAcylation. Thus, our study provides strong evidence that histone O-GIlcNAcylation, if
occurring, must be present at levels below detection limits of commonly available tools, while
O-GlcNAcylation of other known proteins including HCF-1 and TET2 can be observed. We
emphasize that histones are hundreds- to thousands-folds more abundant than the majority of
cellular proteins and their modifications, even in relatively low abundance, are in general
easily monitored. On the other hand, detection of histone modifications can be prone to false-

positive signals, especially when analyzing a large amount of proteins by immunoblotting.
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2.5 Material & Methods

Plasmids and mutagenesis

The cDNA of human of OGT and TET2 were cloned from HeLa total RNA by reverse
transcription and inserted into pENTR D-Topo plasmid (Life Technologies). Expression
construct of Myc-TET2 was generated by recombination using LR clonase kit (Life
Technologies) into pDEST-Myc construct. pCGN-HCF-1 FL was previously described [200,
201]. Myc-OGT, Myc- OGT D925A catalytic inactive mutant (Myc-OGT CD) were also
previously described [95] GFP-OGT and GFP-OGT CD were generated by recombination into
pDEST-GFP expression construct. pcDNA3-Flag-H2A and pcDNA3-Flag-H2B were obtained
from Dr. Moshe Oren [202]. H2B and H2A were generated using gene synthesis (BioBasic)
and then subcloned into modified pENTR D-Topo plasmid. H2B S112A construct was
generated by site direct mutagenesis using Q5 High-Fidelity DNA Polymerase. The Primers
used are: Forward primer: CACGCCGTGGCGGAGGGCACCAAGGCCGTCA; Reverse
primer: TGCCCTCCGCCACGGCGTGCTTGGCCAGCTC. HCF-IN was amplified from
pCGN-HCF-1 FL and inserted into pENTR D-Topo plasmid. The T antigen NLS coding
sequence was added in the primers. His-OGT was generated by subcloning the OGT cDNA
into pET30a+ vector. Expression constructs of H2B and H2B S112A were generated by
recombination using LR clonase kit into pDEST-Flag or pDEST-6xHis constructs. Expression
constructs of H2B and HCF-1N were generated by recombination into pDEST-Flag or
pDEST-GST constructs. All DNA constructs were sequenced.

Immunoblotting and antibodies.

Total cell lysates were prepared by harvesting cells with buffer containing 25 mM
Tris-HCI pH 7.3 and 1% sodium dodecyl sulfate (SDS). Cell extracts were boiled at 95°C for
10 min and sonicated. Quantification of total proteins was conducted using the bicinchoninic

acid (BCA) assay [203]. Total cell extracts as well as chromatin fractions and
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immunoprecipitation samples were diluted in 2X or 4X Laemmli buffer. SDS-PAGE and
immunoblotting were conducted according to standard procedures. The band signals were
acquired with a LAS-3000 LCD camera coupled to MultiGauge software (Fuji, Stamford, CT,
USA).

Mouse monoclonal anti-BAP1 (C4, sc-28383), rabbit polyclonal anti-YY1 (H414, sc-
1703), rabbit polyclonal anti-OGT (H300, sc-32921), mouse monoclonal anti-Tubulin (B-5-1-
2, sc-SC-23948), were from Santa Cruz. Rabbit polyclonal anti-HCF-1 (A301-400A) was
from Bethyl Laboratories. Mouse monoclonal anti-Flag (M2) was from Sigma-Aldrich. Mouse
monoclonal anti-MYC (9E10) was from Covance. Rabbit polyclonal anti-H2B K120ub (D11
XP) was from Cell Signaling. Rabbit polyclonal anti-H2B S112 O-GIcNAc (ab130951), rabbit
polyclonal anti-H2A (ab18255) Rabbit polyclonal anti-H3 (ab1791) and mouse monoclonal
anti-O-Linked N-acetylglucosamine (RL2, ab2739) were from Abcam. The mouse monoclonal
anti-O-Linked N-acetylglucosamine (CTD110.6) was kindly provided by Dr. Gerald Hart
[204]. Mouse monoclonal anti-B-Actin (MAB1501, clone C4) was from Millipore. Anti-
rhodamine (IgM) was a generous gift from Dr. Li-Huei Tsai. Peroxidase Affini-Pure Goat

anti-mouse IgM p chain specific secondary antibody was from Jackson Laboratories.

Cell culture and cell transfection

U20S osteosarcoma, Hela, human embryonic kidney HEK293T, 3T3-L1 mouse
preadipocytes, C2C12 mouse myoblasts, mouse embryonic fibroblasts (MEF) cell lines were
grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % of foetal
bovine serum (FBS), L-glutamine and penicillin/streptomycin. Multiple myeloma cell lines
(JJN-3, RPMI-8226, NCI-H292) were cultured in RPMI-1640 medium supplemented with 10
% of foetal bovine serum (FBS), L-glutamine and penicillin/streptomycin. Mouse embryonic
stem cells (mESCs) were maintained in DMEM medium supplemented with 15% of
embryonic stem cells qualified FBS (Gibco), L-glutamine, penicillin/streptomycin, 0.1 mM -
mercaptoethanol, 0.1 mM MEM (Non-essential amino acids), 1 mM sodium pyruvate and

1,000 U/ml of leukemia inhibitory factor (LIF) (Life technologies).

HeLa or HEK293T cells were treated with 100 uM of PUGNACc or equal volume of

DMSO for 0, 9 and 24 hours and were subjected to sub-cellular fractionation (soluble and
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chromatin) or histone extraction. HEK293T cells were transfected with mammalian expressing
vectors using polyethylenimine (PEI) (Sigma-Aldrich). Three days post-transfection, cells
were harvested for immunoblotting using total cell extracts or following cellular fractionation
and histones extraction. Prior to immunoblotting, histones were also immunoprecipitated using
anti-Flag antibody following denaturation of cell extracts. HeLa or U20S cells were
transfected using Lipofectamine 2000 (Life technologies) with 200 pmol of either ON-
TARGET plus Non-targeting pool (D-001810-10-50) or ON-TARGET plus SMARTpool
OGT (L-019111-00-0050) (Thermo Scientific, Dharmacon). Cells were transfected in a
serum-free DMEM medium for 16 hours, then changed with DMEM complemented with 5 %
FBS, 1 % Glutamine and 1 % Penicillin-Streptomycin and 8 hours later, cells were transfected
again as described above. Three days following the first transfection, cells were harvested in

PBS and soluble and chromatin extractions were conducted and used for immunoblotting.
Histone and chromatin extraction

For histone extraction, HEK293T cells were transfected with Flag-H2A or Flag-H2B
with or without Myc-OGT, Myc-OGT CD, Myc-TET2 or with the combination of Myc-OGT
and Myc-TET2 and harvested three days post-transfection. For high salt/detergent chromatin
extraction, cells were lysed in 300 mM NaCl, 1% NP-40, 2 uM PUGNAc, 1 mM PMSF and 1
X protease inhibitors (Sigma). Samples were kept on ice for 15 min and then centrifuged at
6,000 rpm for 10 min. The supernatant was kept as the soluble fraction for western blotting
analysis. The pellet was washed 2 times with the previous buffer and resuspended in 1% SDS
for protein quantification. For the histones acid extraction, cells were lysed in 50 mM Tris-
HCI pH 7.4, 300 mM NacCl, 2 mM EDTA and 2 uM PUGNAc. The lysate was centrifuged at
6,000 rpm for 10 min and the supernatant was kept as the soluble fraction. The pellet was
washed 2 times with the same buffer and treated with 0.2 N HCI (1 volume of buffer for 1
volume 0.4 HCI) for 1 hour on ice. After centrifugation at 14,000 rpm for 5 min, the
supernatant containing histones was neutralized by adding equal volume of 100 mM Tris-HCl
pH 8.8. The pellet was also resuspended in 1% SDS. To quantify proteins, part of the histones
fraction was precipitated using 100% acetone at -20°C for 2 hours, centrifuged at 14,000 rpm
for 10 min and resuspended in 1% SDS. Proteins were then quantified using the BCA assay.

For chromatin extraction, the cell pellet was resuspended in 50 mM Tris-HCI pH 7.3, 300 mM
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NaCl, 5 mM EDTA, 1% Triton, 2 uM PUGNAc, 1X protease inhibitors (Sigma) and 1 mM
PMSF and kept on ice for 30 min. The chromatin was pelleted by centrifugation at 10,000 rpm
for 10 min at 4°C, the supernatant was kept (soluble fraction) and the chromatin pellet was
resuspended in 25 mM Tris-HCI pH 7.3 and 1 % SDS. Both fractions were quantified using
the BCA protein quantification method.

Wheat Germ Agglutinin lectin Pull-Down

HEK293T cells were either treated with 100 uM PUGNAc or DMSO for 24 hours.
Cells were then harvested in 1X PBS and the cell pellet was lysed with 0.25 M sucrose, 3 mM
CaClz, 1 mM Tris-HCI pH 8.0, 0.5 % triton, 2 uM PUGNAc and 1X protease inhibitors
(Sigma). The chromatin was pelleted by centrifugation at 3,900 rpm for 5 minutes at 4°C and
the supernatant was kept (soluble fraction). Next, the pellet was washed with 300 mM NacCl, 5
mM MgClz, 1% Triton, 50 mM Tris-HCI pH 8.0, 5 mM DTT and 2 uM PUGNAc and
centrifuged at 3,900 rpm for 5 min at 4°C. Supernatant was discarded and the pellet was very
quickly resuspended in 3 volumes of acid extraction buffer containing 0.5 M HCI, 10%
glycerol and 0.1 M B-mercaptoethanol and left on ice for 30 min. The sample was centrifuged

at 14,000 rpm for 5 min at 4°C, the supernatant containing the histones was transferred in a
new tube and 10 volumes of acetone were added to both the pellet (chromatin-associated
proteins) and the supernatant (histones) fractions and were left at -20 °C overnight. The next
day, protein precipitates were pelleted at 14,000 rpm for 1 hour at 4°C, resuspended in 25 mM
Tris-HCl pH7.3 and 1 % SDS, sonicated and diluted in 10 volumes of EB300 Buffer
containing 50 mM Tris-HCI pH7.5, 300 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1X
protease inhibitors (Sigma), 1 mM PMSF, 1 mM DTT and 2 uM PUGNAc. The samples were
incubated for 2 hours with WGA lectin resin (Vector Laboratories, #AL-1023) or agarose
beads, washed with EB300 buffer and eluted with 500 mM N-acetylglucosamine. Sample were
then analysed by western blotting.

Immunoprecipitation

For histone immunoprecipitation following denaturation, HEK293T cells were
transfected with Flag-H2A or Flag-H2B with pcDNA3 empty vector, Myc-OGT or Myc-OGt
CD, Myc-TET2 or the combination of Myc-OGT with Myc-TET2 using Polyethylenimine
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(PEI). Three days post-transfection, cells were harvested and the cell pellets were lysed in 20
mM Tris-HCI pH 8.0, 600 mM NaCl, 0.5% NP-40, 0.5% SDS, 0.5% sodium deoxycholate, 1
mM EDTA and 2 uM PUGNAc. Samples were sonicated and centrifuged at 14,000 rpm for 10
min. The lysate was then diluted in 5 volumes of 50 mM Tris-HCI pH 7.4, 2 mM EDTA and
100 mM NaCl. For TET2 and HCF-1 immunoprecipitation, HEK293T cells were transfected
with Myc-TET2 or HA-HCF-1 FL with and without GFP-OGT or GFP-OGT CD. Three days
post-transfection, cells were harvested to perform denaturing immunoprecipitation. Briefly
cells pellets were lysed using 300 mM NacCl containing buffer (50 mM Tris-HCI pH 7.5, 300
mM NaCl, 1% Triton, 1% SDS, 10 mM NaF, 5 mM EDTA 1 mM PMSF, 2 uM PUGNAc and
1X protease inhibitors (Sigma)). After boiling for 3 min in the lysis buffer, cell lysate was
sonicated and samples were diluted 10 folds with the same buffer but without SDS prior to
immunoprecititation using anti-Myc or anti-HA antibodies. For mutant histones, HEK293T
cells were transfected with PEI with either FLAG-H2B or FLAG-H2B S112A. Three days
post-transfection, cells were harvested for denaturing immunoprecipitation in 25 mM Tris pH
7.3 and 1.5 % SDS. Next, suspensions were diluted 10 times with dilution buffer containing
50 mM Tris-HCI pH7.5, 100 mM NacCl, 1% Triton, ] mM EDTA, 1 mM DTT, 1 mM PMSF,
1X protease inhibitors (Sigma), 2 pM PUGNAc and 20 mM N-Ethylmaleimide (NEM,
Sigma). Suspensions were mixed with anti-FLAG M2 resin (Sigma Aldrich #A2220)
overnight at 4 °C. Next day, beads were washed 5 times with the dilution buffer. Proteins were

then eluted from the beads by adding Laemmli Buffer 2X and analysed by western blotting.
Recombinant proteins

pDEST-6xHis-H2B, pDEST-6xHis-H2BS112A, pDEST-GST-HCF-1-N and pET30a+
OGT were transformed into RIL bacteria. Following induction with 400 pM IPTG,
recombinant proteins were purified either under native or denaturing conditions. For the
denaturing immunopurification, the bacterial pellets were lysed in 50 mM Tris-HCI pH 8, 8 M
Urea and 3 mM DTT and left on ice for 30 min. After incubation, suspensions were sonicated
and centrifuged at 16,000 rpm for 20 min. Supernatants were incubated with Ni-NTA Agarose
resin (Invitrogen #R901-15) overnight at 4 °C and the resin was then washed with 50 mM
Tris-HCI pH 8.0, 500 mM NaCl, 3 mM DTT and 20 mM imidazole and transferred into a Bio-
Spin Disposable Chromatography columns (Bio Rad #732-6008). Proteins were eluted with
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200 mM Imidazole. For the native purification of His-H2B, His-H2B S112A and His-OGT,
cell pellets were lysed in 50 mM Tris pH 8, 500 mM NaCl and 3 mM DTT, 1 mM PMSF, 1X
protease inhibitors (Sigma) and left on ice for 30 min. After incubation and sonication, the
purified proteins were obtained as described above except for His-OGT which was kept on the
Ni-NTA Agarose resin in order to use it for the in-vitro O-GIlcNAcylation reaction. The OGT
Ni-NTA Agarose resin beads were washed 6 times and kept in 50 mM Tris-HCI1 pH 7.5, 12.5
mM MgClz, 3 mM DTT, 10% glycerol, 1 mM PMSF, 1X protease inhibitors (Sigma). The
induction of GST-H2A expression in bacteria was done in the same manner as indicated
above. Pellets of cells were lysed on ice in 50 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM
EDTA, 1 % Triton, and 1 mM PMSF, 1 mM DTT, 1X protease inhibitors (Sigma). The lysates
were sonicated, centrifuged at 16,000 rpm for 20 min and supernatants were incubated with
GSH-Agarose (Sigma Aldrich #A8580) overnight at 4 °C. Then, the resin was washed with 50
mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Tween20, | mM PMSF, 200 uM
DTT and 1X protease inhibitors (Sigma)). Proteins were eluted with the same buffer
containing 250 mM reduced gluthatione. GST-HCF-1-N was purified in the same manner as
GST-H2A. Elutions of His-H2B, His-H2B S112A, GST-H2A and GST-HCF-1N were loaded

on SDS-PAGE for Coomassie Brilliant Blue staining using BSA for relative quantification.

Purification of the nucleosomes

For mammalian nucleosomes purification, HEK293T cells were transfected with 7 pg
of pCDNA-Flag-H2A using PEI in serum free media. Three days post-transfection, cells were
harvested and chromatin fraction extraction and nucleosomes were purified using anti-Flag
beads as previously described [205]. For yeast Flag-H2B nucleosomes purification, 2 liters of
cells expressing Flag-H2B were grown under standard conditions and 4 grams of cell pellet
were used for the purification. Briefly, cells were resuspended in the SP Buffer (20 mM
HEPES 7.4, 1.2 M sorbitol, 10 mM DTT) supplemented with 5 mg/ml of Zymolyase 20T.
When the spheroplasting is completed, the cell pellet is washed again with the SP buffer and
then resuspended in the Buffer L (20 mM HEPES 7.4, 18% Ficoll 400, 20 mM KCl, 5 mM
MgCl, 1 mM EDTA, protease inhibitors (1 pg/ml leupeptin, pepstatin, aprotinin), 3 mM
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DTT, 1 mM PMSF) prior to the dounce homogenization. The extract was then diluted with the
Buffer S (buffer L supplemented with 2.4 M sorbitol instead of Ficoll) and chromatin fraction
was recovered by centrifugation at 11,000 rpm for 20 min. The chromatin pellet was washed
with the IP buffer (20 mM HEPES 7.6, 150 mM KCl, 5% glycerol, 5 mM MgCl,, 1 mM
CaCly, 0.1% NP-40, protease inhibitors, 1 mM PMSF prior to the MNase treatment. After
MNase treatment (15KU/ml for 30 min at room temperature), the reaction was stopped with 1
mM EDTA and 5 mM EGTA. Following centrifugation at 20,000g for 5 min at 4°C, the
soluble chromatin fraction was incubated 1 hour at 4°C with anti-Flag M2 beads. The beads
were washed four times with the IP2 buffer (same as IP buffer but with 1 mM EDTA, 1 mM
EGTA and without CaClz). Bound nucleosomes were then eluted with 200 pug/ml of Flag
peptides (Biobasic Inc.)

Click-it chemistry

HeLa cells were harvested and acid extraction was performed to purify histones as
described for the WGA pull-down. Following acetone precipitation the histones were
resuspended in 1% SDS, 20mM HEPES pH 7.9 and quantified using the BCA assay. The
GalNAz labeling reaction was performed following the manufacturer’s instructions using the
Click-iT® GalNAz metabolic glycoprotein labeling reagent kit (Life Technologies). o-
crystalline was included as a positive control. Following labeling of histones and a-crystalline,
the detection was carried out with the Click-iT® Biotin Glycoprotein Detection Kit (Life
Technologies) and the reaction was loaded on SDS-PAGE for blotting analysis using
streptavidin-HRP (Cell Signaling #3999S) affinity detection.

In Purified GST-HCF-1-N (0.2 pg) and recombinant His-H2B (0.4 pug) were incubated
with purified His-OGT (0.2 to 0.5 pg) in the presence of UDP-GIcNAc (1 mM) at 37°C
overnight for 4 or 11 hours. The reaction was carried out in 50 mM Tris-HCI pH 7.5
containing 12.5 mM MgCl> and 3 mM DTT. Purified nucleosomes were also included in the
O-GIcNAcylation reaction as described above. The reaction was stopped by adding Laemmli

buffer and analysed by immunoblotting.

Synchronization and cell cycle analysis
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U20S cells were synchronized at the G1/S border using the method of thymidine (2
mM) double block as previously described [189]. Cells were then released into new media to
follow the progression through S and G2/M phases. U20S cells were also arrested in late G2
by treating them with 10 uM of the CDK1 inhibitor RO-3306 for 24 hours [190]. Cell cycle

analysis was carried out as described [189].
Cell starvation.

C2C12 cells were incubated for 6 hours in the Hanks Balanced Salt Solution (HBSS)
medium completed with 10 mM HEPES pH 7.5 and penicillin/streptomycin. After 4 hours of
treatment, a separate plate dish of cells was replenished with fresh media and released for

another 2 hours. Cells pellets were harvested at the indicated times for chromatin extraction.
Mass spectrometry analysis

Reduction of histone and HCF-1 samples was performed by adding 5 mM DTT in 50
mM ammonium bicarbonate. Alkylation was performed with chloroacetamide 50 mM with
ammonium bicarbonate 50 mM. The digestion with trypsin was performed for 8 h at 37°C.
Samples were loaded and separated on a homemade reversed-phase column (150 pm 1.d. x 150
mm) with a 106-min gradient from 0-40% acetonitrile (0.2% FA) and a 600 nl/min flow rate
on an Easy nLC-1000 (Thermo Fisher Scientific) connected to an LTQ-Orbitrap Fusion
(Thermo Fisher Scientific). Each full MS spectrum acquired with a 70,000 resolution was
followed by 10 MS/MS spectra, where the 10 most abundant multiply charged ions were
selected for MS/MS sequencing. Tandem MS experiments were performed using high-energy
C-trap dissociation (HCD) and electron transfer dissociation (ETD) acquired in the Orbitrap.
Peaks were identified using a Peaks 7.0 (Bioinformatics Solution Inc.) and peptide sequences
were blasted against the human Uniprot database (74,530 sequences). Tolerance was set at 10
ppm for precursor and 0.01 Da for fragment ions during data processing and with
carbamidomethylation (C), oxidation (M), deamidation (NQ), and Hex-N-acylation (ST) as

variable modifications.
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2.6 Supplemental Figures and Tables
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Figure 2.S1 Undetectable O-GlcNAcylation of histone H2A. HEK293T cells were transfected with Flag-H2A
along with either pcDNA3 empty vector, Myc-OGT, Myc-OGT catalytic dead (MYC-OGT CD) or Myc-TET2,
as well as the combination of Myc-OGT with Myc-TET2. Three days post-transfection, cells were harvested and
analysed for Flag-H2A O-GlcNAcylation as conducted for Flag-H2B (see Fig.1). Flag immunoprecipitation
(Flag-IP) of exogenous H2A was conducted following sample denaturation. Dots indicate Myc-OGT and
endogenous OGT (eOGT). kDa; Molecular weight marker in Kilodalton.
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Figure 2.S2 OGT O-GlcNAcylates both TET2 and HCF-1 and Modulates HCF-1 cleavage. HEK293T cells
were transfected with either GFP-OGT or GFP-OGT -catalytic dead (CD) in the presence of HA-HCF-1 full
length (FL) or Myc-TET2 expression vectors. Three days post-transfection, cells were harvested and total cell
lysates were subjected to immunoprecipitation (IP), following sample denaturation, using anti-Myc or anti-HA
antibodies to purify TET2 and HCF-1 respectively. Total cell lysates (Input fractions) as well as
immunoprecipitations were subjected to western blotting analysis using the indicated antibodies. Arrow indicates
the full length (precursor) form of HCF-1 and brace indicates the cleaved forms of HCF-1. Dots indicate GFP-
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OGT and endogenous OGT (eOGT). kDa; Molecular weight marker in Kilodalton.
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Figure 2.S3 Undetectable O-GlcNAcylation of endogenous histones. HEK293T cells were transfected as in
Supplemental Fig.1. Three days post-transfection, cells pellets were collected for subsequent high salt / high
detergent extraction as well as histones acid extraction and cellular extracts were analysed by western blotting
with the indicated antibodies. (A) Chromatin high salt extraction. (Left) Soluble fraction showing global increase
of O-GlcNAcylation following OGT overexpression. (Right) Detection of O-GlcNAcylation using RL2 and
CTD110.6 antibodies on chromatin fraction. (B) Histone acid extraction showing (Left) the soluble fraction and
global O-GlcNAcylation levels and (Right) the histone fraction detected with both O-GIcNAc antibodies. B-Actin
and histone H3 were used as loading controls. Coomassie Brilliant Blue staining indicates abundance of histones
loaded. Dots indicate Myc-OGT and endogenous OGT (eOGT). kDa; Molecular weight marker in Kilodalton.
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Figure 2.S4 Detection of background immunoblotting of mammalian, yeast or recombinant histones (A)
Coomassie Brilliant Blue staining showing molecular weight and relative quantification of purified recombinant
yeast Flag-H2B (Flag-yH2B), human His-H2B (His-hH2B) and acid extracted histones purified from HeLa cells
relative to bovine serum albumin (BSA). (B) Increasing amounts of recombinant Flag-yH2B, His-hH2B and acid
extracted histones from HeLa cells quantified in (A) were analysed by western blot using a-O-GlcNAc (RL2)
antibody. Purified human HCF-1(hHA-HCF-1) from HEK293T cells was used as a control for RL2 detection. Lines
indicate purified endogenous histones from HeLa cells and Flag-yH2B. Arrows indicate Flag-yH2B and His-hH2B
position. Asterisks indicate non-specific signal from the heavy and light chains of Flag antibody respectively. (C) N-
Acetyl-D-Glucosamine competition with RL2 antibody. RL2 antibody was incubated with 1M of N-
acetylglucosamine (GlcNAc) for 1 hour. Antibody mixture was then used to immunoblot recombinant human His-
hH2B, chromatin and soluble fractions from U20S cells. Coomassie Brilliant Blue staining was used as a loading
control. kDa; Molecular weight marker in Kilodalton.
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bound WGA lectin resin or with the agarose resin to control for non-specific binding. The flow through (FT) was
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of the collected elutions revealed no interaction between the core histones and the WGA lectin resin (Right
panel). Arrows and lines indicate histones molecular weight. kDa; Molecular marker in Kilodalton.
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Figure 2.S6 HCD MS/MS spectra for HCF-1 O-GlcNAcylated peptide containing T779 modification site. (A)
extracted ion chromatogram for the HCF-1 peptide TIPMSAIITQAGATGVTSSPGIK at m/z 735.40%" showing that
the peptide was not detected. (B) Extracted ion chromatogram for the HCF-1 peptide
TIPMSAIIT(GIcNAC)QAGATGVTSSPGIK at m/z 802.09%" with the corresponding MS spectrum at 72.87 min. (C)
MS/MS spectrum showing that the Thr9 indicated with the star is modified with the GIcNAc moiety.
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Table 1. Identification of O-GlcNAcylation sites on HCF-1

miz PTM sites of HCF-1 Peptide Sequence References| ppm
IPPSSAPTVLSVPAGTHVKTMAVTPGTTTILPATVK Novel 1.07
| 92777 1575
TMAVTPGTTHLPATVK Novel 29
896.47 1588
Ref 47, 48,| 0.88
TAAAQVG TsVsSATNTS TRPIITYHK 50
751.89 $620?/5622
TAAAQVG TSVSSAINTSsTRPITVHK Ref. 51 | 012
1,002.19 T62572/86287
SGIVIVAQQAQVVTTWGGVTK Novel 03
846.12 T640?/1642
SGTVTVAQQAQVWIVVGGVTK Novel 067
778.42 T654
MMSVVQTKPVOLSAVTGOAS TGPV TOIQTKGPLPAG]  Novel 19
K
1.084 85 T694
MMSVWQTKPVQTSAVIGRQASTGPVTQIQTKGPLPAG|  Novel 2.9
LK
84770 T698
LVTSADGKPTTITITQASGAGTKPTILGISSVSPSTTK| Novel 0.04
PGTTTIK
1.001.94 173825742
HPMSANTQAGATGVTSSPGIK Ref 26,27 | 1.0
802.09 T771
TIPMsAIQAGA TGV TSSPGIKSPITITTK Novel 37
1.187.97 87757
TIPMSAIHMQAGATGVTSSPGIK Ref. 26, 27,| 0.32
802.09 1779 AT, 48,50
TIPMSAIRQAGAIGVTSSPGIKSPITITTKVMTSGTGA|  Novel 12
PAK
1,141.36 T784
SPITITKVMTSG TGAPAK Ref 26,27 | 02
726.40 T800
SPITITIKVMTSG TGAPAK Ref 47,48, 02
1.089.08 T801 49, 50
LVIPVTVSAVKPAVTILVVK Novel 0.11
742 45 T858
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Figure 2.S7. HCD MS/MS spectra for H2B and H2A peptides containing Ser112 and Thr101
respectively.(A-C) HCD MS/MS spectra for H2B. Extracted ion chromatogram for the H2B peptide
HAVSEGTK at m/z 414.712+ showing that the peptide was detected (A) along with the corresponding MS
spectrum at 4.9 min and its MS/MS spectrum (B). (C) Extracted ion Chromatogram for m/z 516,262+
corresponding to the expected peptide HAVSEGTK with a GIcNAC moiety. The absence of signal at m/z
516,262+ indicates that the corresponding glycopeptide was not detected. (D-F) HCD MS/MS spectra for H2A.
Extracted ion chromatogram for the H2A peptide VITAQGGVLPNIQAVLLPK at m/z 644.403+ showing that
the peptide was detected (D) along with the corresponding MS spectrum at 92.69 min and its MS/MS spectrum
(E). (F) Extracted ion Chromatogram at m/z 712.093+ corresponding to the expected peptide
VTIAQGGVLPNIQAVLLPK bearing a GIcNAC moiety. The absence of a signal at m/z 712.093+ indicates that
the corresponding glycopeptide was not detected.
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Figure 2.S8. HCD MS/MS spectra for H3 and H4 peptides containing Ser10 and Ser47 respectively.(A-C)
HCD MS/MS spectra for H3. Extracted ion chromatogram for the H3 peptide STGGKAPR at m/z 387.222+
showing that the peptide was detected as evidenced from its (A) corresponding MS spectrum at 4.01 min and its
MS/MS spectrum (B). (C) Extracted ion Chromatogram for the expected peptide STGGKAPR bearing a GIcNAC
moiety at m/z 488.773+, the absence of a signal indicates that the corresponding glycopeptide was not detected.
(D-F) HCD MS/MS spectra for H4. Extracted ion chromatogram for the H4 peptide ISGLIYEETR at m/z
590.822+ showing that the peptide was detected as evidenced from the corresponding (D) MS spectrum at 39.03
min and its MS/MS spectrum (E). (F) Extracted ion Chromatogram for the expected peptide ISGLIYEETR
bearing a GIcNAC moiety at m/z 692.362+, the absence of signal indicates that the corresponding glycopeptide
was not detected.
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3.1 Abstract

O-GIcNAcylation, catalyzed by OGT, is an extensively studied modification which consists in
the addition of an O-GlcNAc moiety to serine and threonine residues of targeted proteins.
OGT 1is known to be a core partner of BRCA1 Associated Protein 1 (BAPI1) which is an
important tumor suppressor complex mainly composed of transcriptional regulators and
transcription factors whose main function is the deubiquitination of histone H2A.
Furthermore, the BAP1 complex is subjected to a plethora of post-translational modifications
that were shown to be crucial for the regulation of its function including O-GlcNAcylation.
Among the different partners of BAP1, the transcription factor of the K subfamily of Forkhead
Box protein (FOXK1 and FOXK?2) have recently emerged as important regulators of BAP1-
mediated deubiquitination of specific gene promoters. These factors are uniquely
characterized by the presence of both, a Forkhead box Associated domain (FHA) which binds
phosphothreonine residues and a DNA-binding Forkhead box domain (FH). Recent studies
have demonstrated the importance of the phosphorylation of BAP1 for the binding of the
FOXKs. However, why both FOXK1 and FOXK2 interact with the BAP1 complex and how
they are differentially regulated is still unclear. In this study, we report that FOXK1, but not
FOXK2 is a novel target for O-GIcNAcylation and that FOXK1’s interaction with BAPI is
greatly compromised in response to cellular starvation. Our data also demonstrates that
FOXK1 O-GlcNAcylation is modulated during the entry of cell cycle as well as during
differentiation. Using the 3T3L1 adipocyte differentiation model, we also provide new

evidence that FOXK1 is critical for adipogenesis
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3.2 Introduction

Networks of post-translational modifications (MPTs) in eukaryotic cells participate in
the regulation of a wide variety of signaling cascades whose main output is modulation of
gene transcription [2, 29, 167, 168, 206-215]. Such collaboration between modifying enzymes
results in a highly complex crosstalk of marks crucial for cell fate determination [216-219].
Such networks can be observed within chromatin modifying complexes that interpret multiple
signaling cascades to trigger different cellular outcomes. For instance, the BRCA1 Associated
Protein 1 (BAP1) forms a large protein complex containing several transcription regulators
and factors [220-222]. O-GlcNAcylation and ubiquitination are MPTs that have been shown to
be critical for the function of several of the BAP1 complex subunits [54, 95, 97, 118, 205,
223]. Indeed, recent studies have shown that Lysine-Specific Demethylase 1B
(LSD2/KDMI1B) ubiquitinates the O-linked-B-N-acetylglucosamine transferase (OGT) in
order to trigger its degradation [54]. This is counteracted by deubiquitination via BAP1 so as
to protect OGT for it to O-GlcNAcylate other components of the BAP1 complex to regulate
their function [95]. O-GlcNAcylation is of great interest as its addition onto serine and
threonine residues has been shown to compete with phosphorylation. In this way, O-
GlcNAcylation may protect specific sites from kinase activity thus interfering with
phosphorylation-dependent events whereby O-GlcNAcylation may have broad cellular
repercussions [224, 225]. Furthermore, O-GIcNAcylation is emerging as a direct and critical
mediator of metabolic signaling as the synthesis of its donor substrate is derived from the
hexosamine biosynthetic pathway (HBP), resulting in dynamic O-GlcNAcylation in response
to fluctuations in the major metabolic pathways including the metabolism of nucleotides, free
fatty acids, amino acids and glucose [31, 37, 226, 227]. Hence, the dynamic competition with
phosphorylation would also be sensitive to metabolic fluctuations. The ternary complex of
OGT/HCF1/BAPI has also been shown to regulate gluconeogenesis via O-GlcNAcylation and
deubiquitination of PGC-1a, thereby solidifying the BAP1 complex’s implication in metabolic
regulation [72]. Other components of the BAP1 complex have also been shown to be O-
GlcNAcylated such as Yin Yang 1 (YY1) and HCF-1, attesting to the importance of O-
GlcNAcylation in the regulation of this complex [95, 97, 98].
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Two other factors in the BAP1 complex are the Forkhead Box Proteins 1 and 2
(FOXK1 and FOXK2) whose functions remain poorly understood. FOXK1 and FOXK?2 are
two ubiquitously expressed FOX transcription factors. The FOX factors are known to bind
DNA with a highly conserved FH domain but the FOXK subfamily is unique in that FOXK1
and FOXK2 contain an FHA phospho-threonine binding domain. Both FOXK1 and FOXK2
are present in the BAP1 complex, are highly similar in structure but have been reported to
have very different functions. FOXK2 has been shown to recruit the BAP1 complex to
chromatin in order to modulate PRC1-mediated gene expression [138, 228]. It has also been
shown to act in concert with AP-1 signaling and to bind G/T mismatches [229, 230]. Further,
it has been shown to mediate cell survival and most recently was shown to suppress tumour
growth of ERa-positive breast cancers [231]. FOXKI1, on the other hand, has been shown to
be a critical regulator of myogenesis through both cell cycle control and direct protein
inhibition of the differentiation program [151, 153, 163, 232-234]. Recently it has been shown
that mTOR phosphorylates FOXK1, promoting its nuclear accumulation, in order to inhibit
autophagy gene expression through the recruitment of the Sin3 repressive complex in normal
growth conditions [114]. Importantly, both FOXK1 and FOXK2 have been shown to be
regulated by phosphorylation and have been implicated in Wnt Signaling through the nuclear
transport of DVL proteins[137], and the antiviral response via Nup98[139], however the link
between metabolic regulation, OGT and the FOXK proteins has not been thoroughly explored.
Here we show that FOXK1 is specifically O-GlcNAcylated compared to FOXK2 and that this
modification is modulated during various cellular processes including adipogenesis where we

show that FOXK1 is critical for this process.

3.3 Results

2.5.1 BAPI1 structural conformation and Thr493 residue but not HCF-1 and OGT are
important for FHA-dependant FOXKSs binding to BAP1.

Several studies have mapped the potential binding domain between the FOXKs
transcription factors and BAP1 identifying the FHA domain of FOXKs as the main domain
responsible for the interaction with BAP1. However, it is still unclear if this interaction is

mediated via BAP1 phosphorylation of its threonine 493, and/or also through its structural
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conformation [138, 228]. Thus, we sought to investigate the phosphorylation dependency of
the interaction between BAP1 and FOXK proteins. To do so, we used GST-tagged constructs
of FOXKI1 and FOXK2 to perform GST-pulldowns using recombinant proteins. GST-YY1
was used as a positive control, as previous studies have demonstrated its direct interaction
with BAP1 [220]. As shown in Figure 19A, both GST-FOXK1 and GST-FOXK2 strongly
enrich recombinant BAP1 suggesting that its phosphorylation is not necessary for the
interaction. Therefore, we sought to better characterise the interacting region of BAP1 with the
FOXKs. Since the FHA and FH domains of FOXK1 and FOXK2 are highly conserved and
that Okino et al [138] showed that FOXK1 and FOXK2 interact with the same region of
BAPI1, we sought to validate that the FOXKs interact with BAP1 in a mutually exclusive
manner. As such, HeLa nuclear extracts were prepared and native immunoprecipitations of
endogenous FOXK1 and FOXK2 were performed. Our data clearly show that FOXK2 does
not co-immunoprecipitate with FOXK1 and vice versa suggesting that they are indeed
mutually exclusive (Figure 19B). Therefore, further mapping experiments with BAP1 were
performed using GST-FOXKI1 only. As shown in figure 19C (Right), we generated several
BAPI deletion constructs in order to validate previous identified binding region of BAP1
[223]. Our results demonstrate that FOXK1 interacts with the full length form of BAP1 as well
as with the AUCH fragment, indicating that the NORS and the CTD of BAPI1 are either
completely or partially important for proper binding of BAP1 with FOXK1. However, the
BAPI1-Thr493 A mutant reported by Okino et al [138] completely abolished FOXKSs binding as
shown by the FLAG co-immunoprecipitation (Figure 19D and 19E). Reciprocally, we
produced the FOXK1-Argl127A mutant, known to be critical for FHA function as it recognizes
the phosphate moiety and as reported, co-immunoprecipitation of BAP1 is significantly
reduced with FOXK1-Argl27A mutant (Figure 19E). Altogether, these contradictory data
suggest that the Thr493 residue as well as the structural conformation of BAP1 are both
important for the binding of BAP1 by the FHA domain of FOXK1. Also, due to the proximity
of Thr493 to the HCF-1 binding motif (HBM) of BAP1 and since HCF-1 is a core component
of the BAP1 complex, we examined if the presence of HCF-1 could regulate the presence of
the FOXKs in the BAP1 complex. We reasoned that the proximity of HCF-1 to the Thr493
residue in the flexible loop of BAP1 might create steric hindrance regulating FOXKs
interaction with BAP1 as schematised in Figure 19F, therefore, ablation of the HBM might
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increase FOXKs binding to BAP1. To verify this hypothesis, we generated HeLa S3 cells
stably expressing either FLAG-HA-BAP1 or FLAG-HA-BAP1 AHBM and purified these
complexes by FLAG immunoprecipitation. As shown in figure 19G, FOXKs levels in the
BAP1 complex are not affected by HCF-1 or OGT presence. Collectively, these data suggest
that FOXK proteins bind a precise structural conformation of BAP1 as well as its Thr493
residue independently of HCF-1 and OGT presence in the complex.
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Figure 19 BAP1 structural conformation and Thr493 residue but not HCF-1 and OGT are important for
FHA-dependant FOXKs binding to BAP1 (A) GST-pulldown of recombinant purified His-BAP1, GST, GST-
FOXK1, GST-FOXK2 and GST-YY1. His-BAP1 was used as the pray. Proteins levels were analysed by western
blotting using the indicated antibodies. Arrows indicate GST-tagged proteins (B) HeLa nuclear extracts were
lysed and native immunoprecipitations of FOXK1 and FOXK2 were performed overnight. Control IgG
immunoprecipitations was performed as a negative control and proteins levels were analyzed by immunoblotting
with the indicated antibodies. (C) (Left) GST-pulldown of recombinant BAP1 fragments with purified
recombinant His-FOXK1. Arrows indicate GST-tagged BAP1 fragments. (Right) Schematics of BAPI
fragments used for the GST-pulldown. (D) HEK293T cells were transfected with either FLAG-BAP1 wild-type
(WT) or FLAG-BAP1 Thr493A mutant. Three days post-transfection, cells were lysed and native anti-FLAG
immunoprecipitation was performed. Endogenous FOXK1 co-immunoprecipitation was analyzed by western
blotting. (E) HEK293T cells were transfected with MYC-FOXK1 WT or MYC-FOXK1 Argl27A with or
without FLAG-BAP1. Three days post-transfection, cells were harvested and native anti-MYC
immunoprecipitation was performed. BAP1 binding was analysed by western blotting. (F) BAP1 schematic
illustrating the location of Thr493A with regards to the reported binding locations of HCF1/OGT/YY1 axis.
Asterisk indicates the position of threonine 493 residue. (G) HeLa S3 cells stably expressing either pOZN,
pOZN-FLAG-HA-BAP1 or pOZN-Flag-HA-BAP1 AHBM were grown and harvested for complex purification
by overnight anti-flag immunoprecipitation. Core components of the complex were analysed by western blotting
with the indicated antibodies. IP; Immunoprecipitation

2.5.2 FOXK1 but not FOXK?2 is O-GlcNAcylated by OGT

MPTs of the core proteins in the BAP1 complex have been extensively studied and
characterized [54, 118, 221-223, 235]. The presence of protein modifying proteins such as
LSD2, OGT, UBE20, HAT1 and BAP1 itself strongly advocate for the importance of MPTs
in the function of this tumor suppressor complex. However, the identification and function of
the various MPTs in the BAP1 complex are still largely unknown. For example, although
several phosphorylation sites of FOXKs were identified, the study of the MPTs of the FOXKs
transcription factors remains in its infancy [114, 236]. Therefore, we sought to identify novel
MPTs of FOXKSs and how they might regulate the dynamic of the BAP1 complex. Since the
binding of FOXK proteins to BAP1 Thr493 would bring them in close proximity to the O-
linked N-acetylglucosamine transferase (OGT), already known to modulate the function of
components of the BAP1 complex through O-GlcNAcylation, we verified if FOXK proteins
may be O-GIlcNAcylated in vivo [95, 97, 98, 118, 221]. We co-overexpressed MYC-FOXK1
or MYC-FOXK2 with either FLAG-OGT WT or FLAG-OGT CD to perform MYC
immunoprecipitations under denaturing conditions. As shown in figure 20A, a mobility shift
can be observed for FOXKI1 in the presence of OGT WT but not in the presence of OGT CD,
indicative of a higher molecular weight for all of the ectopic FOXK1 in this condition. This
modification was further confirmed to be O-GIcNAcylation as it was detected by the highly
used RL2 antibody, which is specific for the O-GlcNAc moiety[237]. Moreover, these data
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suggest that this O-GlcNAcylation is specific to FOXK1. To further confirm previous results
on endogenous FOXK1, we harvested HEK293T to performed FOXKs immunoprecipitation
under denaturing conditions. As shown in figure 20B, immunoprecipitated FOXK1 but not
FOXK2 yields an O-GlcNAcylation signal. The same result was obtain using the non-
cancerous murin cell line 3T3L1 albeit FOXKs are expressed at lower levels. To verify the
specificity of the detected O-GlcNAcylation signal, we depleted OGT by siRNA in U20S
cells and performed a FOXK 1 immunoprecipitation under denaturing condition (Figure 20D).
As expected, levels of OGT were almost completely ablated under siRNA treatment which
resulted in a complete loss of the O-GlcNAcylation signal previously observed for FOXKI.
Moreover, a slight decrease in BAP1 binding can be observed following depletion of OGT
(Figure 20D). As O-GlcNAcylation is known to mediate certain protein functions such as
localization and protein-protein interactions, we sought to determine if O-GIcNAcylation of
FOXKI1 could modulate its interaction with BAP1. Thus, we co-expressed OGT WT or CD in
the presence of BAP1 WT or the BAP1-Thr493A mutant but observed no change in FOXK1
binding in all conditions (Figure 20E). Also, the O-GlcNAcylation of FOXK1 had no effect on
the FOXK2-BAP1 interaction suggesting that FOXK1 O-GIcNAcylation does not regulate
FOXKs binding to the BAP1 complex. Taken together, these results suggest that FOXK1 but
not FOXK2 is specifically O-GlcNAcylated by OGT and that this modification does not

regulate FOXKs presence in the complex.
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transfection, cells were harvested for denaturing anti-MYC immunoprecipitation and proteins levels were
immunoblotted with indicated antibodies. (B) HEK293T «cells were harvested and denaturing
immunoprecipitation of endogenous FOXKs was performed. O-GlcNAcylation of FOXKs was analyzed by
western blotting using RL2 antibody. (C) O-GlcNAcylation of endogenous Foxkl and Foxk2 in murine 3T3L1
cell line was analysed as in (B). (D) U20S cells were double treated with siRNA against OGT. Three days post-
transfection, cells were harvested for native immunoprecipitation of FOXK1. Protein levels were analysed by
western blotting with indicated antibodies. Control correspond to untreated U20S cells used for the IgG
immunoprecipitation. (E) HEK293T cells were transfected with either FLAG-BAP1 WT or FLAG-BAPI1
Thr493A with either MYC-OGT WT or MYC-OGT CD. Three days post-transfection, cells were harvested for
anti-FLAG immunoprecipitation and results were revealed by western blotting using indicated antibodies. IP;
Immunoprecipitation



2.5.3 FOXKI1 O-GlcNAcylation by OGT is BAP1-independent.

OGT is a ubiquitous protein that is involved in a plethora of cellular processes and is
known to interact with hundreds of substrates outside of its interaction with BAP1. Since our
previous data indicates that O-GlcNAcylation does not affect FOXK1 binding with BAP1, we
then wanted to verify if BAP1 is required for FOXK1 O-GlcNAcylation. We reasoned that
BAPI might serve as a bridge allowing OGT to modify FOXK1. To explore this possibility,
we performed immunoprecipitation of endogenous OGT and FOXKs in H226 mesothelioma
cells, known to be knockout for BAP1, as well as in an H226-BAP1 cell line in which we
rescued BAP1 expression in order to compare the O-GlcNAcylation level of FOXKI1. As
shown in figure 21A, FOXK1 O-GlcNAcylation level is similar in the presence or absence of
BAPI. These data suggest that BAP1 is not required for FOXK1 O-GlcNAcylation. To further
confirm that the O-GlcNAcylation of FOXK1 is independent of BAP1 and that FOXK1 may
be modified by OGT outside of the BAP1 complex, we conducted a denaturing
immunoprecipitation of FOXK1 from the elutions of the FLAG-BAP1 WT and FLAG-BAPI
AHBM purified complexes shown in figure 19G. As expected, the O-GlcNAcylation levels of
FOXKI1 are similar regardless of the presence of HCF-1 and OGT in the BAP1 complex.
Altogether, these data strongly suggest that FOXK1 O-GIcNAcylation is independent of
BAPI.
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expressing FLAG-HA-BAP1 were harvested for native immunoprecipitation of endogenouos OGT, FOXK1 and
FOXK2. Protein levels and O-GlcNAcylation were analyzed by western blotting with indicated antibodies. (B)
(Left) Schematic of the different steps performed to immunoprecipitate FOXK1 out of the BAP1 complexes
purified in Figure 1G. (Right) O-GIlcNAcylation level of FOXKI in either BAP1 or BAP1 AHBM complex
following denaturing immunoprecipitation of FOXK1 as indicated on the left. Immunodetection was conducted
with the indicated antibodies.Asterisk indicates FOXK1 corresponding band. IP; Immunoprecipitation
2.54 FOXKI1 O-GlcNAcylation is modulated during cell cycle entry and in response to
starvation.

We next explored if this O-GlcNAc modification of FOXK1 may be modulated during
a specific cellular event. It is known that cells go through a restriction point before the
decision to enter into the cell cycle is made [238, 239]. Indeed, the availability of nutrients,
physical space, cell-cell communications and extracellular signaling are critical inputs to this
decision. As for the availability of sufficient nutrients, OGT has been previously described as
a sensor for the metabolic state of the cell [72, 168, 170]. Thus, we verified if the O-
GlcNAcylation of FOXK1 may be modulated during the entry into cell cycle. We therefore,
grew U20S osteosarcoma cells to confluence and starved them of serum for 24 hours in order
to arrest them in GO. We then released these cells by feeding them with 20% serum in order to
provoke a flux of cells enter into the cell cycle. As shown in figure 22A, protein levels of
FOXK1 and BAPI remain relatively stable over the course of the 12 hours of release. As

expected, a spike in CDC6 levels correlates with a slight entry of cells into G1/S, as seen in

the corresponding FACS analysis for the point of 12h release (Figure 22A, right panel).
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Interestingly, over the full course of the cell cycle entry, FOXKI1 O-GlcNAcylation levels
increase steadily and reach a maximum at 6h prior to the restriction point where cells begin
moving towards the G1/S boundary (Figure 22 A, left panel). Then, the levels decrease slightly
once cells have begun cycling. Furthermore, the interaction between BAP1 and FOXK1
increases as cells begin to cycle (Figure 22A, left panel). These data strongly suggest that
FOXKT1 O-GIlcNAcylation is modulated during the entry of the cell cycle and that FOXK 1 and
BAPI interaction may be important for the proliferative state of cells. However, it cannot be
excluded that this observation may be caused by a cancer-derived process. To eliminate this
possibility, the same experiment was redone using primary human fibroblasts. After
maintaining cells at confluence for two days in order to trigger cell-cell contact inhibition, we
further serum starved them for 24h to completely arrest cell growth. The cells were then fed
20% serum media. As expected, FOXK1 and BAP1 levels remain stable and a spike in CDC6
level corresponding to the entry of cells into G1/S, albeit later than in U20S, was observed.
Again, as previously described, O-GIcNAcylation of FOXK1 is most evident at the onset of
the cell cycle entry and decreases as cells are actively cycling. These results clearly
demonstrate that FOXK1 O-GIcNAcylation is modulated during the decision to enter cell

cycle.

Previous studies have demonstrated that FOXKI1 phosphorylation and cellular
localization are modulated in response to fluctuations in cellular metabolism through mTOR
signaling [114]. Moreover, mTOR was shown to regulate OGT stability [49, 240]. Since it was
reported that OGT levels decrease during starvation, we sought to determine if FOXK1 O-
GlcNAcylation is also modulated during this process. Hence, we deprived LL human
fibroblasts of all nutrients and examined the differential O-GlcNAcylation of endogenous
FOXK1 following denaturing immunoprecipitation. As shown in figure 22C, at the onset of
cellular starvation, the reported mobility shift of FOXK1 can be observed concording with its
reported phosphorylation [114]. Also as expected, the O-GlcNAcylation levels of FOXK1
steadily decrease over the course of the starvation kinetic and this signal restabilizes itself
once cells are fed complete media (Figure 22C). Since both the O-GlcNacylation of FOXK1
and its binding to BAP1 increase during the entry into cell cycle (Figure 22A and 22B) and
that the O-GlcNAcylation of FOXK1 decreases during starvation (Figure 22C), we verified if
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the BAP1 complex may be subjected to changes during starvation. We therefore, starved cells
and co-immunoprecipitated the BAP1 complex via ASXL2 as we had K562-FLAG ASXL2
stable cell lines in culture at the time of our investigation. As shown in figure 22D, total levels
of the core components of the BAP1 complex, namely, ASXL2, BAP1 and OGT decrease
overtime. However the levels of both FOXKSs seem unaffected. Notably however, FOXK1 and
to a lesser extent FOXK2 become excluded from the BAP1 complex as cells undergo
starvation, returning to the complex once cells are re-fed complete media. These data are
consistent with previous studies showing that both FOXK1 and FOXK2 are shuttled out of the
nucleus in response to starvation, however since FOXK1 becomes excluded much more
rapidly, it is possible that the tie between FOXK1 and cellular metabolism, strictly speaking its

O-GlcNAcylation may confer a sensitivity to this process.
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Figure 22 FOXK1 O-GlcNAcylation is modulated during cell cycle entry and in response to starvation.
(A) (Left) U20S cells were grown to confluence and then cells were serum starved for 24h. The next day,
blocked cells were harvested and remaining cells were fed with media containing 20% serum. At the indicated
time points, cells were harvested for both FACS analysis and immunoprecipitation. IgG control or anti-FOXK1
native immunoprecipitation was performed overnight and western blotting was performed with indicated
antibodies. (Right) FACS analysis showing very slight entry into G1/S between 9h and 12h. (B) (Left) Primary
LL human fibroblasts were grown to confluence and left at confluence for 48h. Then, cells were serum starved
for an additional 24h, replated in 20% serum containing media and finally harvested at indicated time-points for
FACS analysis and immunoprecipitation as indicated in (A). (Right) FACS analysis of each time-point showing
that cells began to enter the cell cycle between 12 and 24h. IP; Immunoprecipitation, AS; Asynchronous
population, hrs; hours. (C) LL human primary fibroblasts were starved according to Bowman et al. (206) with
(HBSS) supplemented with 10 mM HEPES pH 7.5 and 1% Penicillin-Streptomycin for the indicated time. When
indicated, cells were replenished for 2h by feeding back the cells with growing medium. Cells were then
harvested for subsequent denaturing immunoprecipitation. IgG immunoprecipitations was done as a negative
control and proteins were revealed using indicated antibodies. (D) K562 cells stably expressing a FLAG-HA-
ASXL2 construct were starved in the same manner as (C) and harvested at indicated time points for native
FLAG immunoprecipitations. Control K562 cells were used as negative controls for the FLAG
immunoprecipitations and proteins were revealed using indicated antibodies. Experiments A, B and C were
performed twice. Experiment D was performed once.

2.5.5 Foxkl, but not Foxk2, is required for adipogenesis
Since our results have shown that not only FOXK1 O-GlcNAcylation but also its presence in

the BAP1 complex are modulated in response to cellular starvation, we reasoned that FOXK1
itself may play a role in cellular metabolism. Furthermore, previous studies have shown that
FOXKI1 is a critical regulator of the differentiation of the highly metabolic C2C12 myogenic
progenitor cells whereby its loss impairs muscle regeneration in KO mice [154, 241].
Therefore, we sought to determine if in fact FOXKI1 regulation of differentiation could be a
consequence of its regulation of metabolism rather than being specific for myogenic
differentiation. 3T3L1 adipogenesis is also a highly metabolic-dependent process, thus, we
investigated if FOXK1 regulation of differentiation could be extended to adipogenic tissues.
Hence, using standard 3T3L1 differentiation procedures (see material and methods) in parallel
with double siRNA treatments of Foxk1, we knocked-down Foxk1 levels to study its effect on
adipogenic differentiation. As shown in the upper blot of figure 23A, knockdown of Foxkl
with several different individual siRNA as well as the mix reduced Foxkl levels by roughly
50%. Interestingly, siRNAs 2 and 4 and to a lesser extent siRNAs 1 and 3 caused a media
color change (become purple) compared to scrambled siRNA (siNT) indicative of media
alkalinity (Figure 23 A, lower panel). As the differentiation of 3T3L1 triggers cell cycle arrest
and a flux in triglycerides and free fatty acids synthesis, normal differentiation of these cells

will tend to acidify the media. Further Oil Red O staining analysis of neutral triglyceride and
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lipid accumulation revealed that knockdown of Foxkl also impairs adipogenesis although to
varying degrees (Figure 23B). Furthermore, the siRNA treatments that blocked differentiation
the most correspond to stronger alkalinity of the media. As we identified Foxkl as a major
regulator of adipogenesis we next determine if it was also the case for Foxk2. Surprisingly,
siFoxk2 showed no significant effect on differentiation compared to control siRNA albeit
causing a slightly more acidic media (Figure 23C). In order to explore the molecular bases of
this differentiation block and to validate that the observable effect of siFoxkl is not an off-
target effect, we differentiated 3T3L1 cells under the treatment of an additional set of Foxkl
siRNA and verified commonly used adipogenesis markers. As shown in figure 23D all siRNA
treatments, except for 1 and 3, almost completely blocked differentiation as shown by Fabp4
and Perilipin levels. These results strongly suggest that Foxkl but not Foxk2 is critical for

3T3L1 differentiation.

As our group already demonstrated the importance of the BAP1 complex in
adipogenesis via the Ube2o-Bapl axis, we explored its kinetics as well as the O-
GlcNAcylation state of Foxkl during this process [223]. Interestingly, components of the
BAPI1 complex change quite drastically over the course of the differentiation process (Figure
23E). Moreover, many of the protein levels of the components of the BAP1 complex
differentially decrease during differentiation but most strikingly at the onset of the production
of adipogenic markers at day 4, except for Ogt, whose levels remain stable (Figure 23E).
Finally, normalized native immunoprecipitations of Foxkl suggest that its interaction with
Bapl does not change in a significant way over the course of the differentiation. However,
FOXK1 O-GlcNAcylation is almost completely ablated near terminal differentiation, and this,
despite identical levels of OGT in cells. Taken together, our results suggest that not only is
FOXKI critical for 3T3L1 differentiation, but its O-GlcNAcylation is modulated during this

process.
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Figure 23 Foxkl but not Foxk2 is required for adipogenesis (A) (Top) 3T3L1 cells were differentiated under
siRNA treatment against Foxk1 as described in material and methods. Scrambled siRNA was used as a negative
control. Indicated protein levels were analyzed by western blotting. YY1 was used as a loading control. (Bottom)
Differential media colour following siRNA treatments from top panel. (B) Oil Red O staining of differentiated
3T3L1 from (A). (C) (Top left) 3T3L1 cells were differentiated under siRNA treatment against Foxkl and
Foxk?2 as in (A). (Top right) Differential media colour following siRNA treatments. (Bottom) Oil Red O staining
corresponding to siFoxk1 and siFoxk2 treatment previously described. (D) 3T3L1 cells were differentiated under
a more extensive panel of siRNA against Foxkl as described in (A). Scrambled and Foxk2 siRNA were used as
negative controls. Indicated protein levels were analyzed by western blotting. YY1 was used as a loading
control. (E) 3T3L1 cells were either harvested while proliferating or differentiated according to standard
procedures (see material and methods). Cells were harvested for native immunoprecipitation at indicated time-
points. IgG control or anti-FOXK1 native immunoprecipitation was performed overnight and western blotting
was conducted with indicated antibodies. IP; Immunoprecipitation, Prolif; Proliferating.

3.4 Discussion
In this study, we show that the transcription factors FOXK1 and FOXK2 form

mutually exclusive complexes with BAP1, whereby their FHA-dependant binding to BAP1 is
mediated by a specific structural folding of BAP1 as well as its Thr493 residue in the NORS
domain. Most interestingly, here we show that FOXKI1 is specifically O-GlcNAcylated
compared to FOXK2 but also that this modification is modulated during various metabolic
events such as cell cycle entry, starvation and adipogenesis. Moreover, we show that FOXK1

but not FOXK2 is critical for adipogenic differentiation.

Our study suggests that FOXK1 and FOXK2 may bind BAP1 through conformational
changes that expose the residue Thr493 of BAPI, however further mutational studies are
needed to pinpoint the biochemistry behind this assertion. A previous study by Ji NAR, using
similar techniques, showed that deletion of either the N or C-terminal domains of BAP1
greatly hindered binding to FOXKI1 [228]. However, another study by Okino et al [138]
showed that deletion of the N and C-terminal of BAP1 had no effect on binding of FOXK1 in
vivo. Although our study does confirm that the deletion of the C-terminal domain eliminated
binding between FOXK1 and BAP1, we were unable to confirm loss of binding upon the
deletion of the UCH domain of BAP1 [228]. Interestingly, not all of our constructs containing
the reported critical Thr493 residue could bind FOXK1 in our pulldowns [228]. We have
previously shown that BAP1 engages in intramolecular binding between the CC1 (amino acids
236-265) of the NORS region and the CC2 (amino acids 631-660) of the CTD [223]. Only our
constructs able to perform these interactions could bind FOXK1. However, our in vivo data

also confirm that the Thr493 residue reported to be important for binding between the FHA
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domain of FOXKI or FOXK2 and BAP1 is indeed critical for binding [138, 228].
Nonetheless, the use of recombinant proteins to perform the pulldowns indicates that
phosphorylation of Thr493 might not be necessary to allow the binding although it might
greatly amplify it. In fact, FHA domains are known to bind not only the phosphate group on
the threonine itself but also to have stabilizing interactions with the methyl group of the
threonine as well as interactions with the pT+3 residue. Furthermore non canonical phospho-
independent interactions between FHA domains and substrates have been described [242,
243]. It is possible that our GST-pulldowns were successful due to these secondary
interactions. We reason that in fact, in the context of the full length of BAPI, a concert of
intramolecular binding events are necessary to properly expose BAP1 Thr493 to be bound by

the FHA of FOXK proteins.

The BAP1 tumour suppressor complex contains a plethora of different transcription
regulators and factors that attest to its importance in gene expression regulation [138, 220-
222]. MPTs have been shown to be of great importance in the regulation of the function of
several of BAP1’s partners as well as BAP1 itself [95, 97, 118, 205, 221, 223, 235]. Among
identified MPTs, our group and others have already demonstrated the importance of OGT in
regulating the function of the main partner of BAP1, namely HCF-1, as well as the Yin Yang
1 (YY) transcription factor. This study identified the BAP1 partner FOXK1 but not FOXK2
as a novel substrate for O-GIcNAcylation. It is still unclear if FOXK1 and FOXK2 share
similar or antagonist function since they were both reported to be regulated in similar context
but also shown to act as a repressor and activator respectively. [114, 137] The presence of both
factors in the BAP1 complex however hint at them having different functions. In fact, the
identification of FOXK1 but not FOXK2 as a major substrate of OGT sheds light on the
potential differential modulation of these factors through MPTs. We observed that FOXK1
interaction with the BAP1 complex is much more affected by starvation compared to FOXK2
which hints at its transcriptional function being important in metabolic sensing response. This
could be explained by the fact that the reported mTOR-mediated phosphorylation sites of
FOXKT1 have been shown to be implicated in the nuclear translocation of FOXK1 whereby
starvation-induced mTOR deactivation would trigger cytoplasmic relocation of FOXK1. This

relocation was also shown to be triggered by other phosphorylation sites. Further, OGT
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stability has been shown to be regulated by mTOR signaling. Consequently, during cellular
starvation, mTOR 1is deactivated and the nuclear-transport phosphorylation sites of FOXK1
would remain unmodified, thus hindering its nuclear transport and retention. Moreover,
destabilized OGT levels would reduce O-GlcNAcylation levels of FOXKI1. As it is known that
phosphorylation and O-GlcNAcylation can modify the same residues, it is possible that under
normal cell growth O-GIcNAcylation might protect certain serine and threonine residues from
phosphorylation but starvation induced accessibility to these sites via OGT destabilization
would trigger their phosphorylation and the cytoplasmic retention, examples of which have
been described [244-246]. In other words, two groups of phosphorylation sites would exist on
FOXK1, a group critical for nuclear import and a second group critical for export. Under
normal conditions however, the nuclear export sites would be protected from phosphorylation
via OGT-mediated O-GIcNAcylation but these sites would be replaced by phosphorylation as
cells undergo starvation. Therefore, crosstalk between phosphorylation and O-GlcNAcylation

would allow a very fine tuning of FOXK1 function in response to starvation.

Finally, previous studies on the function of FOXKI1 have revealed its critical
importance in the differentiation of C2C12 myoblasts. On the other hand, our data clearly
demonstrate an important role of FOXK1 in adipogenesis. As both adipogenic and myogenic
tissues are derived from the mesoderm, it is possible that FOXK1 may in fact play a role in the
regulation of earlier progenitor cells in these lineages. Indeed, the reported function of FOXK1
in myogenesis is in fact to impede differentiation of satellite cells by promoting sufficient
clonal expansion prior to differentiation. This is accomplished through inhibition of p21
signaling whereby insufficient FOXKI1 activity leads to inefficient muscle repair.
Adipogenesis also triggers a clonal expansion event. In fact, a previous study showed that
while this expansion was not necessary for the differentiation program to occur, its inhibition
generated less Oil Red O staining reminiscent of our siFOXK1 data [247-249]. In line with
this, although significantly less cells differentiate under siFOXKI1 treatments, the few do
differentiation often appear normal. It is possible that in adipogenesis, FOXK1 acts during the
clonal expansion event, as it does in myogenesis, in order to increase the number of cells that
will later differentiate. Importantly however, as both FOXK1 and FOXK2 have been shown to

mediate Wnt signaling through DVL nuclear translocation, and that Wnt signaling is known to
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inhibit adipogenesis, our data show that indeed FOXKs expression decreases at the onset of
the differentiation program. Taken together, FOXKI1 is O-GlcNAcylated by OGT, presumably
as an output for the metabolic regulation of its function, and its activity is required for efficient
differentiation of mesoderm-derived tissues, however the link between this mark and its

activity remains to be elucidated.

In summary, our study provides new evidence for the regulation of adipogenesis
through the transcription factor FOXK1 and demonstrates a differential regulation from its
paralog FOXK2 via O-GlcNAcylation. These findings will help decipher complex post-
translation modification networks in the BAP1 complex and deepen our understanding of the

molecular basis of this tumour suppressor complex
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3.6 Material and methods
Bacterial induction, purification and GST-Pulldown

GST-Pulldown was performed as previously described [220]. Briefly, purified GST-
tagged recombinant protein were purified from E. Coli bacteria with Glutathione-agarose resin
(Sigma). As for His-tagged proteins, they were induced in the same manner as the GST-tagged
proteins except they were purified with Ni-NTA Agarose resin (Life Technologies). Protein
were induced over day with 400 uM of IPTG. For GST-Pulldown, 2 pg of beads were
incubated overnight at 4°C with the indicated recombinant His-tagged protein in a GST-
pulldown binding buffer (50 mM Tris-HCI, pH 7.5, 50 mM NacCl, 0.02% Tween 20, 1 mM
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PMSF and 500 uM DTT). Next day, beads were washed 8 times with GST-pulldown wash
buffer (50mM Tris pH 7.5, 150mM NaCl, ImM EDTA, 0.1% Tween 20, ImM PMSF, 200
uM DTT). Proteins were then eluted with 2X Laemmli buffer and protein interaction were
analyzed by western blotting.

Cell culture and GO synchronization

Human embryonic kindney (HEK293T), human osteosarcoma (U20S), HeLa S3, and
human lung carcinoma (H226) were cultured according to standard procedures in DMEM
supplemented with 5% Foetal Bovine Serum (FBS), 1% Glutamine and 1%
Penicillin/Streptomycin except for murin adipocyte progenitors (3T3L1) and human fibroblast
(LL) which were cultured with 10% FBS. Human chronic myelogenous leukemia K562 and
K562-ASXL2 suspension cells were maintained in RPMI medium supplemented with 5%
FBS, 1% Glutamine and 1% Penicillin/Streptomycin. Cell cycle synchronizations in GO were
done as previously described [189] and cell cycle analysis was performed using FACScan
flow cytometer fitted with CellQuestPro software (BD Biosciences) as previously described

[250] and figures were made using FlowJo software.

Plasmids, transfections and siRNA treatments

GST-, FLAG- and MYC-tagged constructs were generated using the recombination
technology of the Gateway system from Life Technologies. siRNA-resistant cDNA coding for
FOXK1 and FOXK2 were synthesized from Biobasic Int directly into Bluescript plasmid. His-
YY1 was previously described [251]. pOZN, pOZN-FLAG-HA-BAP1 WT and pOZN-FLAG-
HA-BAP1AHBM were previously generated [220]. Both MYC-OGT, FLAG-OGT WT and
catalytic dead mutants were produced as described [22] and GST-tagged deletion mutants of
BAP1 were previously generated [223]. Plasmids transfections were done in HEK293T with
mammalian expressing vectors using polyethylenimine (PEI) (Sigma-Aldrich). Three days
post-transfection cells were harvested in PBS or in lysis buffer (25 mM Tris-HCI pH 7.5) for

subsequent analysis.

U20S double siRNA transfections were done in serum-free DMEM medium for 16h
with Lipofectamine 2000 (Life Technologies) as previously described [237] 3T3L1 double
siRNA transfection were done in serum-free DMEM medium for 16h with RNAi1 Max

Lipofectamine (Life Technologies) using 200 pmol of either ON-TARGET plus Non-targeting
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pool  (D-001810-10-50) (Thermo Scientific, Dharmacon) or  siFoxkl
(SASI_ MmO01_00032593) (SASI_ MmO1_00032594) (SASI_ MmO1_00032595)
(SASI MmO1 00032596) (SASI Mm02 00351347) (SASI Mm02 00351348)
(SASI MmO1 00160371) (SASI MmO0O1 00160372) or siFoxk2 (SASI Mm02 00294023)
(SASI Mm02 00294024) (SASI Mm02 00294025) (SASI Mm02 00294026). Then,
medium was changed for complete DMEM supplemented with 10% FBS, 1% Glutamine and
1% Streptomycin and a second siRNA transfection was done 72h following the first siRNA

transfection so as to start 3T3L1 differentiation.

Immunoprecipitation and complex purification

For native immunoprecipitations, cells were harvested in PBS and pellets were lysed
for 30 minutes on ice in EB150 buffer (50mM Tris pH 7.5, 150mM NaCl, SmM EDTA, 1%
Triton, ImM DTT, 1mM PMSF, 2uM PUGNAc, 10mM BGP, ImM Na3VOs, 50 mM NaF,1X
anti-protease cocktail (Sigma)). Lysates were then spun for 20 minutes at 14 000 rpm at 4°C to
pellet insoluble material and supernatants were incubated overnight with rotation at 4°C with
either anti-FLAG resin (Sigma) or anti-Protein G Sepharose and 4pg of the appropriate
antibody. The following day, beads were washed with EB150. Bound proteins were eluted
with 2X Laemmli buffer and subjected to Western Blotting. As for the stable cell line complex
purifications, 1 liter of HeLa S3 pOZN, pOZN-FLAG-HA-BAP1 or pOZN-FLAG-HA-
BAPIAHBM were grown to ~1x10° cells/ml and then cells were harvested and pelleted.
Pellets were lysed on ice for 30 minutes in EB150 (50mM Tris pH 7.5, 150mM NaCl, 1mM
EDTA, 0.5% Triton, ImM DTT, 1mM PMSF, 2uM PUGNAc, 10mM BGP, ImM Na3zVOs,
50mM NaF, 1X anti-protease cocktail (Sigma)). Lysates were then spun at 20 000 rpm for 20
minutes at 4°C. Supernatant was then filtered through a 0.45 um filter onto anti-FLAG resin
(Sigma) for overnight rotation at 4°C. The following day, beads were washed and bound
proteins were eluted with 150 pg/ml of FLAG peptide and subjected to Western Blotting. For
denaturing immunoprecipitations, cells were first harvested in a lysis buffer (25 mM Tris-HCl
pH 7.5 and 1% SDS). Samples were boiled for 10 minutes, sonicated and samples were diluted
with 9 volumes of EB150. Immunoprecipitations was performed as previously described for
native immunoprecipitations.

Site-directed mutagenesis
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Site-Directed Mutagenesis was performed using standard laboratory techniques and all
mutants were sequenced. Primers used for site-directed mutagenesis are as follows: FOXK1
R127A primer F: ACGATAGGGGCGAATAGCAGCCAAGGGAGCGT, FOXKI1 RI127A
primer R: TGCTATTCGCCCCTATCGTCACCGACGGTTGC, BAP1 T493A primer F:
ACCCCCAGCAATGAGAGTGCAGACAC, BAP1 T493A primer R:
GATCTCAGAGGCCGTGTCTGCACT

Differentiation and starvation

3T3L1 differentiation assays were performed as previously described [223] in parallel
with siRNA treatment. Briefly, 3T3L1 cells were plated at the same density and transfected
with siRNA using Lipofectamine RNAi Max as described above. Cells were then grown to
confluence and left at confluency for 48h. The cells were then transfected with siRNA a
second time but in differentiation media (DMEM supplemented with 10% foetal bovine
serum, 1% Glutamine, 1% penicillin/streptomycin, 1 uM dexamethasone, 1 pg/ml insulin and
500 uM isobutylmethylxanthine (IBMX) (Sigma)). Two days post-induction, media was
changed for DMEM medium supplemented with 10 % FBS, 1% Glutamine, 1%
penicillin/streptomycin and 1 pg/ml insulin. Media was changed every 48 hours and cells were
harvested at indicated time points. For LL and K562 stably expressing FLAG-HA-tagged
ASXL2 starvation, cells were starved according to Bowman et al [114] with Hank’s Balanced
Salt Solution (HBSS) supplemented with 10 mM HEPES pH 7.5 and 1% Penicillin-
Streptomycin for the indicated time. When indicated, cells were replenished for 2h by feeding
back the cells with growing medium. Cells were then harvested for subsequent
immunoprecipitation.
Oil Red O staining

Prior to Oil Red O staining, scans of media colour were rapidly taken using a HP
Scanjet 8300. 3T3L1 cells were fixed in 10% formalin for 10 minutes at room temperature
(RT). Cells were then washed with PBS, ddH20 and incubated with 60% isopropanol for 5
minutes at RT. Cells were completely dried at RT and then incubated in Oil Red O working
solution composed of a filtered 60% solution of Oil Red O stain (Sigma #00625-25G) for 10
minutes. Cells were then rapidly washed 4 times with ddH2O and images were taken using an

inverted microscope Olympus BX53F.
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Immunoblotting and antibodies

Cells were harvested either in PBS for subsequent immunoprecipitation or in a lysis
buffer composed of 25 mM Tris-HCI pH 7.3 and 1% SDS. Total cell lysates harvested in lysis
buffer were boiled at 95°C for 10 min and sonicated. Protein quantification was done by
bicinchoninic acid (BCA) assay. For western blotting, samples were diluted in 2X or 4X
Laemmli buffer and SDS-PAGE and immunoblotting were performed following standard
procedure. The band signals were acquired with a LAS-3000 LCD camera coupled to
MultiGauge software (Fuji, Stamford, CT, USA).

Mouse monoclonal anti-BAP1 (C4, sc-28383), rabbit polyclonal anti-FOXK1 (H140,
sc-134550), rabbit polyclonal anti-YY1 (H414, sc-1703), rabbit polyclonal anti-OGT (H300,
sc-32921), mouse monoclonal anti-tubulin (B-5-1-2, sc-23948) and mouse monoclonal anti-
CDC6 (180.2 sc-9964) were from Santa Cruz. We generated the rabbit polyclonal anti-
FOXK2. Rabbit polyclonal anti-HCF-1 (A301-400A) was from Bethyl Laboratories. Mouse
monoclonal anti-Flag (M2) was from Sigma-Aldrich. Mouse monoclonal anti-MYC (9E10)
was from Covance. Monoclonal anti-O-Linked N-acetylglucosamine (RL2, ab2739), rabbit
polyclonal anti-H3 (ab1791) were from Abcam. Mouse monoclonal anti-B-Actin (MAB1501,
clone C4) was from Millipore. Rabbit monoclonal anti-perillipin (D1D8, #9341) was from
Cell Signaling. Rabbit polyclonal anti-FABP4 (#10004944) was from Cayman Chemical.

101



CHAPITRE 4

4. Discussion

102



Durant la derniére décennie, de nombreuses études ont démontré le role fondamental
qu’occupe 1’0O-GlcNAcylation au sein de la fonction cellulaire. A ce jour, ’identification de
protéines ciblées par OGT couvrent la presque totalité des voies de signalisation et jouent un role
central dans la régulation de la plupart des processus biologiques chez les eukaryotes. Par
ailleurs, il est maintenant clair qu’OGT agit de maniere prépondérante au niveau de la régulation
transcriptionnelle et ¢épigénétique étant donné le nombre croissant de régulateurs
transcriptionnels modifés et modulés par O-GIcNAcylation. Toutefois, la fonction de sa présence
dans plusieurs complexes transcriptionnels est encore inconnue et de ce fait, son rdle dans les
mécanismes de répression et d’activation oncogéniques est encore treés peu clair. De plus, bien
que de nombreuses études cherchent a construire le réseau de régulation de I’O-GlcNAcome, la
plupart des substrats d’OGT identifiés par analyse de criblage a haut débit couplé a la
spectrométrie de masse doivent étre validés a 1’aide d’outil plus spécifique a 1’O-GlcNAcylation.
A ce sujet, le role épigénétique d’OGT par I’0O-GlcNAcylation des histones récemment rapporté
nécessite une attention particuliére quant a la validation et la détermination de sa fonction et de
son intégration au «code d’histoney». D’autre part, la caractérisation de la fonction d’OGT dans la
régulation de la transcription via son association a certains complexes transcriptionnels essentiels
a I’hométostasie cellulaire, tels que le complexe suppresseur de tumeurs BAP1 n’a pas encore été
faite. De ce fait, les travaux de recherche présentés dans ce mémoire permettront non seulement
de rediriger le mécanisme d’action épigénétique d’OGT, mais aussi d’approfondir 1’implication

de I’O-GlcNAcome au niveau transcriptionnel.

4.1 Les histones ne sont pas des substrats ’OGT

Etant donné la diversité et le nombre important de substrats ciblés par OGT, il est tout a
fait plausible que les histones puissent étre O-GIcNAcylées. De plus, la structure d’OGT laisse
croire que les queues flexibles et non-structurées des histones peuvent aisément se positionner
dans son site actif. Afin d’investiguer le role d’OGT dans la régulation épigénétique impliquant
la modification des histones, nous avons tenté de valider leur O-GlcNAcylation a 1’aide de
différentes méthodes d’extraction utilisées lors des études ayant rapporté que les histones sont O-
GlcNAcylées. En plus des différentes méthodes d’extraction, nous avons mis au point plusieurs
conditions d’expression d’histones FLAG-H2A ou FLAG-H2B en paralléle avec la co-

expression d’OGT pouvant permettre de déterminer clairement que le signal détecté correspond a
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de I’O-GlcNAcylation. La diversité des méthodes d’extraction par sel/détergent, par
immunoprécipitation dénaturante et par acide aurait dii permettre de valider au moins de trois
maniéres différentes les travaux rapportés. Cependant, nous n’avons pu détecter qu’un tres faible
signal au poids moléculaire correspondant aux histones qui n’a pas augmenté avec la
surexpression d’OGT contrairement a d’autres protéines de plus haut poids moléculaire. Cette
observation a également été supportée par le fait que la déplétion d’OGT par ARN interférant n’a
pas résulté en une diminution du signal détecté, ni en la diminution de H2BK120Ub. Cette
impossibilité de corréler le signal détecté avec la tendance normale de 1’O-GlcNAc a étre modulé
en réponse a la fluctuation des niveaux d’OGT nous a menés a nous questionner sur les
conclusions des travaux rapportés et sur I’occurrence et la fonction de 1’O-GlcNAcylation des

histones.

Depuis la découverte de 1’O-GlcNAc, un grand nombre de techniques ont été
développées pour faciliter I’analyse de 1’0-GlcNAcome. Etant donné, que 1’0O-GlcNAcylation
est une modification extrémement dynamique et que le nombre de sites modifiés est tres variable
d’une protéine a une autre, il est possible que dans certains types cellulaires ou dans certaines
conditions spécifiques les niveaux d’O-GlcNAcylation soient imperceptibles et que la
purification d’une quantité abondante de protéines soit nécessaire a sa détection. Face a cette
réalité et bien qu’une grande quantité d’histones aient €té€ purifiées pour réaliser la totalité de nos
travaux, nous avons utilisé un plus large éventail de techniques de détection in vivo et in vitro de
I’O-GlcNAc de maniere a optimiser et a faciliter sa détection. Ainsi, les résultats obtenus par
WGA Pull-Down, chimie Click-it, essais d’O-GlcNAcylation in vitro et spectrométrie de masse
indiquent que les histones, endogenes ou recombinantes, ne sont pas modifiées par OGT ou, du
moins, pas a un niveau au-dessus de la limite de détection des techniques employées. Par
ailleurs, la plupart des MPTs sont catalysées en réponse a un évenement cellulaire précis et leur
occurrence peut changer d’un type cellulaire a un autre [252]. L’analyse de différents types
cellulaires ainsi que de conditions de privation en glucose et de synchronisation cellulaire nous a
permis de renforcer nos conclusions quant a la non O-GIcNAcylation des histones. De maniére
surprenante, ceci ne concorde pas avec les études rapportées qui ont utilis¢ des méthodes

semblables.
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Comment est-ce possible que des effets biologiques aient été attribués a 1’O-GlcNAcylation de
certains sites d’histones si ces derniéres ne sont pas O-GlcNAcylées? Comme mentionné
précédemment, OGT joue un rdle central dans la régulation de la plupart des processus
biologiques. De ce fait, il est possible d’imaginer plusieurs scénarios ou OGT peut
spécifiquement moduler un événement en régulant la chromatine sans modifier les histones.
D’abord, OGT pourrait agir en régulant les kinases spécifiques a certains sites d’histones. De ce
fait, la surexpression d’OGT résultant en une diminution de certains sites de phosphorylation ne
serait pas due a une compétition pour ces sites ou par 1I’encombrement stérique d’un site
adjacent, mais plutét par une augmentation des niveaux d’O-GlcNAcylation de ces kinases
résultant en une diminution de leur stabilité ou activité [135]. Aussi, I’association d’OGT a
plusieurs complexes modificateurs d’histones suggeére qu’OGT peut réguler 1’activité de ces
derniers et provoquer un remodelage de la chromatine générant ainsi une réponse spécifique en
modulant par exemple le crosstalk entre les marques d’histones. Pour résumer, les méthodes de
régulation de la chromatine par OGT via le recrutement, la stabilité et/ou 1’activité de protéines
impliquées dans le remodelage et la régulation de la chromatine peuvent étre nombreuses et
peuvent tout de méme permettre une régulation transcriptionnelle et épigénétique précises sans
impliquer directement les histones. De ce fait, nos travaux supportent plutét un modéle de

régulation épigénétique qui exclue I’O-GlcNAcylation des histones.

4.2  Détection artéfactuelle de I’O-GIlcNAc sur les histones

Les analyses par immunodétection peuvent souvent étre difficiles a interpréter lorsque le
signal généré est faible et que la membrane doit étre longuement exposée. La détection d’un tres
faible signal au niveau du poids moléculaire des histones en utilisant des anticorps spécifiques
contre I’O-GIcNAc a considérablement compliqué 1’analyse des résultats expérimentaux.
L’importance de discerner un éveénement réelle d’un événement artéfactuel est considérable
puisque cela peut changer I’interprétation d’'un mécanisme moléculaire et rediriger les travaux de
recherche. Le fait que la plupart des immunoblots montrent un faible signal au niveau des
histones qui n’est pas modulé en réponse aux fluctuations d’OGT suggere que ce signal pourrait
en étre de I’O-GlcNAcylation constitutive, mais peu abondante. Par contre, en plus de ne pas
avoir pu confirmer la régulation entre les niveaux d’H2BS112 et H2BK120Ub, I’ensemble de
nos résultats in vivo et in vitro suggerent plutdt que ce signal est non spécifique et qu’il ne

correspond donc pas a de I’O-GlcNAcylation. Il aurait aussi été intéressant de surexprimer la
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forme nucléaire d’OGA afin de déterminer si le signal détecté diminue en présence d’OGA. Ceci
aurait aussi pu aider a déterminer si le signal détecté est spécifique ou non a de I’O-
GlcNAcylation [253]. Afin de faire une interprétation appropriée d’un phénomene biologique, il
est primordial de valider de maniére rigoureuse la spécificité, la sélectivité et la reproductibilité
des anticorps utilisés, surtout lorsque les résultats sont ambigus [254]. En effet, notre analyse de
la spécificité des anticorps disponibles générés contre 1’0O-GlcNAc a révélé qu’ils causent une
détection artéfactuelle qui peut étre due 1) a I’abondance des histones analysées et/ou 2) a la
reconnaissance non spécifique générée par I’anticorps primaire ou 3) secondaire. Entre autres,
I’analyse de la spécificité de I’anticorps CTD110.6 a déja démontré qu’il a une affinité pour
d’autres épitopes que I’O-GlcNAc [186]. Ceci concorde avec la tendance de 1’anticorps
CTD110.6 a générer un signal plus fort que celui de RL2. De plus, les analyses mutationnelles de
H2BS112A n’ont pas permis d’éliminer complétement le signal exogéne, ce qui supporte encore
le fait que la grande quantité d’histones utilisées contribuent fortement a la non-spécificité du
signal. Dans ces cas précis, il est impératif d’intégrer des contréles négatifs a 1’analyse qui
permettent de distinguer un signal spécifique d’un signal non-spécifique. De ce fait, la détection
des histones de levures et de bactéries avec RL2 et H2BS112 a grandement contribué a renforcer
nos conclusions sur le fait que les histones ne sont pas O-GIcNAcylées et que les anticorps
contre I’O-GlcNAcylation globale ou contre des sites spécifiques O-GIcNAcylés peuvent générer

des artéfacts de détection.

4.3  OGT régule FOXK1, mais pas FOXK2 par O-GlcNAcylation

Bien que nous n’ayons pu confirmer le réle d’OGT dans I’O-GlcNAcylation des histones,
nous avons identifi¢ un autre rdle possible d’OGT dans la régulation transcriptionnel et
épigénétique par I’entremise du complexe PcG suppresseur de tumeur BAP1. L’utilisation de
techniques de détection de I’O-GlcNAc en parallele avec des expériences d’immunoprécipitation
ont permis d’identifier FOXK1 comme nouveau substrat d’OGT. De maniere encore plus
intéressante, cette observation est spécifique a FOXK1, mais pas a son paralogue FOXK2 qui se
trouve aussi dans le complexe. Donc, en plus d’identifier un nouveau role d’OGT dans la
régulation du complexe BAP1, nos travaux démontrent un nouveau mécanisme de régulation
différentiel entre FOXK1 et FOXK2 qui sont normalement impliqués similairement dans de

nombreux processus biologiques [114, 137]. Entre autres, FOXK1 et FOXK2 interagissent de
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maniere mutuellement exclusive avec la méme Thr493 de BAP1 et comme la mutation de ce
résidu abolit complétement 1’interaction entre FOXK1 et BAP1 in vivo, la phosphorylation de ce
résidu semble importante pour leur interaction. L’O-GlcNAcylation de FOXK1 dans le complexe
BAPI suggere fortement que FOXK1 lie ce complexe a la régulation du métabolisme. De plus,
I’intensité du signal d’O-GIcNAc ainsi que le retard de migration de FOXK1 observable sur
plusieurs immunoblots est indicatif de plusieurs sites modifiés. En effet, il est connu que TET2
est modifiée par O-GlcNAcylation sur plusieurs sites, ce qui résulte aussi en un retard de
migration et géneére un fort signal d’O-GlcNAcylation lorsque 1’on analyse TET2 par Western
blot. Bien que la modulation de 1’O-GlcNAcylation de FOXK1 ne semble pas affecter son
interaction avec BAP1, il est possible d’imaginer qu’en réponse a un changement métabolique,
OGT O-GIcNAcyle FOXK1 sur des sites précis et par conséquent permet le recrutement
différentiel du complexe BAP1 a des genes spécifiques en fonction de la réponse attendue. Cette
hypothese est pertinente sachant que 1’0O-GlcNAcylation de différents sites résulte souvent en des
conséquences fonctionnelles distinctes [255]. L’identification des sites d’O-GlcNAcylation de
FOXKI1 par spectrométrie de masse nous permettrait d’effectuer une analyse mutationnelle de
FOXKI1 afin d’investiguer le role précis de I’ensemble et/ou de chaque site d’O-GlcNAcylation.
Parallelement, une analyse ChIPseq permettrait de déterminer si 1’O-GlcNAcylation
différentielle influence le recrutement du complexe a certains geénes cibles. Jusqu’a présent, nos
travaux ne permettent donc pas de déterminer si les sites d’O-GlcNAcylation de FOXK1 peuvent
changer en fonction du contexte cellulaire. Cependant, I’augmentation des niveaux de BAP1
associés a FOXK1 observée en parall¢le avec I’augmentation de I’O-GlcNAcylation de FOXK1
en réponse a I’entrée du cycle cellulaire ne concorde pas avec les résultats démontrant que la
diminution de I’O-GlcNAcylation de FOXK1 par déplétion d’OGT n’affecte pas son interaction
avec BAPI1. Cette contradiction expérimentale supporte un modele ou OGT régulerait
I’interaction FOXK1-BAP1 dans un contexte spécifique. Cela est aussi appuyé¢ par le fait que la
présence de FOXK1 dans le complexe BAP1 est considérablement affectée par la privation en

glucose.

Il a ét¢ démontré que FOXKI1 est fortement phosphorylé en réponse a 1’autophagie
cellulaire et que cette phosphorylation provoque sa translocation cytoplasmique. [114] De plus,
la stabilité d’OGT est grandement affectée par I’inactivation de mTOR lors de ce processus [49].

Par conséquent, il est possible qu’un réle potentiel de 1I’O-GlcNAcylation de FOXK1 implique
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une régulation de sa localisation cellulaire par une compétition phosphorylation/O-
GlcNAcylation. En réponse a une concentration limitante de nutriments, mTOR est inhibé, ce qui
engendre la dégradation protéasomale d’OGT. Il est alors possible de spéculer que cela affecte
I’O-GlIcNAcylation de certains sites de FOXK1, ce qui promeut la phosphorylation nécessaire a
son exclusion nucléaire. Ainsi localis€¢ dans deux compartiments différents, BAP1 ne pourrait
plus étre recrutée aux genes cibles de FOXKI résultant en 1’activation ou la répression de ces
genes. Toutefois, cela ne concorde pas avec la régulation de FOXK2 qui est aussi transloqué
dans le cytoplasme lors de 1’autophagie [114]. D’autres modes de régulation sont donc
probablement impliqués. Il est tout de méme possible que 1’0O-GlcNAcylation contribue a la
régulation plus fine et plus rapide de FOXK1 qui est beaucoup plus affecté par la privation de
glucose que FOXK2 en termes d’association avec le complexe BAPI. En conclusion, nos
travaux suggerent une implication importante de 1’O-GlcNAcylation de FOXKI1 dans Ia
régulation de processus métaboliques et propose que cette derni¢re contribue, entre autres, a la
régulation de la fonction du complexe BAP1. Cependant, plus d’analyses des niveaux
d’H2AK119Ub aux genes ciblés par le complexe FOXK1-BAP1 dans ces conditions sont

nécessaires pour identifier le mécanisme fonctionnel.

4.4 FOXKI1 est requis pour I’adipogencse

Une analyse fonctionnelle par déplétion de Foxk1 utilisant des ARN interférants dans le
modele murin 3T3-L1 nous a permis d’identifier Foxkl comme régulateur crucial de
I’adipogenese. En effet, la déplétion de Foxkl a Il’aide de petits ARN interférants réduit
significativement la formation de gouttelettes lipidiques détectées a 1’aide de la coloration Oil
Red O. Ce phénotype est spécifique puisque 'utilisation individuelle de plusieurs ARNi ciblant
une région différente de la séquence de Foxkl génere le méme défaut de différenciation. Cette
nouvelle implication de FOXKI1 ainsi que son role connu dans le maintien de la population de
cellules myoblastiques, indique que FOXKI1 est largement engagé dans le programme de
différenciation cellulaire et suggere que son action est étendue au-dela de ces deux tissus. En fait,
la surexpression de FOXKI a récemment été associée a 1’hyperprolifération des cellules
intestinales contribuant au développement d’adénocarcinomes du colon et suggere donc un réle

dans la régulation de la différenciation des cellules des cryptes intestinales qui sont constamment
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renouvelées [137]. Ces observations suggerent que FOXKI1 régule la différenciation par
I’entremise de la régulation de la prolifération cellulaire. D’ailleurs, notre groupe a déja
démontré que le complexe BAP1 est impliqué de maniére fonctionnelle dans 1’adipogenése via
son ubiquitination par I’ubiquitine hybride E2/E3 ligase UBE20O et qu’il contrdle la prolifération
cellulaire via ASXL1 et ASXL2 (voir annexes) [223].

Dans le tissu musculaire, FOXK1 inhibe FOX04 et MEF2, ce qui résulte en le soutien d’un état
prolifératif nécessaire a repeupler la population de cellules différenciées [113]. Plus précisément,
ce mécanisme d’inhibition de Foxo4 par Foxkl empéche I’activation de I’inhibiteur du cycle
cellulaire p21. En ce qui concerne le tissu adipeux, 1’adipogenése peut étre divisée en deux
grands stades, soit en un stade précoce défini par une expansion mitotique clonale (EMC) et en
un stade tardif durant lequel le programme de différenciation est engagé. Lorsque la
différenciation est induite, les préadipocytes qui sont dans un état d’inhibition de contact ré-
entrent de manicre synchrone dans le cycle cellulaire pour faire ’EMC qui consiste a environ 2-3
cycles de réplication pour ensuite enclencher le programme de différentiation [256]. Bien que
nos travaux n’expliquent pas le mécanisme par lequel FOXKI1 régule cette fonction, il est
possible que FOXKI1 soit impliqué dans la régulation de ’EMC qui selon plusieurs études, est
requise pour la différenciation terminale des adipocytes [257]. En fait, alors qu’il a déja été
démontré que Foxkl inhibe I’activité transcriptionnelle de Foxo4 en interagissant avec son
domaine FH, il pourrait aussi réguler 1’activité transcriptionnelle d’autres Fox de la méme fagon
puisque le domaine FH est trés conservé. De maniére intéressante, Foxol est un régulateur clé de
la différenciation adipocytaire et régule la transcription de p21 dans ce tissu [258]. Il ne serait
donc pas surprenant que Foxkl puisse inhiber ’activité transcriptionnelle de Foxol afin de
permettre ’EMC. Dans ce cas, la déplétion de Foxkl dans les 3T3-L1 empécherait 1’inhibition
de p21, ce qui entrainerait un défaut de ’EMC et par conséquent un défaut de différenciation.
Ceci peut aussi étre supporté par I’implication de FOXKI récemment découverte dans la
régulation de la voie Wnt/B-caténine [137]. En fait, la voie canonique Wnt/B-caténine inhibe
PPARYy qui est le régulateur maitre du programme de différenciation adipocytaire [257]. De ce
fait, il est possible de spéculer qu’en réponse a la déplétion de Foxkl dans les cellules 3T3-L1,
I’EMC serait empéchée par 1’activation de p21 et le programme de différenciation serait lancé
trop tot. Cette combinaison de défauts mécanistiques entrainerait ainsi une différenciation

aberrante. Quant a la diminution de I’O-GIcNAcylation de Foxkl1 durant I’adipogen¢se, elle est
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possiblement une conséquence de la différenciation terminale sachant que durant ce processus,
OGT est relocalisée dans le cytoplasme des cellules différenciées [170]. 1l est alors possible que
Foxkl non-glycosylé¢ joue un autre rdle particulier dans la régulation des cellules post-
mitotiques. Cependant, il est fort probable qu’OGT modifie FOXK1 dans le but de réguler sa
fonction adipocytaire et que sa O-GlcNAcylation soit nécessaire au lancement du programme de

différenciation cellulaire.
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Figure 24. Modéle proposé pour la régulation de ’adipogenése par FOXKI1. Durant la myogenése Foxkl
inhibe Foxo4 et Mef2, ce qui empéche arrét du cycle cellulaire et la différenciation respectivement. De ce fait,
Foxk1 soutient la prolifération nécessaire a la formation de la population de cellules progénitrices myoblastiques
nécessaire a la réparation du tissu musculaire. I1 est alors possible d’extrapoler la fonction de Foxkl dans le tissu
adipeux par des mécanismes de régulations similaires. Foxk1l empécherait donc I’arrét du cycle cellulaire par son
interaction avec le paralogue de Foxo4, Foxol. De plus, la fonction récente de Foxk1 dans I’activation de la voie
Whnt/B-caténine suggere que Foxkl peut inhiber PPARYy et empécher une différenciation cellulaire précoce. Par
conséquent, Foxkl régulerait I’expansion mitotique clonale (EMC) nécessaire a la différenciation adipocytaire
adéquate. Modifié de Shi X et al. (2012).

4.5 Conclusion générale

En conclusion, dans I’effort de déterminer la fonction épigénétique d’OGT, nous avons
revisit¢ le concept d’O-GlcNAcylation des histones récemment rapporté. De manicre
surprenante, nous n’avons pu reproduire les résultats obtenus lors de ces études. De ce fait, nos
travaux supportent plutét un modele ou la régulation épigénétique médiée par OGT se fait
indirectement par 1’0O-GlcNAcylation de régulateurs transcriptionnels recrutés a la chromatine.
Parmi ces complexes régulateurs, notre groupe s’intéresse au complexe suppresseur de tumeurs
BAPI1. Ainsi, en se concentrant sur le role d’OGT dans le complexe BAP1, nous avons identifié

FOXK1 comme un nouveau substrat ciblé par ’O-GlcNAcylation et par le fait méme identifié¢ un
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nouveau mécanisme de régulation différentiel entre FOXK1 et FOXK2 par modifications post-
traductionnelles. De plus, nos travaux ont identifi¢ une nouvelle fonction de FOXK1 dans la

régulation de I’adipogeneése.

L’importance de comprendre les mécanismes de régulation du complexe BAPI est
soulignée par le fait que la dérégulation de ce dernier cause une susceptibilité élevée au
développement de cancers. Son association récente a un syndrome de prédisposition tumorale
démontre a quel point il est urgent de développer des outils thérapeutiques spécifiques pouvant
améliorer le pronostic clinique [259]. Pour ce faire, il est primordial de décortiquer les
mécanismes moléculaires du complexe BAP1. De ce fait, la plupart des membres centraux du
complexe BAPI, tels que les PcG ASXL1 et ASXL2, sont sujets a de nombreuses études qui ont
démontré que I’intégrit¢ du complexe est aussi essentielle a sa fonction qui sont nécessaire a
I’activité de déubiquitination de H2AK119Ub [119]. Malgré tout, la fagon dont BAP1 régule la
transcription des geénes est encore trés peu comprise. Parmi les protéines associées, les facteurs
de transcription FOXK1 et FOXK2 sont probablement les moins étudiés et ont pourtant été
montrés comme pouvant réguler la transcription de maniere atypique [137, 260]. La
caractérisation de leur fonction permettra d’améliorer la compréhension générale du complexe
BAPI1, mais aussi de définir un lien plus clair entre le métabolisme et la dérégulation de la

fonction de BAP1 pouvant mener au développement et a la progression de cancers.

En perspective, bien que nos travaux n’aient pu confirmer 1’0O-GlcNAcylation des
histones, ils soulignent sans aucun doute I’importance de valider les outils utilisés et d’inclure
des controles pertinents lors de validations expérimentales. Ces travaux soulévent un doute
raisonnable quant a 1’intégration de cette modification au «code d’histones», ce qui permettra a
ce domaine de recherche d’apporter une réflexion plus approfondie et prudente a ce sujet. De
plus, en n’ayant pu identifier les histones comme substrats directs d’OGT, cette étude suggere
plutoét un réle beaucoup plus complexe qu’attendu de I’O-GlcNAcylation dans la régulation
épigénétique via un mécanisme indirect. Une investigation plus approfondie de 1’impact de I’O-
GlcNAcylation sur les complexes régulateurs de la chromatine sera nécessaire afin de répondre a

cette question.

Par ailleurs, les mécanismes moléculaires qui définissent le maintien des cellules souches sont

peu connus et I’implication de 1’axe BAP1/FOXK1/OGT dans la régulation de I’adipogené¢se
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ouvre tout un champ d’investigation sur le role de la déubiquitination et de 1I’O-GlcNAcylation
dans ce contexte. La compréhension des mécanismes entourant la prolifération, la différenciation
et surtout le maintien de 1’identité des cellules permettra de démystifier d’avantages I’importance
de la régulation de la transcription durant la différenciation cellulaire et de comprendre comment
une dérégulation de ce systéme engendre la formation de cancer ou un retard de développent.
Alors que les études sur FOXK 1 indiquent que ce facteur de transcription est déterminant pour le
maintien de la population de cellules progénitrices musculaires, notre groupe a identifi¢ une
nouvelle implication de FOXK1, mais cette fois-ci dans un contexte de différenciation cellulaire.
L’homéostasie des organes est dépendante de la faculté des cellules souches a se renouveller et a
se différencier, il est donc important de faire avancer les connaissances a ce sujet afin de pouvoir

contribuer au développement de thérapies contre le cancer et les maladies dégénératives.
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Abstract

The tumor suppressor BAP1 interacts with chromatin-associated proteins and regulates
cell proliferation, but its mechanism of action and regulation remain poorly defined. We show
that the ubiquitin-conjugating enzyme UBE20 multi-monoubiquitinates the nuclear localization
signal of BAPI, thereby inducing its cytoplasmic exclusion. This activity is counteracted by
BAPI1 autodeubiquitination through intramolecular interactions. Significantly, we identified
cancer-derived BAP1 mutations that abrogate autodeubiquitination and promote its cytoplasmic
retention, indicating that BAPI1 autodeubiquitination ensures tumor suppression. The
antagonistic relationship between UBE20O and BAPI is also observed during adipogenesis,
whereby UBE20O promotes differentiation and cytoplasmic localization of BAP1. Finally, we
established a putative targeting consensus sequence of UBE20 and identified numerous
chromatin remodeling factors as potential targets, several of which tested positive for UBE20-
mediated ubiquitination. Thus, UBE20O defines an atypical ubiquitin-signaling pathway that
coordinates the function of BAP1 and establishes a paradigm for regulation of nuclear trafficking

of chromatin-associated proteins.
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Introduction

The covalent attachment of ubiquitin to target proteins, i.e., ubiquitination, regulates both
protein stability and function, and is fundamental to diverse biological processes (Hammond-
Martel et al., 2012; Jackson and Durocher, 2013). The deubiquitinase (DUB) BAP1 is a
transcriptional regulator required for mammalian development (Dey et al., 2012; Yu et al., 2010).
BAP1 is also a tumor suppressor inactivated in various cancers, and reconstitution studies in
cancer cells harboring BAP1 mutations indicated that both BAP1 catalytic activity and nuclear
localization are required for its growth suppressive properties (Carbone et al., 2013; Ventii et al.,
2008). Moreover, RNAi-mediated depletion of BAP1 also induces defects in cell-cycle
progression indicating that this protein is a key regulator of cell proliferation (Machida et al.,
2009). At the molecular level, BAP1 assembles a large multi-protein complex consisting of
numerous transcription factors and chromatin-associated proteins including the Host Cell Factor-
1 (HCF-1), the Polycomb Group (PcG) proteins Additional Sex Combs Like 1 and 2 (ASXL1/2),
the histone demethylase KDMI1B, the O-linked N-acetylglucosamine transferase (OGT), the
forkhead transcription factors FOXK1/FOXK2, and the zinc finger transcription factor Yin
Yangl (YY1) (Machida et al., 2009; Misaghi et al., 2009; Sowa et al., 2009; Yu et al., 2010).

The Drosophila BAP1, calypso, is a PcG protein that interacts with Additional Sex
Combs (ASX), localizes at PcG-target gene regulatory regions, and represses HOX gene
expression. Calypso/ASX heterodimer, termed PR-DUB (Polycomb repressive DUB),
deubiquitinates histone H2A (Scheuermann et al., 2010), a chromatin modification involved in
chromatin remodeling and gene silencing (Lanzuolo and Orlando, 2012).

We and others previously identified the ubiquitin-conjugating enzyme UBE20 as a
substoichiometric factor that co-purifies with the human BAP1 (Machida et al., 2009; Sowa et
al., 2009; Yu et al., 2010), suggesting that it might be involved in the coordination of BAP1
function. UBE20 belongs to the E2 family of ubiquitin-conjugating enzymes, although, unlike
most members of this family, it is unusually large (140 kDa) (van Wijk and Timmers, 2010).
Pioneering studies from Pickart’s group suggested that UBE20 might function as an E2/E3
hybrid (Berleth and Pickart, 1996; Klemperer et al., 1989). This was essentially based on the
observation that UBE20O can ubiquitinate free histones in vitro, in the presence of E1 enzyme
only. It has been proposed that ubiquitination by UBE20O involves an intramolecular thioester

relay mechanism, since this enzyme is inhibited by phenylarsine oxide (PAO) which can
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crosslink adjacent cysteines (Klemperer et al., 1989). Otherwise, the physiological substrates of
UBE20O are largely unknown. Nonetheless, it was recently shown that UBE20O regulates
TRAF6-dependent NF-kB in a catalytic activity-independent manner (Zhang et al., 2013b),
monoubiquitinates SMADG6 during bone morphogenetic protein signaling (Zhang et al., 2013a),
and coordinates endosomal protein trafficking (Hao et al., 2013) thus implicating UBE20 in
numerous cellular processes. In this study, we uncover a novel ubiquitin-signaling pathway,

mediated by UBE2O that has important implications for chromatin-associated processes.

Results

The ubiquitin-conjugating enzyme UBE2O interacts with and ubiquitinates BAP1

We previously described the purification of complexes formed by wild-type and catalytic
dead BAPI1 (C91S) (Yu et al., 2010). The complexes were essentially identical, although when
probed with an anti-ubiquitin antibody, the C91S complex exhibited a dramatic increase in signal
(Figure 1A). We also routinely observed monoubiquitination of BAP1 in transfected cells,
independently of its DUB activity (Figure 1A and Figure S1A-E). This suggests that BAP1
might be functionally regulated by distinct ubiquitination events in DUB activity-dependent and
-independent manner. To identify E3 ligases responsible for the ubiquitination of BAPI, we
initially considered UBE20O which was more abundant in the C91S versus the wild-type BAP1
complex (Figure 1A). The UBE20 association with BAP1 was not affected by mutation of the
HCF-1 Binding Motif (HBM) which eliminates HCF-1, a major component of the complex
(Figure 1A). Glycerol density gradient fractionation of nuclear extracts indicated that UBE20
co-sediments with the BAP1 complex (Figure 1B). Next, we cotransfected BAP1 or C91S with
UBE2O0 or its catalytic dead mutant C1040S (hereafter UBE20O CD) and ubiquitin into 293T
cells. Strikingly, UBE20O ubiquitinates BAP1, and modified forms were more abundant in the
C91S mutant (Figure 1C). Incubation of UBE20-modified BAP1 C91S with an excess of USP2
DUB catalytic domain resulted in its complete deubiquitination, further demonstrating ubiquitin
conjugation (Figure S1F). Of note, deletion of the UCH -catalytic domain results in the
abolishment of the constitutive monoubiquitination (Figure S1G). On the other hand, a similar
UBE20-dependent ubiquitination pattern could be observed for BAP1 C91S or BAP1 AUCH
indicating that UBE2O-mediated ubiquitination 1is distinct from its constitutive

monoubiquitination.
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Next, to control for the specificity of UBE20O-mediated BAP1 ubiquitination, we
evaluated other E2s and none was able to ubiquitinate BAP1 (Figure S1H,I). We also tested two
known H2A DUBs, i.e., USP16 and MYSMI, as well as the SUMO protease SENP2, and no
UBE20-mediated ubiquitination could be observed (Figure S1J). Using multiple sequence
alignment, we identified three main conserved regions in UBE20 namely CR1 (conserved region
1), CR2 (conserved region 2) and UBC (Ubiquitin-conjugating) (Figure 1D, Figure SI1K).
Secondary structure prediction analysis revealed all-p domains within CR1 and CR2 and the
typical o/ UBC fold. Deletion of either N-terminal (ACR1-CR2) or C-terminal (AC) regions of
UBE20 completely disrupted BAP1 ubiquitination (Figure 1D, E). Moreover, deletion of only
the N-terminal CR1 region (ACR1-A) was sufficient to abolish UBE20 catalytic activity. Hence,
the integrity of multiple domains of UBE2O is required for ubiquitination of BAPI.

UBE2O catalyzes the multi-monoubiquitination of BAP1

To determine the mechanism of UBE2O action on BAP1, we established an in vitro assay
for BAP1 ubiquitination using wild-type and C91S complexes immobilized on the beads (Figure
S2A). UBE20O-mediated ubiquitination appears to be highly specific for the C91S mutant as no
modified forms were observed for other BAP1 partners (Figure 2A). Moreover, ubiquitination of
the C91S mutant did not disrupt complex integrity, since none of the complex components was
released into the soluble fraction in a UBE20O-dependent manner (Figure 2A). Notably, we did
not detect ubiquitination of wild-type BAP1 as opposed to C91S, and this ubiquitination was
completely abolished by the UBE2O inhibitor PAO (Figure 2A, Figure S2B). We note that
UBE20, purified from HeLa cells under high- or low-salt conditions or from bacteria,
ubiquitinates C91S to similar extents (Figure S2C,D). Importantly, although less efficient,
ubiquitination was also observed using bacteria-purified BAP1 and UBE20O (Figure S2E).
Therefore UBE2O0 is an atypical E2/E3 enzyme with substrate binding and ubiquitin-conjugating

functions.

To further confirm that autodeubiquitination prevents accumulation of ubiquitin on
BAPI, the beads-bound wild-type complex was pretreated with N-ethylmaleimide (NEM), which
resulted in a significant ubiquitination of BAP1 by UBE20O (Figure S2A, Figure 2B). Next, we
used methylated ubiquitin, which is unable to form polyubiquitin or linear chains in the in vitro

reaction (Figure 2C). The reaction with methylated ubiquitin was as efficient as with the
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unmodified ubiquitin and resulted in a similar ubiquitination pattern, indicating that UBE20O
multi-monoubiquitinates BAP1. The same observation was made in vivo when a KO ubiquitin
mutant, incapable of chain formation, was used for co-transfection of 293T cells with the C91S
mutant and UBE20O (Figure 2D). Next, 293T cells were co-transfected with wild-type BAP1 or
C91S mutant and UBE20, and then treated with the proteasome inhibitor MG132 (Figure 2E).
The typical multi-monoubiquitination pattern of BAP1 was unchanged after proteasome
inhibition, indicating that UBE2O is unable to directly catalyze polyubiquitin chain elongation
with subsequent degradation of BAP1. Immunodetection of endogenous CDC25A was
conducted as a control for proteasome inhibition. Next, we tested several E3s that interact with
either UBE20 or BAP1 and no further chain elongation was observed (Figure S2F-I). To further
confirm that the stability of BAP1 is not directly regulated by UBE20, we performed siRNA
knockdown of UBE20O in MCF7 cells, which express high protein levels of this enzyme,
followed by treatment with cycloheximide (CHX) (Figure 2F). Endogenous BAP1 appears to be
highly stable and UBE20O knockdown did not significantly change BAP1 protein levels. We
concluded that UBE20 catalyzes BAP1 multi-monoubiquitination without directly promoting its
proteasomal degradation under normal growth conditions. Of note, UBE20O depletion also did
not affect the constitutive monoubiquitination of BAP1 observed in cells transfected with this

DUB (Figure S2J).
The NLS of BAP1 is required for UBE20-mediated ubiquitination

Using a GST pull down assay, we found that the BAP1 C-terminal region (598-729 aa),
which includes the C-terminal domain (CTD) and NLS, is necessary and sufficient for UBE20O
binding (Figure 3A). Surprisingly, co-expression of UBE20 with CTD-NLS promoted the
latter’s degradation by the proteasome, since it could be reversed by MG132 (Figure 3B, left
panel and Figure S3A, B). Immunoprecipitation of the CTD-NLS revealed an ubiquitination
pattern similar to that of the full length BAP1 (4-5 sites of multi-monoubiquitination), although
some high molecular weight smears were also detected (Figure 3B, right panel). Next, we found
that both wild-type and KO wubiquitin mutants promoted UBE20O-mediated multi-
monoubiquitination and degradation of the CTD-NLS (Figure S3C). Moreover, knockdown of
endogenous UBE20 rescued the degradation of CTD-NLS (Figure 3C). These results confirm
that the CTD-NLS represents both the interaction and ubiquitination region for UBE20. The
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degradation of CTD-NLS can be explained by the small size of this region (only 101aa), in line
with a recent discovery by Ciechanover’s group indicating that monoubiquitinated substrates of
less than 150 aa can be degraded without further ubiquitin chain formation (Shabek et al., 2012).
Next, we purified the complex of the BAPIACTD mutant that possesses a large deletion of aa
631-693 leaving only the NLS region intact (aa 699-729) (Figure 3D). The abundance of UBE20O
was nearly unchanged between the wild-type and the mutant indicating that UBE20 binds the
NLS region. BAP1 possesses a complex NLS region (Figure S3D,E). We designed a set of BAP1
NLS mutants in the C91S background to render the ubiquitination analysis more sensitive. We
found that both C91SA688-716 and C91SA711-729 mutants were unable to bind and to be
ubiquitinated by UBE20 (Figure 3E). Therefore, the NLS region that includes the RRR (aa 699-
701) site, the hydrophobic GVSIGRL patch (aa 703-709) as well as the basic amino acid stretch
RRKRSRPYKAKRQ (aa 717-729) is required for binding and ubiquitination by UBE20. The
region of basic amino acids RRKRSR (aa 717-722) is strictly required for binding and
ubiquitination by UBE20O (Figures 3E, Figure S3F-G). Thus, multiple determinants of this
composite and highly conserved NLS are required for UBE20O-mediated ubiquitination of BAP1
(Figure S3H).

UBE2O ubiquitinates the NLS of BAP1 and regulates its subcellular localization

To identify the UBE20O ubiquitination sites on BAP1, we performed an anti-Flag affinity
purification of C91S co-transfected with ubiquitin and UBE20O (Figure 4A). MS peptide analysis
revealed 14 unique ubiquitination sites in BAP1, 9 of which were detected more than once
(Figure 4B). Analysis of all ubiquitination events revealed that 50 % are located in the area of
NLS, which represents only 4 % of the protein. Next, we introduced a series of lysine to arginine
mutations in the CTD-NLS region (12 K/R) or in the NLS alone (5 K/R) of C91S (Figure 4C).
Mutation of all lysine sites in the CTD-NLS (12 K/R) strongly reduced C91S ubiquitination;
moreover, mutation of lysines in the NLS (5 K/R) region had an identical effect on C91S
ubiquitination compared with the 12 K/R mutant. Interestingly, the binding of UBE2O to either
mutants of C91S was unchanged indicating that K/R mutations do not significantly affect
UBE20O binding affinity. Taken together, these results indicate that UBE2O ubiquitinates
primarily the NLS of BAPI.
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Ubiquitination was reported to promote nuclear export of proteins (Groulx and Lee,
2002; Li et al., 2003). Therefore, we evaluated whether the ubiquitination of BAP1 affects its
subcellular localization. BAP1 is prominently nuclear, but displayed strong cytoplasmic staining
when co-expressed with UBE20. This effect depends on the catalytic activity of UBE2O. This
effect depends on the catalytic activity of UBE20. Notably, the effect of UBE20O on the C91S
mutant was more pronounced with almost all cells showing cytoplasmic or nucleocytoplasmic
localization (Figure 4D). In addition, the C91S mutant usually displayed a more pronounced
cytoplasmic localization compared to the wild-type BAP1. Of note, overexpression of UBE20,
but not its catalytic dead form, also promoted cytoplasmic localization of endogenous BAPI
(Figure S4). To probe whether this effect is due to its inability to deubiquitinate its NLS, we
compared the nuclear localization of BAP1 and C91S (5 K/R) mutants (Figure 4E). Remarkably,
the K/R mutation rescued the C91S mutant from the cytoplasmic sequestration, thus supporting
the notion that NLS autodeubiquitination is involved in the regulation of BAP1 nuclear

import/export.
Intramolecular interaction in BAP1 is required for efficient NLS autodeubiquitination

UCH37 is highly similar to BAP1 and its crystal structure suggests that an intramolecular
interaction occurs between the UCH and the CTD (Figure S5A) (Burgie et al., 2011). Since
catalytically dead UCH37 C88A is also strongly ubiquitinated by an unknown E3 ligase (Figure
S5B), we reasoned that both BAP1 and UCH37 might use their respective CTD regions for
interaction with the UCH domain (Figure S5C). Examination of CTD and UCH flanking
sequences of BAP1 revealed putative coiled-coil motifs that can engage in intramolecular
interactions (Figure S4D). Next, we used the crystal structure of UCH37 to generate a
superimposed model of BAP1 (Figure 5A). This model suggests that the CTD region (containing
the CC2) forms an interaction interface with the CC1 and the UCH domain. We note that this
model cannot predict the structure of the NLS and NORS regions, which are not present in
UCH37. To validate our computational prediction, we designed a series of deletion mutants in
the N- terminus of BAP1 including the UCH domain alone and a larger fragment that includes
CC1 (UCH-CC1) (Figure 5B). Co-IP between the fragments revealed that both UCH and UCH-
CCI1 interact with CTD-NLS (Figure 5C). To test whether this interaction can promote
deubiquitination of CTD-NLS, we took advantage of the earlier observation that CTD-NLS can
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be degraded as a result of ubiquitination by UBE20. We designed a complementation/rescue
system in which the degradation of CTD-NLS would be counteracted by the N-terminus of
BAPI1. Indeed, the degradation of CTD-NLS was efficiently rescued only by UCH-CC1 but not
by UCH alone, and this was dependent on the catalytic activity of BAP1 (Figure 5D). This
suggests that despite direct CC2/UCH interaction, the CC1/CC2 interface plays an important role
in NLS deubiquitination. To further test the requirement of the CC1/CC2 in the context of the
full-length protein, CC1 and CTD deletion mutants were used (Figure 5B). Deletion of the CTD
(ACTD) or CC2 (ACC2) almost completely blocked the autodeubiquitination activity of BAP1
despite the presence of a catalytically proficient UCH domain (Figure 5E). The CC1 deletion
mutant had a less pronounced autodeubiquitination defect consistent with the fact that CC2
interacts with both CC1 and UCH. To test whether the deficiency in the ability of BAPI to
autodeubiquitinate the NLS affects its localization, cell lines stably expressing the wild-type or
mutants BAP1 were generated. IF analysis revealed that the wild-type BAP1 displayed a typical
nuclear localization, whereas the ACTD and ACC2 mutants had a stronger cytoplasmic
localization similar to the C91S mutant (Figure 5J). Notably the AHBM mutant displayed normal
localization similar to wild-type BAPI1. Thus BAP1 autodeubiquitination depends on an
intramolecular binding between CC2 and UCH-CC1 and is important to counteract the E3 ligase
activity of UBE20 towards the NLS.

BAP1 NLS autodeubiquitination is disrupted by cancer-associated mutations of CTD

Our results suggest that disruption of autodeubiquitination leads to improper BAP1
localization. We thus searched for cancer mutations in BAP1 that may target the UCH-CCl1
interaction interface with CC2. We first tested G13V and F660A mutations and none had a
noticeable effect on BAP1 autodeubiquitination (Figure S5E,F). Next, we considered two small
in frame deletions of CC2 (AE631-A634 and AK637-C638InsN) (Harbour et al., 2010) (Figure
5B). We conducted complex purification of BAP1, AE631-A634 and AK637-C638InsN, and
strikingly observed in both mutants an intense band around 230 kDa that corresponds to UBE20
(Figure 5F). Other major components of the complex such as OGT and HCF-1 showed no
apparent differences (Figure 5F). The CC2 directly interacts with UCH, so mutations in this
region may interfere with the catalytic activity of BAPI1. To test this, we used an in vitro

deubiquitination assay using a BAPI natural substrate, i.e., the nucleosomal histone H2A
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ubiquitinated at position K119 (Figure S5G, H, I). The activities of both cancer mutants were
very similar to BAP1, whereas the control C91S failed to deubiquitinate H2A (Figure 5G). Next,
to evaluate whether these cancer mutations affect the autodeubiquitination activity of BAP1, we
exploited the UCH/CTD rescue system and the ability of UBE20 to promote degradation of the
BAP1 CTD-NLS. We cloned the CTD-NLS region of AK637-C638InsN mutant, and a mutant
with a large internal deletion in CC2 (A636-655) as a control (Figure 5B). Remarkably,
complementation with UCH-CC1 rescued the wild-type CTD-NLS, but not the AK637-
C638InsN and A635-655 (Figure SH). Next, we sought to investigate these mutations in the
context of the full-length protein. The effect of UBE20O on the cancer mutants was almost as
dramatic as on the C91S despite their catalytic proficiency (Figure 5I). Finally, AE631-A634 and
AK637-C638InsN mutants displayed increased cytoplasmic localization similar to the C91S
mutant (Figure 5J).

UBE2O is regulated by active nucleocytoplasmic transport mechanisms and promotes

BAP1 cytoplasmic exclusion during adipocyte differentiation

UBE20 possesses two functional NLS motifs (Figure S6A-D). However, the full-length
UBE20 displayed predominant cytoplasmic localization. Next, purification of UBE20-
associated proteins followed by MS analysis revealed numerous components of the nuclear
import/export machinery as well as several kinases that might coordinate its nuclear trafficking
(Figure 6A). Taking into account that UBE2O is a heavily phosphorylated enzyme (Figure S6F),
we sought to determine the impact of kinase inhibition on UBE20O localization. We treated cells
with a panel of kinase inhibitors of various specificities and observed a nuclear translocation of
UBE20 with the CDK-inhibitors Purvalanol A and RO-3306 (Figure 6B,C). Interestingly,
UBE2O catalytic dead form was strongly retained in the nucleus indicating the importance of
catalytic activity in coordinating its nucleocytoplasmic transport. Consistent with its potential
role in negatively regulating BAP1 function, siRNA-depletion of UBE2O increased cell
proliferation whereas siRNA-depletion of BAP1 resulted in decreased cell proliferation (Figure
6D). Of note, no noticeable changes in UBE20O or BAP1 localization were observed in
unperturbed cycling cells (Data not shown), suggesting that only very limited pools of UBE20
or BAPI might be imported or exported respectively. Taking into account that BAP1 tightly

coordinate cell proliferation, we reasoned that a substantial change in BAP1 localization might
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be observed during permanent cell cycle exit. Since UBE20 was implicated in promoting
adipocyte differentiation in the mouse embryo cell line C3H10T1/2, we generated stable cell
lines for UBE20 and its catalytic dead form and recapitulated this effect using the 3T3-L1
cellular model of adipocyte differentiation as determined by immunoblotting for aP2 and
Perilipin (PLIN) adipogenic markers and Oil Red O staining (Figure 6E,F). Significantly, a
fraction of BAP1 become excluded from the nucleus as 3T3-L1 preadipocytes terminally
differentiate into adipocytes (Figure 6G). In addition, mutation of the UBE2O-ubiquitination
sites in BAP1 resulted in a substantial retention of this DUB in the nucleus. Since BAP1 5K/R
mutant still interact with UBE20 and is ubiquitinated on other sites, we also replaced the NLS
region of BAPI, containing the UBE2O-interacting motif, with T-large antigen NLS which

prominently prevented the cytoplasmic exclusion of this DUB during differentiation.
UBE20 targets a subset of bipartite NLS-containing transcription regulators

UBE20 displays prominent UBC-dependent autocatalytic activity in vitro and in vivo
(Figure 7A and Figure 1C), which is inhibited by PAO (Figure S2B, Figure 7A). In addition, a
nuclear retention of UBE20O, more pronounced for the catalytic dead form was observed
following treatment with CDK inhibitors (Figure 6C). Thus, we sought to determine if NLS
sequences within UBE20 may constitute autoubiquitination sites. Strikingly the NLS1/A mutant
was completely autoubiquitination deficient similar to UBE20 CD, whereas mutation of NLS2
had no significant effect on UBE20 autoubiquitination (Figure S6A, Figure 7B). In addition, the
bipartite NLS regions of UBE20 and BAP1 contain a highly conserved patch of aliphatic
hydrophobic amino acids (VLI patch) between the minor and major NLS sites (linker region)
(Figure 7C). Mutation of the VLI patch disrupted autoubiquitination (Figure S7A). Of note, the
NLS1 architecture is highly conserved between most UBE20 orthologs (Figure S6E). These
results prompted us to search whether this subtype of bipartite NLS may serve as a specific
signal for UBE20 recognition and ubiquitination in other proteins. Several candidates were
identified, notably chromatin-associated proteins, suggesting that UBE20O might exert extensive
control over nuclear signaling pathways (Figure S7F). We selected four proteins, i.e., p400,
CDT1, INO80O and CXXCI1, predicted as potential UBE20O substrates. INO80 and p400 are
members of SWI/SNF family of chromatin-remodeling ATPases (Jin et al., 2005; Vassilev et al.,
1998) containing the predicted NLS sequences (Figure 7C). CXXCI1 is the CpG island binding
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protein and component of the SET1 complex (Lee and Skalnik, 2005) that contains two predicted
NLS sequences with NLS2 containing the putative UBE20O binding motif. The DNA replication
factor CDT1 also harbors a potential binding and ubiquitination site for UBE2O (Nishitani et al.,
2000). INOS8O, p400 and CDT1 were degraded following co-expression with UBE20 in a
catalytic-activity-dependent manner, ostensibly as a result of ubiquitin chain extension by
unknown E3 ligases (Figure 7D, Figure S7B). CXXC1 showed several slow migrating bands
suggesting its ubiquitination without degradation (Figure 7D, right panel). Next, we selected
INO80 and CXXC1 as two contrasting examples of UBE20O action for further characterization of
their ubiquitination by UBE20 (Figure 7D). When the immunoprecipitated INO80 was loaded in
equal amounts, the ubiquitin blot showed a typical polyubiquitin smear in the stacking gel
(Figure 7D, left panel). The ubiquitination profile of CXXC1 was similar to that of BAP1 and
UBE20 with several distinct multi-monoubiquitin bands (Figure 7D, right panel). Ubiquitination
of INO80 and CXXC1 by UBE20 had a pronounced effect on their subcellular localization, as
both proteins displayed stronger cytoplasmic localization following co-expression of wild-type
but not UBE20O CD mutant (Figure 7E). We also found a potential UBE20 binding consensus in
ALCI1, another nuclear SWI/SNF family chromatin-remodeling enzyme (Ahel et al., 2009), but
UBE20 had no effect on ALC1 ubiquitination and localization (Figure S7C,D,E). This can be
explained by the absence of the major NLS stretch in the vicinity of the consensus and/or the
location of the consensus in the masked fold of its Macro domain. Therefore, UBE20O targets a
subset of chromatin remodeling and modifying factors containing a bipartite NLS with a specific
VLI patch in the linker region with the exception of CDT1, which contains the major NLS
stretch upstream of the UBE20 consensus. Thus, substrate ubiquitination by UBE20 can induce
cytoplasmic exclusion, which might be accompanied by further proteasomal degradation as a

consequence of ubiquitin chain extension by other E3 ligases.

Discussion
Regulation of BAP1 by UBE20-mediated ubiquitination

Here, we define a regulatory mechanism involving the E2/E3 hybrid UBE20O which
multi-monoubiquitinates BAP1 in the NLS region. Under normal growth conditions, BAP1 is
predominantly nuclear whereas UBE20 is mainly cytoplasmic suggesting that BAPI
ubiquitination is highly regulated. In particular, this compartmentalization raises the question

regarding the cellular compartment where the ubiquitination actually occurs. UBE20O could be
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imported into the nucleus to ubiquitinate BAP1 and promote its ubiquitin-mediated nuclear
export as observed for other proteins (Groulx and Lee, 2002; Li et al., 2003). It is possible that
only a small fraction of UBE2O is imported into the nucleus at any given time, consistent with
the low abundance of this enzyme in this compartment. Controling UBE20 import itself would
provide another level of regulation for the fine-tuning of BAP1 ubiquitination. Indeed, (i) BAPI
and UBE20O exert antagonistic functions during cell proliferation, (i1) CDK inhibitors promoted
UBE2O0 nuclear localization with a stronger effect towards its catalytic dead form, (iii) UBE20
exhibits an autoubiquitination activity towards its own NLS, and (iv) two recent studies revealed
that the K521 residue (K516 in mouse), part of UBE20 NLSI1, is ubiquitinated in vivo (Figure
S6F). Our data do not exclude the possibility that, under specific conditions, BAP1 might be
exported to the cytoplasm prior to its ubiquitination, although we did not identify any export
signal in BAPI. Further studies are needed to dissect the possible mechanisms of UBE20

nucleocytoplasmic transport including its regulation.

On the other hand, since ubiquitination of BAP1 is counteracted by autodeubiquitination,
one can predict that a yet to be identified signal is needed to inactivate BAP1 catalytic activity.
This initiating event would render this DUB susceptible to ubiquitination by UBE20. BAP1
could be modified by other post-translational modifications that inhibit its autodeubiquitination.
In fact, several phosphorylation and ubiquitination sites of BAP1 were identified in proteomics
studies (Figure S6G), and in this study we identified several ubiquitination sites on UCH, some
of which might result from the action of other E3 ligases. Under normal cell growth conditions,
UBE20-mediated ubiquitination of BAP1 might not necessarily lead to a net accumulation of
BAPI in the cytoplasm, since this could be a protracted process that is concomitant with both de
novo synthesis of BAP1 and further degradation or re-import of BAP1. We speculate that this
could be an editing mechanism that might coordinate the transcriptional competency of BAP1. In
contrast, during adipocyte differentiation, we observed a net cytoplasmic redistribution of BAP1
that would drastically impact its transcriptional activity. It is also possible that BAP1 might exert
cytoplasmic functions in terminally differentiated adipocytes. We note that, since our conclusion
is based on ectopically expressed BAP1, further work is needed to establish this regulation for
the endogenous enzyme and to provide insights into the possible concerted action of post-

translational modifications in regulating the trafficking and function of this DUB.
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Autodeubiquitination of BAP1 and its disruption in cancer

Autodeubiquitination of DUBs was previously observed for UCH-L1, which was able to
counteract its own ubiquitination by an unknown E3 ligase (Meray and Lansbury, 2007).
Interestingly, in our study, we noticed a similar mechanism regulating UCH37. We also note that
UCH37 and BAP1 share a common ancestry. Although vertebrate BAP1 acquired the long
NORS region, which contains the HCF-1 interaction motif, the intramolecular interaction
between the amino and carboxy termini seems to be evolutionary conserved. It is possible that
DUB autodeubiquitination might constitute a regulatory mechanism, which is more widely used
than currently appreciated.

Cancer-associated mutations in BAP1 disrupt its function by multiple means. Large
deletions in the BAP1 gene result in dysfunctional proteins. Point mutations in the UCH domain
of BAPI often target the catalytic site or its immediate environment resulting in disruption of
catalytic activity. The cancer-derived mutations of BAP1 in the catalytic site are predicted to
impact both autodeubiquitination as well as DUB activity towards other substrates. Histone H2A
is a substrate of BAP1 (Scheuermann et al., 2010; Yu et al., 2014), and other substrates such as
HCF-1 and OGT were previously also described (Machida et al., 2009; Misaghi et al., 2009;
Ruan et al., 2012). In this study, we identified two cancer-mutations in the coiled-coil motif of
the C-terminal region that remarkably did not compromise BAP1 complex assembly, but instead
promoted UBE2O association with this DUB. It would be interesting to further determine
whether this is a result of structural changes in BAP1 that facilitate UBE20 binding, or rather is
a consequence of increased cytoplasmic sequestration of BAP1. Importantly, the two cancer-
derived mutations selectively compromised the autodeubiquitination activity of BAP1 without
affecting its H2A DUB activity. These cancer-derived mutations also revealed that
autodeubiquitination function of the enzyme is important for its proper nuclear localization.
Thus, by separating the two activities of BAP1, we provide a biochemical paradigm for testing

the involvement of other ubiquitin signaling cascades in regulating BAP1 function.

UBE20 acts as an atypical E2/E3 that ubiquitinates a subset of NLS-containing proteins
The evolution of protein conjugation pathways can be traced back to prokaryotic and
archea cells. In eukaryotes, this system diversified resulting in establishment of the classical

E1/E2/E3/substrate ubiquitin transfer cascade (Burroughs et al.,, 2012; Hochstrasser, 2009).
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UBE2O0 is highly conserved in plants and animals suggesting that it evolved from a common
ancestor at least 1.6 billion years ago, when the prototypic animal and plant cell types were
evolving (Meyerowitz, 2002). UBE20 seems to employ the properties of both E2 and E3
enzymes suggesting that it might recognize a limited number of substrates. In our study, we
discovered that UBE20 specifically binds and ubiquitinates a subset of bipartite NLS that
contain a VLI patch in their linker. Based on the consensus between two identified UBE20
substrates, i.e. BAP1 and UBE2O itself, we were able to predict the substrate specificity of the
enzyme, in turn allowing us to identify more putative UBE2O substrates including proteins
involved in RNA processing, transcription, DNA replication, and chromatin remodelling. Thus,
UBE20 might be involved in coordinating major signaling pathways in the cytoplasm,
organelles, and nucleus that orchestrate cell function during proliferation and differentiation or in
response to extracellular stimuli. Although we were able to detect UBE2O expression in multiple
cultured cell lines (HeLa, U20S, MCF-7, 293T and data not shown), its expression seems to be
highly regulated. UBE20O levels were previously reported to increase during erythroid
differentiation (Wefes et al., 1995). Chromatin of differentiating cells is subjected to multiple
epigenetic and structural changes, requiring specific ubiquitin signaling pathways to promote the
displacement of chromatin-associated regulators to activate or repress gene expression (Geng et
al., 2012). Indeed, UBE20 promotes adipocyte differentiation and is also highly expressed in
brain, heart, and skeletal muscle (Nagase et al., 2000; Yokota et al., 2001; Zhang et al., 2013a),
all of which comprise post-mitotic cells that must finely coordinate gene expression programs to
fulfill metabolically demanding requirements.
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Experimental Procedures

Plasmids and Antibodies

UBE20 and RING1B were cloned from HeLa total RNA by reverse transcription and
inserted into pENTR D-Topo plasmid (Life Technologies). MYSM1 and USP16 were
cloned from HeLa total RNA by reverse transcription and inserted into pEGFP-C1 plasmid.
Human RNF10 and RNF219 were cloned from U20S total RNA by reverse transcription
and inserted into p3XFLAG-CMV™-7 expression vector (Sigma-Aldrich). UBE20
expression constructs were generated using LR clonase kit (Life Technologies) in pDEST-

Myec, pDEST-His or retroviral pMSCV-Flag/HA-IRES-Puro (Sowa et al., 2009).

For bacterial expression the UBE20 c¢DNA was cloned into pET30a+ vector
(Novagen), to generate N-terminal Flag- and the C- terminal His-tags for the double column

purification.

The catalytically inactive UBE20 was generated by site-directed mutagenesis. Non-
tagged pCDNA3-BAPI and C91S were generated by subcloning the cDNA from pOZ-N
BAP1 and pOZ-N CO91S respectively. BAP1 cancer mutants AE631-A634, AK637-
C638InsN, ACC2 and ACTD and UBE20 NLS mutants were generated using gene
synthesis (BioBasic) and then subcloned into modified pENTR D-Topo plasmid.

BAP1 NLS mutants were generated by subcloning of annealed short adapters
containing corresponding mutations in pENTR D-Topo BAP1 and/or C91S. NLS-GFP were
generated by subcloning of annealed short adapters containing corresponding BAP1 or
UBE20 NLS sequences in pOD35 plasmid provided by Dr. Paul Maddox (Institute for

Research in Immunology and Cancer, Canada). All constructs were sequenced.

shRNAs for human UBE20 were from Sigma (#1 NM022066x814slcl and #2
NMO022066x4103s1c1). The constructs used to produce recombinant full length GST-BAP1
and various deletion fragments, and BAP] mutant deleted in the NHNY sequence
corresponding to the HCF-1 binding domain (AHBM) and BAP1 catalytic dead C91S were
described (Yu et al., 2010).
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Flag-INO8O expression vector was provided by Dr. Yang Shi (Harvard Medical
School, USA) (Wu et al., 2007). Flag-p400 was provided by Dr. David M. Livingston
(Harvard Medical School, USA) (Chan et al., 2005). Flag-CXXC1 expression vector was
provided by Dr. David Skalnik (Indiana University-Purdue University Indianapolis, USA)
(Tate et al., 2009). Flag-CDT1 expression vector was provided by Dr. Kevin Struhl
(Harvard Medical School, USA) (Miotto and Struhl, 2011). Flag-ALC1 expression vector
was provided by Dr. Simon Boulton (London Research Institute, UK) (Ahel et al., 2009).
Flag-BRUCE and Flag-BRUCE CD expression vectors were from Dr. Stefan Jentsch (Max
Planck Institute of Biochemistry, Germany) (Bartke et al., 2004). HA-UCH37 and HA-
UCH37 C88A expression vectors were from Dr. Joan Conaway (Stowers Institute for
Medical Research, USA) (Yao et al., 2008). Myc-UBC7 expression vector was provided by
Dr. Allan M. Weissman (Center for Cancer Research National Cancer Institute, USA)
(Tiwari and Weissman, 2001). Flag-UBCHS expression vector was provided by Dr. Dong-
Er Zhang (UC San Diego, USA) (Kim et al., 2004). GFP-TRIM28 expression vector was
provided by Dr. Fanxiu Zhu (Florida State University USA) (Liang et al., 2011). Myc-
TRIM?27 expression vector was provided by Dr. Patrick R. Potts (UT Southwestern Dallas,
USA) (Hao et al., 2013). HA-BRCAI1 was generated by subcloning from the GFP-BRCA1
plasmid previously described (Hammond-Martel et al., 2010) into pCDNA3 plasmid.
BARDI1 expression vector was from Origene (SC119847). HA-wild-type and KO Ub
expression vectors were from Dr. Ted Dawson (John Hopkins University, USA) (Lim et al.,

2005).

The siRNA ON-TARGETplus® smart pool for human UBE20O and a non-target

control were from Dharmacon (Thermo Scientific).

Rabbit polyclonal anti-UBE20O was from Novus Biologicals (NBP-03336). Mouse
monoclonal anti-BAP1 (C4), rabbit polyclonal anti-BAP1 (H300), rabbit polyclonal anti-
YY1 (H414), rabbit polyclonal anti-OGT (H300), mouse monoclonal anti-GFP (B2), rabbit
polyclonal anti-GFP (FL), mouse monoclonal anti-RING1B (N-32), mouse monoclonal
anti-BRCA1 (D-9), mouse monoclonal anti-BARD1 (2059c4a), mouse monoclonal anti-
CDC25A (F6), mouse monoclonal anti-Ubiquitin (P4D1) were from Santa Cruz. Rabbit
polyclonal anti-HCF-1 (A301-400A) and rabbit polyclonal anti-ASXL2 (A302-037A) were
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from Bethyl Laboratories. Mouse monoclonal anti-Flag (M2) was from Sigma. Mouse
monoclonal anti-Myc (9E10) and mouse monoclonal anti-HA (HA11) were from Covance.
Rabbit polyclonal anti-HA (ab9110) was from Abcam. Rabbit monoclonal anti-Perilipin
(PLIN) was from New England BiolLabs (D1D8) XP®). Rabbit polyclonal anti-aP2
(FABP4) was from Cayman Chemicals. Mouse polyclonal anti-FOXK1 was provided by
Dr. Xiao-Hua Li from Southwestern University of Texas. A rabbit polyclonal anti-FOXK2

was generated using a recombinant fragment of human FOXK2 by Pacific Inmunology.

Chemicals and reagents

UBEI1, USP2 CD, Ub-VME, Ub-AMC, recombinant Myc-Ub and Ub were from
Boston Biochem. Cycloheximide (CHX), N-methylmaleimide (NEM), Phenylarsine oxide
(PAO), MG132, Micrococcal nuclease (MNase) where from Sigma. Casein kinase II (CKII)
inhibitor TBB (100 uM), Casein kinase I (CKI) inhibitor IC261 (10 uM), protein kinase G
inhibitor KT5823 (10 uM), CDKI1 inhibitor RO-3306 (10 pM) where purchased from
Millipore. The CDK1, CDK2 and CDKS inhibitor Roscovitine (10 pM), MEK1/2 inhibitor
UO126 (20 uM) and the protein kinase A (PKA) inhibitor H-89 (20 uM) were purchased
from Cell Signaling. The CDK2 inhibitor Purvalanol A (50 pM) was purchased from
Abcam. Protein kinase C inhibitor PKC412 (20 uM) and STK inhibitor GSK 650394 (20
uM) were from Santa Cruz. The PI3-Kinase inhibitor caffeine (10 mM) CDK inhibitor
CDKi (100 uM), CDK2 inhibitor GW8510 (20 uM) and JNK inhibitor SP600125 (30 uM)
were from Sigma. SU 9516 (5 uM), Chkl inhibitor SB 218078 (1 uM). Broad spectrum
kinase inhibitor Staurosporine (100 nM), tyrosine kinase inhibitor Genistein (20 uM), CDK
inhibitor Olomoucine (30 uM), CKII inhibitor Apigenin (20 uM), CKII and CDK inhibitor
DRB (50 puM), PI3-Kinase inhibitor LY294002 (20 uM), CKII inhibitor NSC 210902 (15
uM), CKI inhibitor D 4476 (25 uM) and CKII inhibitor CAY 10578 (15 pM) where from

Cayman chemical.
Cell culture, transfections and western blot

HeLa S3 cervical cancer, MCF7 breast cancer, U20S osteosarcoma, human

embryonic kidney 293T, 293GPG virus-producing cells and 3T3-L1 mouse preadipocytes
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and human primary lung fibroblasts LF-1 were cultured in Dulbecco's modified Eagle's

medium (DMEM) supplemented with 10% fetal bovine serum and penicillin/streptomycin.

siRNA and plasmid DNA were transfected in MCF7 and U20S cells, respectively,
using Lipofectamine 2000 (Life Technologies). HEK293T (293T) cells were transfected
using PEI (Sigma).

Total cell lysates were prepared in buffer containing 25 mM Tris-HCl pH 7.3 and 1%
SDS, samples were immediately boiled at 95°C for 10 min and sonicated to break down
DNA. Samples were diluted using 2X or 4X Laemmli buffer (Laemmli, 1970). SDS-PAGE
and western blotting were conducted according to standard procedures. Images were
acquired using ImageQuant™ LAS 4000 biomolecular imager (GE Healthcare, USA).
Densitometry quantification of western blot bands was performed using Gel-Pro Analyzer

3.1 (Media Cybernetics)
Stable cell lines

HelLa S3 cell lines stably expressing Flag-HA-BAP1, Flag-HA-C91S, Flag-HA-
AE631-A634, Flag-HA-AK637-C638InsN, Flag-HA-ACTD, Flag-HA-ACC1  were
generated following retroviral infection using pOZ-N-based retroviral constructs and

selected using anti-IL2 magnetic beads (Life Technologies) (Yu et al., 2010).

U20S cell lines stably expressing Flag-HA-BAP1, Flag-HA-C91S, Flag-HA-AE631-
A634, Flag-HA-AK637-C638InsN, Flag-HA-ACTD, Flag-HA-ACC1 were generated
following retroviral infection of pMSCV-Flag/HA-IRES-Puro based constructs and selected
with 3 pg/ml of puromycin.

3T3-L1 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1 5 K/R, Flag-HA-
BAP1 NLS TI1, Flag-HA-UBE20O and Flag-HA-UBE20O CD were generated following
retroviral infection of pMSCV-Flag/HA-IRES-Puro based constructs and selected with 3

pg/ml of puromycin.

Stable HeLa S3 Flag-HA-UBE2O cell line was generated following retroviral
infection of pMSCV-Flag/HA UBE2O-IRES-Puro and selected with 2 ug/ml of puromycin.
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Purification of BAP1 complexes and UBE2O-interacting proteins

HeLa S3 (~12 X 10°%) cells stably expressing Flag-HA-BAP1, Flag-HA-C918, Flag-
HA-AE631-A634, Flag-HA-AK637-C638InsN, Flag-HA-ACTD and Flag-HA-UBE20 were
grown in spinner flasks. The cytosolic fraction was used for the purification of UBE20 with
Flag and HA immunoaffinity columns essentially as previously described (Groisman et al.,
2003) the Flag and HA columns were washed with either low salt buffer containing 100
mM KCl (Flag-HA-UBE2O LS (Figure S2A, C, D) or 300 mM NacCl (Flag-HA-UBE20O LS
(Figure S2A, C, D). The BAP1 protein complexes were purified from total soluble protein
extracts in EBcom (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0,5% NP-40, 50 mM NaF, 10
mM B-glycerophosphat, ImM Na3VO4 1 mM DTT, ImM EDTA, 1 mM PMSF and protease
inhibitors cocktail (Sigma)). The extracts were clarified by centrifugation at 30,000g for 1
hour, with subsequent filtration of supernatants through a 0,45 um pore filter. The extracts
were incubated with the anti-Flag M2 resin overnight and extensively washed with EBcom.
The resin was eluted three times with EBcom containing 200 ng/ml of Flag peptide. The
eluted fractions were incubated with anti-HA resin overnight, and the procedure was
repeated as for the previous column. The HA eluted fractions were used for silver stain,
western blot and in vitro DUB assay. Mass spectrometric identification of UBE20O-
interacting proteins was done at the Taplin Mass Spectrometry facility (Harvard, USA).
Identification of additional BAPI-interacting proteins was done at the The Proteomics

Platform of the Quebec Genomics Center (CHUQ, Laval University, Canada).
Immunoprecipitation

Cells were lysed in buffer EB150 (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% NP-
40, 10 mM B-mercaptoethanol, I mM PMSF and protease inhibitors cocktail (Sigma)) and
the lysates were clarified by centrifugation at 21,000 g for 30 min. The supernatants were
incubated with indicated antibodies for 3 hours and then protein-G beads were added and
incubated for an additional hour. The samples were extensively washed with EB150 and re-
suspended in 2X Laemmli buffer. For an IP under denaturing conditions, the cells were
harvested as described for western blot, and diluted in EB300 (50 mM Tris-HCI pH 7.5, 300
mM NaCl, 1% NP-40, 10 mM B-mercaptoethanol). The lysates were incubated overnight
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with antibody and protein-G beads. The beads were washed several times with EB300 and

resuspended in 2X Laemmli buffer.
Mass spectrometric identification of ubiquitination sites

293T (~1 X 10%) cells were transfected with HA-Ub, Flag-C91S, and His-UBE20
expression vectors. 96 hours later, the cells were lysed in EB300 containing 20 mM NEM
and protease inhibitor cocktail. The extracts were clarified by centrifugation at 30,000g for
1 hour. The extracts were incubated with the anti-Flag M2 resin overnight and extensively
washed with EB300. The resin was eluted three times with EB300 containing 200 ng/ml of
Flag peptide. The eluted fractions were combined and concentrated using TCA
(trichloroacetic acid) precipitation and loaded on the NuPAGE® Bis-Tris Precast Gel (Life
Technologies). The gel was stained with Coomassie G-250 and the modified C91S bands
were excised and sent for MS analysis at Taplin Mass Spectrometry facility (Harvard,

USA).
Glycerol gradient

Molecular mass fractionation of nuclear extract was conduced using a 10-40 %
glycerol gradient prepared in 20 mM Tris-HCI, pH 7.9; 100 mM KCI; 5 mM MgCl; 1 mM
PMSF; 0.1% NP40 and 10 mM B-mercaptoethanol. The samples were centrifuged for 12
hours at 50,000 RPM (SW55Ti rotor, Beckman,) at 4 °C. Individual fractions were then
collected from top to bottom and analyzed by western blotting. The BAP1 complex is

estimated to have a molecular mass of 1.6 MDa.
In vitro interaction assays

Recombinant GST-BAP1 fusion proteins were purified from bacteria using
glutathione agarose beads (Sigma) and 2 to 3 pg of bound proteins were incubated with His-
UBE20 for 6 to 8 hours at 4 °C in pull down buffer (50 mM Tris-HCI, pH 7.5; 50 mM
NaCl; 0.02% Tween 20; 1 mM PMSF and 500 puM dithiothreitol). The beads were
extensively washed with the same buffer, and bound proteins eluted in 2X Laemmli buffer

and subjected to western blotting.
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In vitro ubiquitination assay

Ubiquitination reactions were conducted in a total volume of 30 pl containing 25 mM
Tris-HCI, pH 7.3, 10 mM MgCl,, 5 mM ATP, 300 ng/ul Ub, 250 ng of human recombinant
UBEI1 and 1 mM B-mercaptoethanol. Purified Flag-HA-BAPI, Flag-HA-C91S and UBE20

were added as indicated.

Reaction on the beads-immobilized complexes was performed when indicated.
Briefly, the anti-Flag M2 beads were incubated with high salt nuclear extracts from HeLa
S3 Flag-HA-BAP1 or Flag-HA-C91S for 5 hour and washed 8 times with buffer containing
20 mM Tris-HCI pH 7.5, 100 mM KCI, 1 mM MgCl,, 5 mM EDTA, 0.1% Triton X-100
and 1 mM PMSF. The beads-bound complexes (25 pl) were used for the reaction
essentially in the same conditions as for the reaction in solution. Reactions were incubated
at 37°C with constant shaking overnight. Met-Ub was previously described (Kirisako et al.,
20006)

Purification of the nucleosomes and In vitro nucleosome DUB assay

Preparation of chromatin fractions and digestion with Micrococcal nuclease (MNase
Sigma) were conducted as previously described (Groisman et al., 2003), with some
modifications. The 293T cellular pellet was resuspended in EB420 (50 mM Tris-HCl pH
7.3, 420 mM NaCl, 1% NP-40, 10 mM B-mercaptoethanol, 20 mM NEM and protease
inhibitor cocktail). The soluble fraction was discarded and the pellet was extensively
washed with MNase buffer (20 mM Tris-HCI pH 7.5, 100 mM KCl, 2 mM MgCl,, 1| mM
CaClz, 0.3 M sucrose, 0.1% NP-40, and protease inhibitor cocktail). Following MNase
treatment (3 U/ml for 10 min at room temperature), the reaction was quenched with 5 mM
of EGTA and 5 mM of EDTA. The samples were then centrifuged at 20,000g for 10 min at
4°C to obtain the soluble chromatin fraction. The extract was incubated with anti-Flag resin
overnight and washed with EB300 buffer. The beads then were eluted with EB300
containing 200 ng/ml of Flag peptide.

The eluted soluble chromatin fraction was incubated with the indicated Flag/HA

purified BAP1 complexes and used for western blotting.
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Immunofluorescence

The procedure was carried over essentially as previously described (Daou et al.,
2011). Briefly cells were fixed in 3% PFA-PBS and permeabilized using PBS 0.1% NP-40.
Anti-mouse Alexa Fluor® 594 and Anti-mouse Alexa Fluor® 488 (Life Technologies)
were used as secondary antibodies. Nuclei were stained with 4',6-diamidino-2-phenylindole

(DAPI).

Images were acquired using Zeiss. Z2 microscope and Plan Apochrmat 40X/0.95
Korr, Plan Apochrmat 63X/1.4 Oil DIC and Plan Apochrmat 100X/1.4 Oil DIC objectives

and AxioCam MRm camera. Images were processed using WCIF-ImageJ program (NIH).
Adipogenic differentiation of 3T3-L1 preadipocytes.

3T3-L1 cell lines stably expressing BAP1 or UBE20 were plated at the same density,
upon reaching of confluency the growth media was changed to induction media containing 10%
fetal bovine serum, penicillin/streptomycin, 1 uM dexamethasone, 1 pg/ml insulin and 500 uM
IBMX (Sigma). Two days post-induction, the media was changed to maintenance media
containing 10 % fetal bovine serum, penicillin/streptomycin, 1 pg/ml insulin. The cells were
fixed with PFA or harvested for western blotting two to three days post-induction. Lipid droplet

content was evaluated using Oil-Red O lipid stain (Sigma).
Protein sequence analysis, and structure modeling

Protein sequences were analyzed and aligned using Geneious 6.1.2 created by
Biomatters, available from http://www.geneious.com. NLS consensuses were analyzed using
ProSite (Sigrist et al., 2013) and NLStradamus (Nguyen Ba et al., 2009). Coiled-coil regions
were predicted using COILS (Lupas et al., 1991). BAP1 3D structure modeling was performed
using SWISS-MODEL (Arnold et al., 2006) and crystal structure of UCH37 (Burgie et al., 2011)
(PDB code: 3IHR).
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Figure 1. UBE20O Interacts with and Ubiquitinates BAP1 and This Effect is Actively Counteracted by BAP1
Autodeubiquitination. (A) Purified BAP1 complexes were used for western blot. (B) HeLa nuclear extract was
resolved by glycerol gradient, and used for western blot. (C) 293T cells were co-transfected with 2 pg of HA-Ub, 2
pug of Myc-UBE20 (wild-type or CD), and 1 pug of Flag-BAP1 (wild-type or C91S) expression vectors, and cell
extracts were used for immunoprecipitation. (D) Top, schema representing the human UBE20 with secondary
structure prediction (alpha helixes are in red and beta strands are in yellow). The main predicted domains are
indicated as CR1 (conserved region 1), CR2 (conserved region 2), UBC (ubiquitin-conjugating) and CTR (C-
terminal region). Bottom, schema representing UBE20 deletion mutants used for the ubiquitination assay. (E) 293T
cells were co-transfected with 2 pg of HA-Ub, 2 pg of Myc-UBE20 fragments, and 1 pg of C91S expression
vectors, and cell extracts were used for western blot.
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Figure 2. Characterization of UBE20-Mediated Ubiquitination of BAP1. (A) In vitro ubiquitination reaction
with beads-immobilized BAP1 or C91S complexes incubated with immunopurified UBE20. Fractions were used for
western blot detection of components of the BAP1 complex. (B) In vitro ubiquitination reaction using the BAP1
complex inhibited with NEM. (C) The C91S complex was used for in vitro reaction with UBE20O and either
unmodified or methylated ubiquitin. (D) 293T cells were co-transfected with 2 pg of wild-type ubiquitin or KO
mutant ubiquitin, 1 pg of BAP1 or C91S and 2 pg of empty vector or His-UBE2O expression vectors, and cell
lysates were used for immunoprecipitation. (E) 293T cells were co-transfected with 1 pg of HA-Ub, 2 pg of BAP1
or CI1S and 1 pg of His-UBE2O expression vectors. Cells were treated with DMSO or 20 uM MG132 for 8 hours
before immunoprecipitation. (F) MCF7 cells were transfected with non-targeting or UBE20O siRNA for 96 hours,

Fig. 2

treated with 20 pg/ml of cycloheximide and analyzed by western blot. Asterisk indicates non-specific bands.
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Figure 3. BAP1 NLS is Required for its Ubiquitination by UBE20. (A) Schematic representation of GST-BAP1
fragments used for pull-down assay with His-UBE2O. (B) 293T cells were co-transfected with 2 pg of HA-Ub, 2 pg
of His-UBE20, and 1 pg of Myc-CTD-NLS expression vectors, and cell extracts were used for
immunoprecipitation. (C) U20S cells were co-transfected with 2 pg of shControl, shUBE20#1 or shUBE20#2 and
1 pg of HA-Ub and 0,5 pg of Myc-CTD-NLS expression vectors, and cell extracts were used for western blot. (D)
Purified complexes of BAP1 or BAP1 ACTD were used for western blot detection of components of BAP1
complex. (E) 293T cells were co-transfected with 2 ng of HA-Ub, 2 pug of His-UBE20O, and 1 pg of Myc-BAP1

mutants expression vectors, and cell extracts were used for immunoprecipitation. Asterisk indicates non-specific
bands.
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Figure 4. Ubiquitination of BAP1 NLS by UBE2O promotes its Cytoplasmic Sequestration. (A) 293T cells
were co-transfected with 2 pg of HA-Ub, 2 pg of Myc-UBE20, and 1 pg of Flag-C91S, and cell extracts from 40
dishes were used for Flag immunoprecipitation. The indicated bands were excised for MS analysis. (B) Table of
ubiquitination events detected by MS. (C) Cells were co-transfected with 2 pug of HA-UDb, 2 pg of His-UBE2O, and
1 pg of Myc-tagged BAP1 mutants expression vectors, and cell extracts were used for immunoprecipitation. (D)
U208 cells were co-transfected with either 2 pg of empty vector, Myc-UBE20 or Myc-UBE20 CD and 3 pg of
either Flag-HA-BAP1 or Flag-HA-C91S expression vectors and were used for immunofluorescence analysis.
Representative cell counts for BAP1 subcellular localization are shown. C, cytoplasmic; N, nuclear. (E) U20S cells
were transfected with Flag-HA-BAP1 mutants expression vectors and used for immunofluorescence analysis as in

(D).
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Figure 5. BAP1 Intramolecular Interaction Promotes Autodeubiquitination, a Mechanism Disrupted by
Cancer Mutations. (A) Predicted model of BAP1 UCH/CTD interface based on UCH37 crystal structure (PDB:
3IHR). Note that NLS and NORS are not present in UCH37, and thus not included in the model. (B) Schematic
representation of the mutants used for the complementation assay and the deletion mutants used in the context of full
length BAP1. (C) 293T cells were co-transfected with 2 pg of the indicated GFP fusion constructs and 2 pg of Myc-
CTD-NLS expression vectors, and cell extracts were used for immunoprecipitation. (D) 293T cells were co-
transfected with 2 ng of HA-Ub and either 2 pg of empty vector or His-UBE20, 1 pg of the indicated GFP fusion
constructs and 1 pg of Myc-CTD-NLS expression vectors. (E) 293T cells were co-transfected with 2 ug of HA-Ub,
2 pg of His-UBE2O, and 1 pg of Myc-BAP1 mutants expression vectors. (F) Purified BAP1 complexes were
analyzed by silver stain and western blotting. Densitometric ratios between UBE20 and BAPI indicate its relative
abundance in the complexes. The histogram shows two independent experiments. (G) In vitro nucleosome
deubiquitination reaction with purified BAP1 complexes. Samples were incubated at 37°C for the indicated times.
(H) 293T cells were co-transfected with 2 pg of HA-Ub, 2 pg of His-UBE2O expression vectors, 1 pg of indicated
GFP fusion constructs and 1 pug of Myc-tagged constructs. (I) 293T cells were co-transfected with 2 pg of HA-Ub, 2
pg of His-UBE2O0, and 1 pg of Myc-tagged BAP1 mutants expression vectors. (J) U20S cell lines stably expressing
Flag-HA-BAP1 and its mutant forms were used for immunofluorescence analysis.
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Figure 6. UBE20O Shuttles between the Nucleus and Cytoplasm and Promotes BAP1 Cytoplasmic
Localization during Adipocyte Differentiation. (A) Effect of kinase inhibition on nuclear localization of UBE20.
U20S cells were transfected with 4 ng Myc-UBE20 or Myc-UBE20 CD expression vectors and then treated with a
panel of kinase inhibitors for 24 hours prior harvesting for IF. + and - indicate the relative intensity in the nuclear
staining of UBE20. (B) Representative images of UBE20 localization in U20S cells treated with CDK inhibitors.
(C) Effects of siRNA-depletion of UBE20, BAP1 on cell proliferation, determined by MTT assay. siRNA for OGT
is used as a control of decreased proliferation. Note that the values are relative to the non-target control siRNA for
each time point. (D,E) Effects of overexpression of UBE20 wild-type or catalytic dead form on the differentiation
of 3T3L1. Immunodetection of differentiation markers (D) and Oil-Red O staining (E). YY1 is used as a loading
control. (F) Localization of BAP1 and mutants during adipocyte differentiation. The BAP1 NLST1 corresponds to a
mutant in which the NLS region of BAP1 which includes the UBE20O-binding motif is replaced with the T large
antigen NLS. The BAP1 K/R mutant is mutated in the UBE2O-ubiquitination sites of the NLS.

lvii



B & v oF

PAO + f ‘E‘Q
Mok  +
Flag HA UBE20 + R W
EVAIPARCUR + + + + + o+

+
Hows 16 16 0 05 1 4 16 4
P o
i Myc (UBE20) -
UBE20 " 2 MowBul
S 2
L LB S
HA [Ub) =
b = &
L
Mye (Ub) = o
Myc (UBE20) B
e e - = —
Mean Hydrophobicity el = e - "
Sequence Logo -_

UBE2O NLS1

BAPL NLS

INOS0 NLS1 A

INOBQ MLS1 B

CXXC1 NLS2

p400 KRKKA LNLI"V

coTl RRRLRLSVDEV
inar L patch

LL] . Flag (CXXC1)
-

Flag(GOXCT) | —

— e

YY1

UBEZO CONAS
UBE2D  pCDNA3

UBEZ0O CD
UBE20 CD




Figure 7. UBE20O Targets a Subset of Chromatin-Associated Proteins. (A) In vitro ubiquitination reaction with
the purified UBE20O. Samples were incubated for the indicated times. (B) 293T cells were co-transfected with 2 pg
of HA-Ub and 2 pg of indicated Myc-UBE20O mutants, and cell extracts were used for immunoprecipitation. (C)
Sequence alignment between the UBE2O/BAP1 NLS and a subset of identified UBE2O substrates. Hydrophobic
amino acids are in red and polar amino acids are in blue. A large N-terminal extension containing the NLS of CDT1
is not shown. (D) 293T cells were co-transfected with 2 pg of HA-Ub and 1 ug of Flag-CXXCl1 or 2 pg of Flag-
INO8O, and either 2 pg of empty vector, Myc-UBE20 or Myc-UBE20O CD expression vectors, and cell extracts
were used for immunoprecipitation. (E) U20S cells were co-transfected with 0,5 pg of HA-Ub and either 1 pg of
empty vector, Myc-UBE20, Myc-UBE20 CD and 1 pg of either Flag-INO8O or Flag-CXXC1 expression vectors
and used for immunofluorescence analysis. Representative cell counts are shown.
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Figure S1 (Related to Figure 1). Characterization of the UBE20-independent mono-ubiquitination of
BAPI1. (A) Detection of the modified form of BAP1 in U20S cells stably expressing Flag-HA-BAP1. U20S
cells were transduced with empty pOZ-N vector or pOZN-BAP1, selected with anti-IL2 receptor-coupled
magnetic beads (4 rounds of selection), as previously described (Yu et al., 2010), and cell lysates were
subjected to western blotting with the indicated antibodies. (B) 293T cells were transfected with 3 pg of Flag-
BAP1 C918S and harvested three days-post-transfection for immunoprecipitation. Anti-Flag column-purified
C91S was incubated with 200 nM of recombinant USP2 catalytic domain and collected for western blotting at
the indicated time points. Note the decrease of the constitutive ubiquitin modification. (C) Schema of the
double column purification strategy of ubiquitin-depleted and -enriched fractions of BAP1. (D) Analysis of the
anti-HA beads-bound and the flow through fractions revealed that the slower migrating band was enriched in
the HA-bound fraction and depleted in the flow through fraction proving the monoubiquitination nature of the
modification. Monoubiquitination of BAP1 does not influence its ability to incorporate the ubiquitin
vinylmethylester (Ub-VME) suicide substrate. HA-Ub-Flag-BAP1 and unmodified Flag-BAP1 fractions
where incubated with 1 uM of Ub-VME probe and analyzed by western blot as recently described (Yu et al.,
2014). Note the similar efficiency of Ub-VME incorporation that corresponds to the slower migrating form of
BAP1. (E) Fluorometric analysis of the BAP1 activity towards the Ub-AMC DUB substrate. Adjusted
amounts of the HA-Ub-Flag-BAP1 and unmodified Flag-BAP1 fractions where incubated with 100 nM of the
Ub-AMC and fluorescence was analyzed in real time. Note that the modified form of BAP1 displays a similar
DUB activity as the modified form towards this model substrate. (F) The ubiquitinated forms of C91S can be
efficiently deubiquitinated by USP2. The procedure was carried out essentially as in panel B except that
UBE20 was included in the co-transfection. (G) Similar UBE20O-mediated multi-monoubiquitination of BAP1
(CI1S or AUCH). 293T cells were co-transfected with 1 pug of Myc-C91S or Myc-BAP1 AUCH, 2 pg of HA-
Ub and 2 pg of either empty vector or UBE20. Three days later, cell lysates were used for western blotting
and probed with the indicated antibodies. Note the decrease of the constitutive BAP1 mono-ubiquitination
upon the deletion of the UCH domain indicating that distinct activities modify BAPI.

Characterization of UBE20 specificity towards BAP1. (H) Comparison of several members of class I and
IV ubiquitin carrier enzymes. (I) To control for specificity, we evaluated other E2s (van Wijk and Timmers,
2010) including BRUCE, the closest evolutionary relative of UBE20O which was previously shown to act as an
E2/E3 hybrid on other substrates (Bartke et al., 2004; Hao et al., 2004). 293T cells were co-transfected with 1
pg of Myc-C918S, 2 pg of HA-UD and either 2 pg of empty vector, Myc-UBC7, Flag-UBCHS, 5 pg of Flag-
BRUCE or 5 pg Flag-BRUCE CD (C4654S) expression vectors. Three days later, cell lysates were used for
western blotting. J) We also tested two known H2A DUBs, i.e., USP16 and MYSM1 (Joo et al., 2007; Zhu et
al., 2007), as well as the SUMO protease SENP2 (Kim et al., 2000). 293T cells were co-transfected with 2 pg
of HA-Ub and either 2 ug of empty vector or 2 ug of His-UBE20O and either 1 pg of GFP-BAP1, GFP-
MYSMI1, GFP-USP16 or Myc-SENP2 expression vectors. Three days later, cell lysates were used for western
blotting. (K) Multiple sequence alignment of UBE20 orthologs, conserved regions are highlighted.
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Figure S2 (Related to Figure 2). Set up of the in vitro ubiquitination reaction. (A) Schema of protein
purification and in vifro ubiquitination reactions for figure 2A, 2B, S2B, S2D and S2E. (B) Purified BAP1 or
C91S complexes were incubated with immunopurified UBE2O in an in vitro ubiquitination reaction. Samples
were treated with 100 pM PAO as indicated. (C) Mammalian Flag/HA or bacterial His/Flag purified UBE20O
was loaded on the 4-12% gel and used for silver staining. (D) Purified C91S complexes were incubated with
UBE2O, purified from human cells or bacteria, in an in vifro ubiquitination reaction. Note that UBE20
maintains similar activity towards C91S independently of its origin and method of purification. HS and LS
represent high salt and low salt washes, respectively. (E) Ubiquitination with recombinant enzymes. His-C91S
was purified from bacteria and used for in vitro reaction with bacteria purified His/Flag-UBE20.

BE20O- and BAP1-interacting ubiquitin ligases do not influence UBE20O ubiquitination activity towards
BAPI1. (F) Summary of potential UBE20- and BAP1-interacting ubiquitin ligases. Our purification and mass
spectrometry analysis of UBE20- or BAPI-interacting proteins revealed additional substoichiometric E3
ligases that might participate in UBE20O-dependent or —independent ubiquitination of BAP1. Other E3 ligases
previously reported as potential UBE20- or BAP1 interacting enzymes were also included. (G) 293T cells
were transfected with 2 pg of HA-Ub, 1 pg of HA-BRCAL1 and/or 0,5 pg of HA-BARDI, 1 pg of BAP1 and
either 2 pg of empty vector or Myc-UBE2O expression vectors. Three days later, cell lysates were used for
western blotting with the indicated antibodies. We note that BAP1 was described as a partner of the tumor
suppressor and RING E3 ligase complex BRCA1/BARDI that may perform chain elongation (Jensen et al.,
1998; Wu-Baer et al., 2003). Nonetheless co-transfection with BRCA1/BARD1 did not significantly affect the
pattern of BAP1 ubiquitination by UBE20. (H) Cells were transfected with 2 pg of HA-Ub, 1 pg of His-
RINGIB, 1 pg of BAP1 or C91S and either 2 pg of empty vector or Myc-UBE20 expression vectors. Three
days later, cell lysates were used for western blotting with the indicated antibodies. BAP1 acts in concert with
the RING1B E3 ligase to regulate H2A ubiquitination (Carbone et al., 2013; Scheuermann et al., 2010).
However, no direct ubiquitination of BAP1 or cooperation between RING1B and UBE20 were observed. (I)
Cells were transfected with 2 pg of HA-Ub, 0.5 pg of C91S, 2 ug of empty vector or His-UBE20 and 3 pg of
GFP-TRIM28, Myc-TRIM27, Flag-RNF219 and Flag-RNF10 expression vectors. Three days later, cell lysates
were used for western blotting with the indicated antibodies. Note the similar pattern of the C91S
ubiquitination independently of the ubiquitin ligase co-expression. We were unable to express significant
levels of HUWEIL (~500 kDa). Thus, we did not conclude about its potential effect alone or on UBE20-
mediated ubiquitination of BAP1. (J) U20S cell line stably expressing Flag-HA-BAP1 was transfected with
control siRNA or siUBE20. Three days later, cell lysates were used for western blotting with the indicated
antibodies. Note that the knockdown of UBE20O has no effect on the constitutive monoubiquitination of BAP1
(described in Figure S1A, B, C, D, E, G).
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Figure S3 (Related to Figure 3). UBE20 promotes degradation of BAP1 CTD-NLS. (A) 293T cells were
co-transfected with 2 pg of HA-Ub, 2 pg of His-UBE20, and 1 pg of Myc-CTD-NLS expression vectors.
Three days later, cells were treated with 20 uM of MG132 for the indicated time points and harvested for
western blotting. (B) U20S cells were co-transfected with 0,5 pg of HA-Ub, 1 pg of His-UBE2O and 1 pg of
Myc-CTD-NLS expression vectors and plated on coverslips. Three days later, cells were fixed and used for
immunofluorescence. (C) 293T cells were co-transfected with increasing amounts of HA-Ub or HA-Ub KO
(0.5 png, 1.5 pg and 4 pg), 2 pg of His-UBE20, and 1 pg of Myc-CTD-NLS expression vectors. Three days
later, cells extracts were analyzed by western blotting. Note that UBE20O promotes the Myc-CTD-NLS
degradation in ubiquitin-dependent manner, and a similar degradation profile is obtained with either wild-type
or KO ubiquitin mutant.

Characterization of the BAP1 NLS region. (D) Representation of the predicted BAP1 NLS. The basic
regions are in blue and hydrophobic regions are in red. BAP1 possesses a complex NLS region that shares
similarities with classical monopartite (Conti et al., 1998), bipartite (Robbins et al., 1991) and the atypical
hydrophobic/basic PY NLS (Lee et al., 2006). (E) U20S cells were transfected with 0,5 pg of the indicated
GFP fusion NLS. Three days later, cells were fixed and used for fluorescence microscope imaging. The region
spanning a short stretch of basic amino acids RRKRSR (aa 717-722) is necessary for proper nuclear
localization of BAP1 (Ventii et al., 2008). However, when fused to GFP, this motif was not sufficient to
promote nuclear localization, i.e., additional sequences are required for NLS function. Therefore, we
considered the entire aa 699-729 region as BAP1 NLS for further characterization.

Requirement of the major NLS site of BAP1 for UBE20-mediated ubiquitination. (F) Schematic
representation of the alanine screen mutants, mutations are indicated in red. (G) 293T cells were co-transfected
with 2 pg of HA-Ub, 2 pg of His-UBE2O, and 1 pg of Myc-tagged BAP1 mutants expression vectors. Three
days later, cell extracts were used for western blotting and probed with the indicated antibodies. Single point
mutations in the region did not cause significant reduction of C91S ubiquitination, but cumulative alanine
mutations were able to gradually decrease the efficiency of ubiquitination. The substitution of RRKRSR to a
similarly positively charged histidine stretch also strongly reduced the ubiquitination by UBE20O indicating
that the arginine/lysine residues are critical

Sequence comparison of the NLS region from different BAP1 orthologs. (H) Multiple sequence alignment
of the NLS regions of BAP1 from metazoan species using the Geneious tool, polar amino acids are in blue,
hydrophobic amino acids are in red.
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Figure S4 (Related to Figure 4). Overexpression of UBE20O promotes cytoplasmic localization of
endogenous BAP1. U20S cells were transfected with 4 pg of the Myc-UBE20 or Myc-UBE20 CD. Three
days later, cells were fixed and used for Immunofluorescence for BAP1 (A) or HCF-1 and YY1 (B). UBE20
promoted cytoplasmic localization of BAP1 but had no visible effect on YY1 and HCF-1.
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Figure S5 (Related to Figure 5). BAP1 and UCH37 may employ a similar autodeubiquitination
mechanism. (A) Crystal structure of UCH37 (3IHR) (Burgie et al., 2011). (B) UCH37 (UCHLS) is highly
similar to BAP1 with respect to domain architecture (Sanchez-Pulido et al., 2012). Crystal structure of UCH37
suggests that an intramolecular interaction occurs between the UCH and the CTD. Therefore, we evaluated the
possibility that UCH37 might also be regulated by UBE20. 293T cells were co-transfected with 1 pg of Myc-
Ub, 1 nug of HA-UCH37 WT or HA-UCH37 C88A and either 2 ug of empty vector or Myc-UBE20
expression vectors. Three days later, cells lysates were used for IP with HA antibodies under native or
denaturing conditions. Western blots were probed with the indicated antibodies. We detected ubiquitination of
UCH37, which was more pronounced for its catalytic dead mutant (C88A), but this effect was independent of
UBE20. UCH37 also failed to interact with UBE20 in co-IP. Nonetheless, this result suggests that UCH37
may employ the same autodeubiquitination mechanism as BAP1 to counteract the action of another, yet to be
identified E3 ligase. Note that UCH37 co-immunoprecipitates endogenous YY1 providing an indication of IP
validity (Yao et al., 2008). (C) Alignment of human BAP1 and human UCH37 C-terminal regions, polar
amino acids are in blue, hydrophobic amino acids are in red. Note the difference in the C-terminal region of
both proteins, NLS in BAP1 and ADRM 1 -interacting region (KEKE) in UCH37 (Hamazaki et al., 2006; Yao
et al., 2006). (D) Prediction of coiled-coil domains in BAP1 using COILS program (Lupas et al., 1991). The
amino acid sequences of CC1 and CC2 are presented. The hydrophobic amino acids are indicated in red.

G13V cancer mutant of BAP1 does not impair auto-deubiquitination of NLS. We initially tested the
G13V mutation recently described in renal carcinoma patient (Pena-Llopis et al., 2012). (E) Prediction for the
G13/F660 intra-molecular interaction (left) based on the crystal structure of UCH37 (3IHR)(right). (F) 293T
Cells were co-transfected with 2 pg of HA-Ub, 2 pg of His-UBE2O, and 1 pug of Myc-BAP1 expression
vectors. Three days later, samples were used for western blotting and probed with the indicated antibodies.
The G13 residue in UCH is predicted to interact with the F660 residue of the CC2; nonetheless G13V and
F660A mutations did not have a noticeable effect on the autodeubiquitination activity of BAP1.

Establishment of the in vitro nucleosome deubiquitination assay. (G) Schema representing the steps for the
preparation of nucleosomes containing H2A mono-ubiquitinated on lysine 119 and the in vitro DUB assays.
(H) DNA from nucleosomal Flag elution was purified using phenol/chloroform separation and loaded on EtBr
agarose gel (left). The Ponceau S staining of the nucleosomal Flag elution indicates the presence of all four
histone types (right panel). (I) /n vitro nucleosome deubiquitination reaction with purified BAP1 complexes
and bacteria purified BAP1. Samples were incubated at 37°C for 4 hours, reactions were stopped with 2X
Laemmli buffer, and used for western blot with the indicated antibodies. Note that recombinant BAP1 (not
assembled into its complex) does not deubiquitinate H2A .
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Figure S6 (Related to Figure 6). Subcellular localization of UBE20 deletion mutants reveals nuclear and
cytoplasmic targeting regions. (A) Schema of UBE20 mutants used to study its subcellular localization. (B)
U20S cells were transfected with 1 pg of GFP fusion expression vectors of UBE20 NLS regions or empty
vector and plated on coverslips. Two day later, cells were fixed and used for fluorescence microscopy analysis.
(C) U20S cells were transfected with 3 pg of Flag-HA tagged expression vectors of UBE20 mutants and
plated on coverslips. Two days later, cells were fixed and used for the immunofluorescence analysis with HA
antibody. (D) Representative cell counts for UBE20 subcellular localization are shown.

Multiple sequence alignment of NLS1 region from different UBE20O orthologs. (E) Multiple sequence
alignment of NLS regions in UBE20 orthologs, polar amino acids are in blue, hydrophobic amino acids are in
red.

Post-translational modifications of UBE20 and BAP1 (F) Schema of known UBE20O phosphorylation sites
(modified from http://www.phosphosite.org/) (G) Schema of known BAP1 phosphorylation sites (modified
from http://www.phosphosite.org/)
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Figure S7 (Related to Figure 7). NLS1 hydrophobic VLI patch is required for autocatalytic UBE20
targeting. (A) 293T cells were co-transfected with 2 pg of HA-Ub and 2 pg of indicated Myc-tagged UBE20
mutants, and cell extracts were used for immunoprecipitation.

UBE2O promotes degradation of p400 and CDT1. (B) 293T cells were co-transfected with 2 pg of HA-Ub
and 2 pug of empty vector, Myc-UBE20 or Myc-UBE20O CD and either 1 pg of Flag-CDT1 or 5 ng Flag-p400
expression vectors. Three days later, samples were used for western blotting and probed with the indicated
antibodies.

UBE2O does not ubiquitinate or promote localization change of ALC1, protein with unrelated NLS and
the predicted consensus within Macro domain. (C) Sequence alignment between the UBE20O/BAP1 in
comparison to ALC1 NLS. VLI patch is in red, and basic amino acids are in blue. Note that the K/R NLS
region is absent downstream of the UBE20 consensus found in ALC1. The previously defined NLS sequence
of ALCI does not show similarities with the UBE20 consensus. (D) U20S cells were co-transfected with 0,5
pg of HA-Ub and either 1 pg of empty vector Myc-UBE20, Myc-UBE20 CD and 1 pg of Flag-ALCl1
expression vectors and plated on coverslips. Three days later, cells were fixed and used for
immunofluorescence analysis with the indicated antibodies. (E) 293T cells were co-transfected with 2 pug of
HA-Ub and 2 pg of empty vector, Myc-UBE20 or Myc-UBE20 CD and 1pg of Flag-ALC1 expression
vectors. Three days later, samples were used for western blotting and probed with the indicated antibodies.

Identification of potential UBE2O substrates (F) Prediction of UBE2O substrates based on BAP1/UBE20
NLS consensus

2UniProt accession number.

bprotein name.

‘protein positions of the /KR]/KR][KR]-X(1,3)-[VLI]-X-[VLI]-X-X-[VLI] UBE20 binding consensus.
d

consensus sequence (consensus-defined amino acids are capital).

¢experimental evidence of the predicted UBE20-mediated substrate ubiquitination (see Figures 7 and figure
S7).
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Abstract

The deubiquitinase (DUB) and tumor suppressor BAP1 catalyzes ubiquitin removal from
histone H2A K119 and coordinates cell proliferation, but how BAP1 partners modulate its
function remains poorly understood. Here, we report that BAP1 forms two mutually exclusive
complexes with the transcriptional regulators ASXL1 and ASXL2, which are necessary for
maintaining proper protein levels of this DUB. Conversely, BAP1 is essential for maintaining
ASXL2, but not ASXL1 protein stability. Notably, cancer-associated loss of BAP1 expression
results in ASXL2 destabilization and hence loss of its function. ASXL1 and ASXL2 use their
ASXM domains to interact with the C-terminal domain (CTD) of BAP1 and these interactions are
required for ubiquitin binding and H2A deubiquitination. The deubiquitination promoting effect
of ASXM requires intramolecular interactions between catalytic and non-catalytic domains of
BAP1 which generate a composite ubiquitin binding interface (CUBI). Notably, the CUBI
engages multiple interactions with ubiquitin involving, (i) the ubiquitin carboxyl hydrolase
(UCH) catalytic domain of BAP1 which interacts with the hydrophobic patch of ubiquitin and (ii)
the CTD domain which interacts with a charged patch of ubiquitin. Significantly, we identified
cancer-associated mutations of BAP/ that disrupt the CUBI, and notably an in frame deletion in
the CTD that inhibits its interaction with ASXL1/2, DUB activity and deregulates cell
proliferation. Moreover, we demonstrated that BAP1 interaction with ASXL2 regulates cell
senescence and that ASXL2 cancer-associated mutations disrupt BAP1 DUB activity. Thus BAP1
orchestrates tumor suppression function via a unique mechanism of deubiquitination and

inactivation of BAP1/ASXL2 axis contributes to cancer development.
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Introduction

Covalent attachment of ubiquitin on lysine or N-terminal residues of target proteins can
influence substrate stability and function, and as such exerts major roles in diverse cellular
processes including intracellular trafficking, protein quality control, cell cycle progression,
transcription, DNA replication and repair (1-5). Ubiquitination is catalyzed by the concerted
action of E1-ubiquitin activating, E2-ubiquitin conjugating and E3-ubiquitin ligases and generally
results in the attachment of one or several ubiquitin molecules, i.e. mono- or poly-ubiquitination,
respectively (3,6). Ubiquitination events are tightly coordinated by DUBs, which are responsible
for reversing this modification (7,8).

Proteins containing ubiquitin-binding domains (UBDs) are responsible for the specific and
non-covalent recognition of free ubiquitin and of mono- or poly-ubiquitinated substrates. UBDs
can be categorized into several families based on structural characteristics such as the presence of
single or multiple a-helices, zinc fingers or pleckstrin-homology fold, which constitute interfaces
of low affinity interaction with one or multiple molecules of ubiquitin. UBD-containing proteins
are thus widely involved in the proper and timely initiation, propagation or termination of
ubiquitin-mediated signaling events (3,9).

The nuclear DUB BAPI1 is a tumor suppressor deleted and mutated in an increasing
number of cancers of diverse origins (10,11). Indeed, somatic or germinal inactivating mutations
in BAP1 are found in mesothelioma, uveal melanoma, cutaneous melanocytic tumors, clear cell
renal cell carcinoma, breast and lung cancers, thereby making BAP1 the most frequently and
widely mutated DUB-encoding gene in cancer (12-20). Previous studies indicated that BAP1
tumor suppressor function requires DUB activity and nuclear localization (21). Consistent with its
role in tumor suppression, BAP1 was shown to act as a positive or a negative regulator of cell
proliferation (21-24). Moreover, genetic ablation of BAPI in mice inhibits embryonic
development, while selective inactivation of BAP1 in the hematopoietic system induces severe
defects in the myeloid cell lineage, recapitulating key features of myelodysplastic syndrome (19).
At the molecular level, BAP1 acts as a chromatin-associated protein that is assembled into large
multi-protein complexes containing several transcription factors and co-factors including the Host
Cell Factor 1 (HCF-1), the O-linked N-acetyl-Glucosamine Transferase (OGT), the Lysine
Specific Demethylase KDM1B/LSD2/AOF]1, the Additional Sex Comb Like proteins ASXL1 and
ASXL2 (ASXL1/2), the Forkhead transcription factors FOXK1 and FOXK2 as well as the zinc
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finger transcription factor Yin Yang 1 (YY) (22,25,26). BAP1 is recruited at gene promoter
regions to activate transcription, and has been shown to regulate the expression of genes involved
in cell proliferation (15,26,27). BAPI is also recruited to sites of DNA double strand breaks to
promote repair by homologous recombination (24,28), and is implicated in DNA replication-
associated processes (29,30). Importantly, BAP1 functions appear to be regulated by post-
translational modifications including phosphorylation and ubiquitination (24,30,31). Nonetheless,
the mechanism by which BAP1 function is coordinated by its partners remains poorly defined.

Calypso, the Drosophila ortholog of BAP1 is a Polycomb Group (PcG) protein that interacts with
the transcriptional regulator ASX and assembles the Polycomb Repressive-DUB (PR-DUB) complex
which deubiquitinates histone H2A K118 (H2A K119 in vertebrates, hereafter H2Aub) and promotes PcG
target gene repression (32). While the exact mechanism of repression remains unknown, it is interesting
to note that the Polycomb Repressive Complex 1 (PRC1), which catalyzes H2A ubiquitination, is also
required for PcG target gene repression (33). Drosophila ASX protein is an atypical PcG factor, since it is
involved in both transcriptional silencing and activation (34,35). ASXL1 and ASXL2 (hereafter
ASXL1/2) are paralogs that appear to have diverged from ASX during evolution, and are reported to
function with a number of co-repressors and co-activators, notably the Lysine-Specific Demethylase
KDMI1A/LSD1, the PcG complex PRC2 and the Trithorax Group (TrxG) epigenetic regulators (36-39).
Similar to PR-DUB complex, a minimal complex containing mammalian BAP1 and the N-terminal
region of ASXL1 was shown to efficiently deubiquitinate H2A in vitro, indicating the requirement of
ASX or ASXL1 for DUB activity (32). The DUB activity of BAP1 toward histone H2A K119 was also
observed in vivo (20,24,27,40). BAP1 was also shown to deubiquitinate and stabilise some of its
interacting partners including HCF-1 and OGT indicating the functional importance of its catalytic
activity (19,22,23). Interestingly, the DUB activity of a BAP1 family member, UCH37, is stimulated by
RPN13 (ADRM1) 19S proteasome subunit (42-44), and phylogenetic studies suggest that RPN13 and
ASXL1/2 share a conserved domain termed the DEUBiquitinase ADaptor (DEUBAD) domain
corresponding to ASXM (45). This suggests that BAP1/ASXL1/2 might use a similar mechanism of DUB
activation as UCH37/RPN13.

The genes encoding ASXL1/2 are involved in chromosomal translocations and are frequently truncated in
various cancer types (46). ASXLI1 is frequently mutated in myeloid malignancies. Most of these
mutations generate truncated ASXL1 proteins that retain the N-terminal region required for interaction
with BAP1 (32). Although, ASXL1 interaction with BAP1 was initially revealed dispensable for
leukemia development (39), it was recently shown that leukemia-associated mutations of ASXL1, lead to

an aberrant enhancement of BAP1 DUB activity (47). Moreover, expression of these ASXL1 constructs
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in hematopoietic precursor cell line causes an overall depletion of H2Aub associated with defects in
myeloid differentiation (47). However, the involvement of this interaction in other cancers remains
unknown. In addition, the specific contribution of ASXL1 and ASXL2 to BAP1 function remains
undefined. Here, we sought to determine how ASXL1/2 modulates the H2A DUB activity of BAP1, and
the relevance of these factors for BAP1 tumor suppressor function. We mapped the exact interaction
domains and motifs between BAP1 and ASXL1/2 and demonstrated that ASXL1/2 form two mutually
exclusive complexes with BAP1, both of which are competent in deubiquitinating H2A. Furthermore, we
showed that the loss of BAP1 expression in cancer is concomitant with a destabilization of ASXL2. We
also found that the ASXM domain of ASXL1/2 is prerequisite for ubiquitin binding and deubiquitination
by BAPI1. Moreover, we found that BAP1 catalytic and non-catalytic domains form, along with the
ASXM domain, a composite ubiquitin binding interface (CUBI) required for promoting BAP1 DUB
activity by ASXL1/2 and coordination of cell proliferation. Finally, we identified a cancer-derived
mutation of BAP1 CTD, "'R606-H609, which results in a selective loss of interaction with ASXL1/2 and
inhibition of H2A DUB activity. The [TR606-H609 mutation also abolishes the ability of BAP1/ASXL2
axis to regulate cell proliferation and cellular senescence, thus providing a link between BAP1 function

and mechanisms of tumor suppression.

Results

ASXL1 and ASXL2 compete for their interaction with BAP1

ASXL1 and ASXL2 compete for their interaction with BAP1-ASXL1 and ASXL2 factors co-purified
with BAP1 (25,26), and mass spectrometry peptide counts suggest that they are associated with BAP1 at
similar levels (Fig. 1A). BAP1 interaction with ASXL1/2 was not affected by the loss of HCF-1, a major
subunit of the BAP1 core complexes associated through its HCF-1 binding motif (HBM). We also note
that the interaction between BAP1 and OGT is strongly reduced in the context of BAP1I/HBM
complexes, indicating that HCF-1 bridges OGT and BAPI. (Fig.1B). We sought to further investigate the
functional relationship between these factors. Immunoprecipitation (IP) of ASXL2 from purified BAP1
complexes did not show interaction with ASXL1 (Fig. 1C), and ASXL1 and ASXL2 failed to interact
with each other following overexpression (Fig. 1D). We noted that BAP1 interaction with ASXL2 was
reduced following expression of ASXL1 (Fig. 1D), suggesting that ASXL1 might compete with ASXL2
for BAP1 binding. To further confirm that ASXL1 and ASXL2 compete for interaction with BAP1, we
overexpressed increasing amounts of ASXL1 with constant amounts of BAP1 and ASXL2 in 293T cells
and conducted immunoprecipitation. Interestingly, although ASXL2 and BAPI1 protein levels also
increased following ASXL1 overexpression, we observed that ASXL2 was displaced from BAPI-
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containing protein complexes (Fig. 1E) indicating that ASXL1 and ASXL2 form two distinct complexes
with BAP1.

BAP1 and ASXL1/2 are co-regulated and loss of BAP1 in cancer is

concomitant with ASXL2 destabilization

To further investigate the relevance of ASXL1 and ASXL?2 in regulating BAP1 function, we transfected
293T cells with BAP1 and increasing amounts of Myc-tagged ASXL 1/2-expressing constructs. We found
that BAP1 protein levels increased with ASXL1/2 expression in a dose-dependent manner (Fig. 2A).
Conversely, ASXL1/2 protein levels were also increased following overexpression of BAP1 (Fig. 2B).
siRNA knockdown of either ASXL1 or ASXL2 in U20S osteosarcoma cells or primary human
fibroblasts resulted in a significant decrease of BAP1 protein levels (Fig. 2C,D), while combined
knockdown of ASXL1/2 caused an even stronger decrease of BAP1 levels than depletion of individual
proteins (Fig. 2C). This indicates that ASXL1/2 are necessary for maintaining proper protein levels of this
DUB. We also observed that depletion of ASXL1 resulted in a noticeable decrease of ASXL2, while
knockdown of ASXL2 caused an increase of ASXL1 (Fig. 2C,D). Knockdown of BAP1 strongly reduced
ASXL2 levels. This effect is independent of BAP1 DUB activity, as the decrease of ASXL2 protein in
U20S cells was prevented by re-expression of siRNA-resistant forms of BAPI1, either wild type or
catalytically dead mutant, BAP1C91S (Fig. 2E). The dependency of ASXL2 protein levels on BAPI
abundance suggests that ASXL2/BAP1 may form an obligate complex. Consistently, immunodepletion of
endogenous proteins from Hela nuclear extracts revealed that the majority of ASXL2 is associated with
BAPI (Fig. 2F). However, only about half the amount of BAP1 is in complex with ASXL2. PARP1 was
used as a control which remained in the flow through fraction. Significantly, ASXL2 was downregulated
in BAP1-deficient H28 mesothelioma and H226 lung carcinoma cells, and re-expression of BAP1 or
BAP1C91S restored ASXL2 protein levels in these cells, without affecting its mRNA levels (Fig. 2G,H).
These data suggest that BAP1/ASXL1/2 interactions are regulated and that loss of BAP1 during cancer

development results in concomitant loss of ASXL2 protein and function.

The ASXM domain of ASXL1/2 is required for interaction with the CTD of

BAP1

BAP1 was shown to interact with the N-terminal region of ASXL1 (1-337 a.a.) (32). To identify the exact
domain of ASXL1/2 responsible for this interaction, we conducted GST-pull down assays and found that
in vitro-translated ASXM domain (ASXM1: 253-391 a.a., ASXM2: 253-411 a.a. of ASXL1 and ASXL2
respectively) interacted with GST-BAP1 (Fig. 3A, B). To gain insights into the significance of the
BAP1/ASXL1/2 interactions, we generated ASXL1/2 expression constructs lacking the BAP1-interacting
domain (ASXL1/2T7ASXM). As expected, following transfection, protein levels of ASXL2[TASXM, but
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not ASXL1[TASXM, were reduced in comparison to their wild type counterparts (Fig. 3C). Of note, the
polypeptides encoded by the ASXL1/2 constructs were essentially nuclear (Fig. 3D). GFP-PAR-4 fusion
protein which localizes in both the cytoplasm and the nucleus was included as a control (51). Next, after
adjusting the amounts of transfected plasmids to obtain comparable expression of the wild type and
mutant forms of ASXL1/2, we found that the ability of ASXL1/2 mutants, lacking their respective ASXM
domain, to interact with BAP1 and to form protein complexes in vivo was strongly reduced (Fig. 3E).
BAPI contains an Ubiquitin Carboxyl Hydrolase (UCH) catalytic domain and a Coiled-Coil motif (CC1)
in the N-terminal region, as well as a C-Terminal Domain (CTD) containing a second Coiled-Coil motif
(CC2) (12,23,31) (Fig. 4A). This DUB also possesses a big middle region (MR), that contain the HBM
and other protein interaction motifs, separating UCH/CC1 from the CTD, (12,23,40,52). We found that
only GST-tagged fragments of BAP1 containing an intact CTD interacted with ASXM domains of
ASXL1/2 (Fig. 4B). These results indicate that ASXL1/2 use the ASXM domain to interact with the CTD
of BAPI1. To provide further insights into ASXL1/2/BAP1 interactions, we constructed BAP1 mutants
disrupted in the CTD region (Fig. 4C). The BAP1T'CTDI represents a deletion of CTD except for the
KRKKFK putative nuclear localization signal (21). The BAP1[ICTD and BAP17ICC2 represent a
complete deletion of the CTD and CC2, respectively. Supporting our finding reported above, we noticed
that disruption of CTD resulted in decreased BAP1 protein levels (Fig. 4D). We also generated HeLa cell
lines stably expressing BAP1wild type or its mutant form lacking most of the CTD, BAP17JCTDI1, and
use for complex purification. To enable meaningful comparisons, the eluted complexes were adjusted by
immunoblotting for similar amounts of BAP1 protein prior to silver staining. This revealed that BAP1
and BAPI1CCTD1 complexes were quite similar in protein composition (Fig. 4E). However,
immunoblotting analysis showed that the interaction between BAP1 T CTD1 and ASXL1/2 was abolished
(Fig. 4E). In contrast, association of BAP11CTD1 with HCF-1/OGT remained unchanged in comparison
to the wild type variant. Altogether, these results indicate that CTD and ASXMdomains are necessary and
sufficient for assembly of BAP1/ASXL1/2 complexes

BAP1 is a major DUB for H2Aub K119 and its enzymatic activity is ASXM-
dependent

Several DUBs including BAP1 were reported to target H2Aub K119 in mammals (4,53). However, the
relative contribution of each enzyme in H2A deubiquitination in vivo remained unknown. We conducted
an siRNA screen using a library that covers the human DUB repertoire by analyzing the global increase
of H2Aub using an in-cell western assay. Depletion of BAP1 produced the most significant increase of
H2Aub, indicating that this enzyme is a major DUB for this histone modification under normal growth

conditions (Fig. 5A). To investigate how ASXL1/2 regulate mammalian BAP1 DUB activity in vivo, we
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conducted RNAi-mediated depletion of these factors, and found that neither ASXL1 nor ASXL2
individual knockdown induced noticeable changes in global H2Aub levels (Fig. 5B, 5C). However,
combined knockdown of ASXL1 and ASXL2 resulted in significant increase of H2Aub, similar to the
effect induced by BAP1 depletion (Fig. 5B). This prompted us to determine the respective contribution of
ASXLI and ASXL2 to the H2A DUB activity of BAP1. A striking BAP1-mediated deubiquitination of
H2A was observed upon its co-expression with either ASXL1 or ASXL2, and this effect was dependent
on BAPI1 catalytic activity (Fig. 5D). Consistent with our mapping analysis, ASXL1 and ASXL2 lacking
ASXM were unable to stimulate H2A deubiquitination (Fig. S5E). In addition, we purified
monoubiquitinated nucleosomal Flag-H2A, from 293T cells, that we used for in vitro DUB assay and
found that ASXM1 or ASXM2, but not GST-CTD used as a control, are sufficient for stimulating BAP1-
mediated deubiquitination of H2A (Fig. 5F). Based on these results, we concluded that interaction
between ASXL1/2 and BAP1 require ASXM, and the latter is necessary and sufficient for promoting
BAPI1-mediated deubiquitination of its physiological substrate H2Aub K119.

Identifications of domains and motifs in ASXM required for promoting

ubiquitin binding and DUB activity towards histone H2A of BAP1

To further dissect the mechanism of H2A deubiquitination by BAP1, we conducted ubiquitin
pull down assays and found that ASXM2 strongly enhanced BAP1 binding to ubiquitin (Fig.6A).
ASXM?2 alone can directly bind ubiquitin, but this interaction was weak as an enrichment of
about two-folds above the background was observed (Fig. 6A). ASXM1 also promoted BAP1
binding to ubiquitin in a similar manner as ASXM2 (Fig. 6B). Since ASXM1 and ASXM2
domains acted similarly in promoting BAP1 binding to ubiquitin and DUB activity, we selected
ASXM2 for further studies. Sequence alignment of ASXL proteins indicated that the ASXM
domain is highly conserved (Fig. 6C). We generated several constructs encompassing several
regions and conserved motifs of ASXM2 (Fig. 6C). We found that the 246-347 a.a. region
interacted with BAP1 as efficiently as the full length ASXM2 (246-401 a.a.), while no
interaction was observed for the 316-401 a.a. region (Fig. 6D). The 246-313 a.a. and 300-401
a.a. regions interacted only poorly with BAP1. These results suggest that critical interaction
motifs are located within or overlapping with the 300-347 a.a. region (Fig. 6D). Only the full
length ASXM2 and the 246-347 a.a. fragment, that strongly interacted with BAP1, promoted its
binding to ubiquitin and DUB activity. Nonetheless, we noted that the 246-347 a.a. fragment was
significantly less competent in promoting BAP1 binding to ubiquitin which could explain its

weakness in promoting deubiquitination (Fig. 6D,E). Next, we generated discrete mutations of
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several highly conserved residues of ASXM2 (Fig. 6C), and found that ASXM2 interaction with
BAPI1 and ubiquitin binding are maintained for most mutants except for the LLLL303-
306AAAA hydrophobic stretch mutant which essentially lost its interaction with BAP1 (Fig.
6F,G). As expected, the LLLL303-306AAAA mutant failed to stimulate DUB activity (Fig. 6H).
Interestingly, while the L286A and NN328-329AA mutants were essentially equally efficient in
promoting BAP1 binding to ubiquitin, their ability to deubiquitinate H2A was significantly
different (Fig. 6G,H).

Intramolecular interactions in BAP1 create an ASXM-dependent Composite

Ubiquitin Binding Interface (CUBI) and enable DUB activity

The CTD of BAP1 is necessary and sufficient for the interaction between BAP1 and ASXL1/2 (Fig. 4).
This domain also engages an intramolecular interaction with both the CC1 and the UCH domains in order
to ensure BAP1 auto-deubiquitination and proper nuclear localization (31). Hence, we sought to test
whether this intramolecular interaction in BAP1 is necessary for ASXM stimulation of ubiquitin binding
and DUB activity. Indeed, as is the case for BAP17JTUCH or BAP1C91S, BAP1[/CTD was unable to
deubiquitinate H2A following incubation with ASXM2 (Fig. 7A.B). BAP1TICTD or BAPI[1CC2
mutants were also incapable of deubiquitinating H2A in the context of BAP1 protein complexes in vitro
(Fig. 7C), As a control, BAP1TTHBM complexes were competent in promoting DUB activity (Fig. 7D),
as previously shown (20). BAP1ICTD was also unable to promote BAP1 DUB activity in vivo when
expressed with either ASXL1 or ASXL2 (Fig. 7E). In addition, while ASXM2 promoted binding to
ubiquitin of both BAP1 and BAP1C91S, this domain failed to enhance ubiquitin binding of BAP1/CTD
or BAP1JUCH (Fig. 7F). ASXM2 only partially promoted BAP171CC1 binding to ubiquitin (Fig. 7A,F),
and this mutant is completely inactive in H2A deubiquitination (Fig. 7B). Thus, ASXM2 requires
intramolecular interactions between multiple domains of BAP1 to promote ubiquitin binding and

catalysis.

In contrast to the CC1 and CTD in BAPI, the corresponding domains in UCH37, helix a7 and ULD
respectively, are contiguous (Fig. 8A, left panel) (54). Nonetheless, co-crystallization of UCH37 of the
worm Trichinella spiralis (tsUCH37) with ubiquitin indicated an intramolecular interaction similar to the
one observed in BAP1 (54). In addition, R261 and Y262 a.a. residues of the ULD establish direct contacts
with ubiquitin K48 and Q49/R72, respectively (54). Molecular dynamics simulation suggested that E265
and N272, part of a non-crystalized extension of the ULD, might also bind R42 and D52 of ubiquitin,
respectively (54). R261, Y262, E265 and N272 are essentially conserved in BAP1 and correspond to
K659, F660, D663 and N670, respectively (Fig. 8A, right panel). Thus, we were prompted to test whether
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the CTD is sufficient for binding ubiquitin in solution. We found that the CTD weakly interacted with
ubiquitin, as a signal above the background was consistently observed (Fig. 8B). Importantly, mutation of
ubiquitin R42/Q49/D52/R72 residues (we termed the RQDR charged patch), involved in binding the
tsUCH37 ULD, reduced this interaction (Fig. 8B,C). Moreover, mutation of the RQDR patch also
abolished ubiquitin binding by the BAPI/ASXM2 complex (Fig. 8D). Also, ubiquitin binding by
BAP1/ASXM?2 is completely abrogated by mutating the VLI, [le36 and 1144 hydrophobic patches of
ubiquitin, which are involved in binding by the UCH domain (54-56) (Fig. 8C,D). These data indicate
that the hydrophobic and the charged RQDR patches are necessary to ensure strong ubiquitin binding by
the BAP1/ASXM2 complex. Finally, mutation of the TEK box, Phe4 patch or D58 did not affect
ubiquitin binding by BAP1/ASXM2 (Fig. 8C,D). We concluded that ASXM induces the assembly of a
composite ubiquitin binding interface (CUBI) that requires catalytic and non-catalytic domains of BAP1

and involves multiple patches of ubiquitin.

Cancer-derived mutations abolish BAP1 interaction with ASXL1/2, ubiquitin
binding and DUB activity

We asked whether tumor-associated mutations of BAP1 result in selective loss of interaction with
ASXL1/2 and ubiquitin binding and catalysis. Based on our data and tsUCH37-ubiquitin co-crystal
structure (54), we analyzed the previously reported cancer mutation landscape of BAP1 (cBioPortal for
Cancer Genomics and COSMIC cancer databases), notably in solid tumors (e.g. uveal melanoma and
renal cell carcinoma) and selected several mutations within or near its UCH (E31K, Y33D), CC1 (L230Q,
Q253K) and CTD (K656N, K658R, D663H, R666-H669) domains (13,20) (Fig. 8A). We also included
additional mutations, not found in cancer, but corresponding to highly conserved amino acids in the
vicinity of these cancer mutations (F228A, N670A) (Fig. 8A). We co-expressed these BAP1 mutants with
ASXL2 and found that most mutations did not significantly affect protein interactions except for the
R666-H669 mutant whose interaction with ASXL2 is strongly reduced (Fig. 9A). It is worth mentioning
that although BAP1 and ASXL2 are overexpressed in 293T cells, reduced protein levels of R666-H669
mutant are still observed (Fig. 9A). In vitro ubiquitin pull down interaction assays revealed that E31K and
Y33D mutations in the UCH domain result in a reduced binding of BAP1/ASXM2 to ubiquitin (Fig. 9B).
Significantly, several mutants in other domains, e.g., F228A, L.230Q, K658R and R666-H669 strongly
affected BAP1/ASXM?2 ability to bind ubiquitin (Fig. 9B). Most BAP1 mutants were also significantly
disrupted in their ability to deubiquitinate H2A (Fig. 9B). Interestingly, the D663H mutant was essentially
efficient in binding ASXM?2 and ubiquitin but failed to promote efficient DUB activity. Since the deletion
of amino acids R666-H669 (hereafter BAP1R666-H669) abolished interaction with ASXL2, ubiquitin

binding and DUB activity, we selected this mutant for further biochemical and functional studies. Of note,
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BAP1R666-H669 is expressed predominantly in the nucleus (Fig. 9C). We generated HeLa cells stably
expressing Flag-HA-BAP1R666-H669 and conducted immuno-affinity purification of DUB complexes.
After adjusting for similar amounts of immunopurified BAP1 we conducted silver staining of the eluted
material. This indicated that R666-H669 mutation did not change the overall composition of BAP1
complexes as compared to the wild type, except for missing ASXL2 band in the purified BAP1R666-
H669 complexes (Fig. 9D, left panel). ASXL1 co-migrates with other high M.W. proteins, and could not
be discerned as a distinct band. Strikingly, western blot analysis of the complexes indicated that
BAP1R666-H669 does not interact with ASXIL.1/2, whereas interaction with HCF-1/OGT were not
affected (Fig. 9D, right panel). Moreover, the purified BAP1R666-H669 complex was unable to
deubiquitinate nucleosomal histone H2A (Fig. 9E, left panel), or to bind ubiquitin in vitro (Fig. 9E, right
panel). Concordant with this data, neither full length ASXL1 nor ASXL2 are capable of stimulating DUB
activity by BAP1R666-H669 in vivo (Fig. 9F). To further investigate the disruption of BAP1/ASXL.2
DUB activity in cancer, we selected several reported cancer-associated point mutations in ASXM?2 (Fig.
6C), especially in solid tumors (e.g. breast carcinoma and colorectal adenocarcinoma), and found that
these mutations did not disrupt ASXM2 interaction with BAP1 (Fig. 9G). The BAP1/ASXM2 complex
with P274L mutation showed reduced binding to ubiquitin, while the ability of other mutants to bind
ubiquitin was essentially unaffected (Fig. 9H). Finally, three of these mutants (P274L, E330Q, F331L)
showed reduced DUB activity toward H2A indicating that ASXL2 is also targeted by mutations that
inhibit the enzymatic activity of the complex (Fig. 91). Altogether, these results indicate that several
cancer-associated mechanisms target the BAP1/ASXL2 complexes inducing loss of ubiquitin binding and

DUB activity.
BAP1/ASXL1/2 axis is required for proper cell cycle progression

We enquired to determine the biological significance of BAP1/ASXL1/2 interactions. Since BAP1
knockdown delays cell proliferation in multiple cell types (22,23,57), we sought to determine whether
ASXL1/2 and BAPI interactions influence cell cycle progression. We generated U20S cells stably
expressing comparable levels of siRNA-resistant BAP1, BAP1C91S or BAP1R666-H669 (Fig. 10A), and
conducted RNAIi depletion of endogenous BAP1. Cells were then synchronized in early S phase using
double thymidine block and released in the cell cycle. As expected, in the empty vector cells, depletion of
endogenous BAP1 delayed S phase progression. While re-expression of BAP1 rescued the defect induced
by knockdown of endogenous BAP1, this was not observed with BAP1C91S nor BAP1R666-H669 (Fig.
10B). In addition, expression of BAP1C91S or BAPIR666-H669 significantly affected the ability of
U20S cells to be synchronized (Fig. 10B). Similar cell cycle defects were also observed following
expression of BAP1 lacking CTD, BAPIACTD (Fig. 10C). The increase of H2Aub levels following
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knockdown of BAP1, was prevented by re-expression of wild type BAP1, but not by BAP1R666-H669 or
BAP1C91S mutants (Fig. 10A). We note that the higher levels of H2Aub in U20S expressing BAP1C91S
might result from a dominant negative effect on endogenous BAP1. Next, re-introduction of BAP1, but
not the BAP1R666-H669 nor the BAP1C91S in the BAP1-deficent lung carcinoma cell line H226
promoted substantial H2A deubiquitination (Fig. 10D, top panel). In addition, unlike the wild type BAPI,
which strongly inhibited cell proliferation as previously observed (21), the BAP1R666-H669 mutant only
partially inhibited cell proliferation (Fig. 10D, bottom panel). Thus, physical interaction between
ASXL1/2 and BAP1 and DUB activity are required for proper coordination of cell cycle progression.

Enforced expression of BAP1 or ASXL2 induce cellular senescence and the

p53/p21 tumor suppressor pathway in CTD/ASXM-dependent manner

Cellular senescence-associated cell cycle exit is a potent tumor suppressor mechanism. Since we
established that BAP1 function is coordinated with ASXL1 and ASXL2 in regulating cell cycle
progression, we were prompted to determine if BAP1/ASXL1/2 might influence cellular senescence. Of
note, PcG proteins, notably BMII1, are known to be involved in senescence (58-60). Therefore, we
evaluated whether enforced expression of BAPI, trigger senescence in the normal diploid human
fibroblasts IMR90 cell line model. Strikingly, retroviral overexpression of BAP1 reduced cell
proliferation and induced senescence-associated [-galactosidase (SA-B-gal) activity (Fig. 11A,B).
Interestingly, overexpression of BAP1C91S mutant also induced senescence with a more pronounced
effect than the wild type form (Fig.11A,B). To probe whether this effect is due to BAP1 ability to interact
with ASXL1/2, we evaluated the effect of BAPIACTD and BAP1R666-H669 on cellular senescence.
Indeed, these mutations significantly reduced the ability of BAP1 to induce senescence (Fig 11A,B).
Similar effects were observed for the double mutants BAP1C91S-ACTD, although a complete rescue was
observed for BAP1C91S-R666-H669 (Fig. 11A,B). On the other hand, overexpression of ASXL2, but not
ASXL1, also strongly induced senescence and reduced cell proliferation (Fig. 11A,B). Moreover, deletion
of ASXM (ASXL2TASXM) inhibited the senescence-inducing ability of ASXL2, indicating the
importance of ASXL2-BAP1 interaction in coordinating cellular senescence. To provide further insights
into the molecular mechanism that orchestrate BAP1/ASXL2-mediated senescence, we evaluated the
expression levels of known proteins that induce cellular senescence upon overexpression of BAPI,
BAP1C91S and corresponding mutants (Fig. 11C). We found that, although the effect of BAP1 was less
pronounced than the BAP1C91S form, overexpression of this DUB induced the p53/p21 tumor
suppressor pathway. Overexpression of BAPIACTD, BAP1R666-H669, BAPI1C91S-ACTD or
BAP1C91S-R666-H669 did not upregulate p53/p21 indicating the requirement for ASXL1/2 in BAPI-

mediated senescence (Fig. 11C). We also observed a concomitant decrease of CDC6 and pRB following
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overexpression of BAP1 or BAP1C91S, and these effects required interaction with ASXL1/2. In contrast,
no significant changes were observed on pl16INK4a cell cycle inhibitor and the p53 E3 ligase MDM2.

Altogether, these results indicate that the fine balance between ASXL1/2 complexes and their
coordination of BAP1 DUB activity are required for the proper progression of cell cycle and tumor

suppression.

Discussion

We provided novel insights into the mechanisms by which the DUB activity and function of the
tumor suppressor BAP1 are coordinated. First, we revealed that BAP1 and ASXL1/2 protein levels are
tightly regulated by each other. Notably, BAP1 protein levels are nearly completely reduced following
concomitant depletion of ASXL1 and ASXL2. This regulation is highly conserved since, in drosophila,
deletion of ASX also destabilized dBAP1/Calypso (32). The fact that relatively similar protein amounts of
ASXLI and ASXL2 co-purified with mammalian BAP1 and that siRNA depletion of either ASXL1 or
ASXL2 reduced BAP1 protein levels by approximately half, it is likely that BAPI/ASXL1 and
BAPI1/ASXL2 complexes coexist in the cells with a similar abundance. These complexes might exert
distinct functions and/or compete for gene regulatory regions. We also found that depletion or loss of
BAPI destabilized ASXL2, but not ASXL1. These findings demonstrate for the first time the importance
of complex assembly in maintaining proper protein levels of ASXL2, and hence its function in vivo.
Thus, developmental or disease-associated inactivation or loss of expression of one component would
result in a profound functional impact on the other partners. Indeed, loss of BAP1 in two tumor types of
different histological origins, i.e., mesothelioma and non-small lung carcinoma, caused a severe reduction
of ASXL2 protein levels. A survey of mutations in several cancers shows truncating mutations and
deletions of BAP1 that would often result in the loss of the CTD and consequently ASXL1/2 interaction.

Therefore, loss of ASXL2 function is a prevalent event in cancers with BAP1 mutations.

Similar to other post-translational modifications, ubiquitin recognition important roles in
ubiquitin-dependent signaling (9). Often, UBDs involve distinct protein domains that engage interactions
with the hydrophobic patches or other surfaces of ubiquitin and act as signal readers (9). Our study
revealed that the CTD domain of BAP1 plays a central role in coordinating ubiquitin binding and
catalysis by BAP1/ASXL1/2 complexes. First, the CTD is sufficient for binding a RQDR charged patch
of ubiquitin and can be qualified as a bona fide UBD. Second, the CTD interacts with the CC1 and the
UCH domains (31), and acts to stabilize the interaction of the ubiquitin with the catalytic domain. Third,
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the CTD also strongly interacts with ASXM domain, and the latter induces ubiquitin binding by the CUBI
and is required for catalysis. We also found that ASXM itself weakly bind ubiquitin, and hence probably
participate in ubiquitin positioning. Thus, our data support a model whereby UCH, CC1, CTD and ASXM
domains cooperate in order to generate an interface for stable binding with multiple ubiquitin patches,
thus facilitating recruitment and specific substrate deubiquitination (Fig. 12). In support of our findings
on BAPI/ASXL1/2, recent crystallography and molecular studies characterized the mechanism of
activation of UCH37 by RPN13 (55,56). The most remarkable similarities with BAP1 are the conserved
intramolecular interaction between the DEUBAD of RPN13 and the ULD of UCH37 and the stimulatory
effect of RPN13 at the level of substrate binding. Moreover, highly conserved amino acid residues in
BAP1 and UCH37, are required for the interaction with the hydrophobic patch of ubiquitin. Finally,
similar to ASXM, the DEBUAD of RPN13 also establishes a weak interaction with ubiquitin (55,56).
Thus, BAP1 and UCH37 share a highly conserved mechanism of cofactor-mediated DUB activation.
Interestingly, INO80 chromatin remodeling factor also possesses a DEUBAD, and through molecular
mimicry, this domain associates with and inhibits UCH37 (55,56). Of note, BAP1 also interacts with
INO80 ATPase, a component of the INO80O chromatin remodeling complex, and promotes its
deubiquitination (29). As INOS80OG (NFRKB) subunit of the complex inhibits UCHLS through its
DEUBAD, it will be interesting to determine whether, in specific contexts, this factor could also

negatively regulate the DUB activity of BAPI.

Our protein complex purification studies indicated that deletion of BAP1 HBM domain does not
interfere with BAP1 interaction with ASXL1/2. Conversely, mutation in CTD does not impact the
interaction of BAP1 with HCF-1/OGT. Moreover, BAP1 complexes lacking HCF-1/OGT are competent
in deubiquitinating nucleosomal histone H2A indicating that these components do not directly participate
in ubiquitin binding and catalysis. Taking into account that dBAP1/Calypso does not possess the middle
region which was acquired later in vertebrate evolution (32), HCF1/OGT and ASXL1/2 appear to define
two functional axes of the BAP1 complexes. Notably, HCF-1 recruits chromatin modifying complexes
including MLL family of histone H3K4 methyltransferases and Sin3/HDAC deacetylase complexes at
gene regulatory regions (61,62). Thus, HCF1/OGT and ASXL1/2 exert distinct, but likely concerted,
functions tethered by BAP1. Indeed, similar to HCF-1 interactions with BAP1 (22), ASXL1/2 association

with this DUB also regulates cell proliferation.

To establish the significance of BAP1/ASXL1/2 complexes for tumor suppression, we conducted
RNAI rescue studies, and showed that cancer-derived mutations that directly target BAP1/ASXL1/2
interaction result in a loss of DUB activity, increased H2Aub levels and deregulation of cell cycle

progression. In addition, mutations that directly target the BAP1 catalytic site are frequently found in
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cancer (11,13,20), and these mutations also result in increased H2Aub levels and deregulation of cell
cycle control. These findings highlight the importance of the catalytic activity of BAP1/ASXL1/2
complexes for tumor suppression. Interestingly, overexpression of BAP1 or its catalytically dead form in
primary human fibroblasts induced cellular senescence and up regulation of the p53/p21 DNA damage
response in CTD-dependent manner, although more pronounced effects were observed for the catalytic
inactive form of BAPI. It is currently unclear how both catalytically competent and inactive BAPI
promote cellular senescence. Nonetheless, as the catalytic dead BAP1 binds ubiquitin, it is possible that
these effects are associated mostly with BAP1/ASXL1/2 binding to H2Aub rather than catalysis.
Deregulation of H2Aub levels or its recognition might cause defects in transcriptional events (26), DNA
double strand break repair (24) or replication fork progression (29), all of which could promote the
induction of DNA damage and the p53 response and lead to genomic instability and cancer development.
While further studies are needed to address these possibilities, our findings, nonetheless, suggest that the
proper balance of BAP1/ASXL1/2 complexes and their coordinated binding to ubiquitinated substrates
and/or DUB activity are essential for normal control of cell proliferation. Another interesting finding is
that, overexpression of ASXL2, but not ASXL1, induces senescence in ASXM-dependent manner.
Taking into account that ASXL2 and BAP1 form an obligate complex, our study delineates that ASXL2
plays an important role in regulating BAP1 function in cell proliferation. Moreover, a cancer-derived
mutation of BAP1 that abolishes its interaction with ASXL1/2 prevents cellular senescence, further

supporting the notion that the BAP1/ASXL2 signaling axis is important for tumor suppression.

Although, we cannot exclude that BAP1/ASXL1/2 target other known substrates such HCF-1 and
OGT (19,23), our study and others provide strong support for the role of this DUB in the regulation of
H2Aub levels and tumor suppression. Indeed (i) BAP1 was revealed as a major DUB for H2A in
mammalian cells, (ii) several cancer mutations of BAP1 and ASXL2 target the UCH/CC1/CTD/ASXM
platform, which is critical for ubiquitin binding and H2A deubiquitination, (iii) BAP1 null cancer cells
display high H2Aub levels that could be reduced following reintroduction of BAP1, but not ASXL1/2
interaction-deficient mutants, (iv) both PcG proteins RinglB and BMII1, two critical components of the
PRC1 complex that catalyze H2A ubiquitination, regulate cell proliferation and are overexpressed in
cancer (63-65). Thus, our study provides further insights into the potential involvement of H2Aub in

tumorigenesis.
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Experimental Procedures

Plasmids

Plasmids-Retroviral constructs pOZ-N-Flag-HA-BAP1, pOZ-N-Flag-HA-BAP1 C91S (catalytic dead)
and pOZ-N-Flag-HA-BAP1AHBM (BAP1 mutant deleted in the NHNY sequence corresponding to the
HCF-1 binding motif); constructs to produce recombinant full-length GST-BAP1 and various deleted
forms; pET30a+ BAP1 for production of His-tagged BAP1 were previously described (26). pPCDNA3-
Flag-H2A was obtained from Moshe Oren (48). pOZ-N-Flag-HA-BAP1 ACTD1 and pOZ-N-Flag-HA-
BAP1 ACC2 were generated by PCR-based subcloning. Non-tagged pCDNA3-BAP1 and pCDNA3-
BAP1-C91S were generated by subcloning the cDNAs from pOZ-N-Flag-HA-BAP1 and pOZ-N-Flag-
HA-BAPI1-C91S respectively. siRNA resistant constructs for BAP1, BAP1-C91S, BAP1 ACTD,
BAP1R666-H669 were generated using gene synthesis (BioBasic) and then subcloned into modified
pENTR D-Topo plasmid (Life Technologies). Expression constructs of siRNA resistant BAP1, BAP1
C91S, BAP1 ACTD and BAP1 AR666-H669 were generated by recombination using LR clonase kit
(Life Technologies) into pMSCV-Flag-HA-IRES-Puro or pDEST-Myc constructs (25). BAP1AUCH,
BAPIACC1 and BAPIACTD were described (31), and were sub-cloned by PCR into pENTR.
Ubiquitin constructs (Ub wild type, Ub VLI (V70A/L8A/I44A), Ub 136A, Ub 144A, Ub D58A) flanked
by att-B and att-P recombination sites were generated by gene synthesis (Life technologies) directly
into pMK-Rq plasmid and bacterial expression constructs were generated by recombination into
pDEST-GST. Other Ubiquitin mutants constructs (Ub TEK (K6A/L11A/T12A/T14A/E34A), Ub 1136
patch (LS8A/I36A/L71A/L73A), Ub IL44 patch (L8A/L44A/H68A/VT70A), Ub Phe4 patch
(Q2A/FAA/T14A), Ub (Q49A/R72A), Ub (R42A/Q49A/D52A/R72A)) flanked by att-B and att-P
recombination sites were generated by gene synthesis (Biobasic) directly into pUC57-Kan Vector and

bacterial expression constructs were generated by recombination into pDEST-GST. Human cDNA
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ASXLI1 (NCBI: NM_015338.5) and ASXL2 (NCBI: NM _018263.4) were cloned from HeLa total
RNA by reverse transcription and inserted into pENTR D-Topo plasmid. BAP1 point mutations
constructs were generated by site direct mutagenesis in pPENTR D-Topo BAP1 using PfuUltra High-
Fidelity DNA Polymerase. Human Myc-ASXL1 AASXM and Myc-ASXL2 AASXM constructs were
generated by PCR-based subcloning of 2 fragments each ligated in frame into pENTR D-Topo.
Expression constructs of ASXL1, ASXL2 and corresponding vectors with deletions of ASXM were
generated in pDEST-Myc and pDEST-Flag. Other expression constructs for BAP1 and corresponding
mutants forms, were generated using LR clonase in pDEST-Myc, pDEST-Flag and bacterial pDEST-
His. Full length ASXM1 and ASXM?2 and deletions mutants forms of ASXM2 (ASXM2 246-313,
ASXM?2 300-401, ASXM?2 316-401, ASXM?2 246-347) were sub-cloned by PCR and inserted into
pENTR D-Topo plasmid. ASXM2 point mutations constructs were generated by site direct
mutagenesis in pENTR D-Topo ASXM?2. Bacterial expression vectors of ASXM1, ASXM2 and
respective mutant forms were generated in pDEST-GST and pDEST-MBP vectors. Human PAR-4 was
cloned in-frame with GFP in pCDNA3 using PCR.

Cell culture and cell transfection

Primary human skin fibroblasts (LF1), BAP1-deficient human lung squamous carcinoma NCI-
H226, BAPI-deficient human mesothelioma NCI-H28, U20S osteosarcoma, human
embryonic kidney HEK293T (293T), Cervical cancer HeLa, normal Human Lung Fibroblasts
(IMR90), phoenix ampho and 293-GPG packaging cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with foetal bovine serum (FBS), L-glutamine and
penicillin/streptomycin. HeLa S3 cells were cultured in Minimum Essential Media (MEM)

supplemented with FBS, L-glutamine and penicillin/streptomycin.

293T cells were transfected with the mammalian expressing vectors using polyethylenimine
(PEI) (Sigma-Aldrich). Three days post-transfection, cells were harvested for immunoblotting,

immunoprecipitation or immunostaining.

Similar numbers of H226 BAPI1-null cells stably expressing BAP1, BAPIC91S or
BAP1R666-H669 were seeded on the plates and cultured for 5 days. The clonogenic survival

assay was essentially done as described before (24).

U20S or LF1 cells were transfected using Lipofectamine 2000 (Life technologies) with 200
pmol of either ON-TARGET plus Non-targeting pool (D-001810) or ON-TARGET plus
SMARTpool BAP1 (L-005791) (Thermo Scientific, Dharmacon) or with a pool of siRNA
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sequences purchased from Sigma-Aldrich targeting ASXL1 (pool of 4 oligonucleotides,

SASI _Hs02 00347642, SASI _Hs01 00200507, SASI_Hs01 00200508,
SASI Hs01 00200509) and ASXL2 (2 pools of 4 oligonucleotides, SASI Hs01 00202197,
SASI Hs01 00202198, SASI Hs01 00202199, SASI Hs01 00202200 and
SASI _Hs01 00202197, SASI _Hs01 00202200, SASI_Hs01 00202203,

SASI HsO01 00202201 ). Four days post-transfection, cells were harvested for

immunoblotting
siRNA DUB screen

HeLa cells were transfected with individual siRNA pool targeting DUBs (ON-TARGETplus®
SMARTpool® siRNA Library-Human Deubiquitinating Enzymes) using Lipofectamine 2000 (Life
Technologies). Three days post-transfection, cells were fixed and used for immunostaining with
H2Aub antibody and the fluorescence signals were detected with a Fluoroskan Ascent™ Microplate
Fluorometer (Thermo Scientific), and the obtained values were used to derive the Z-scores. The screen

was done in duplicate and the values of H2Aub signals were normalized to DAPI staining.

qRT-PCR analysis of mRNA expression

Total RNA was used to prepare the cDNAs as described (26). The cDNAs were analyzed by
Real time PCR using SYBR Green detection DNA quantification kit (Life technologies) to
determine levels of gene mRNAs. PCR was conducted on an Applied Biosystems® 7500
Real-Time PCR Systems (Life Technologies). To ensure accurate quantification of mRNA,
similar amounts of total RNA were spiked with an in vitro synthesized GAL4 mRNA, which
was performed following the manufacturer procedure (MAXIscript Kit Procedure, Life
Technologies). The transcript was synthesized from pcDNA.3-GAL4 construct with T7
promoter. The primers used are listed below. hASXL2-F: GAATCCAGGTGCGAAAAGTAC
and hASXL2-R: GATGGAGACTGGAAAACGAGC and GALA4-F:
CAACTGGGAGTGTCGCTACT, and GAL4-R: AATCATGTCAAGGTCTTCTCGA
Immunoblotting and antibodies

Total cell extracts were used for SDS-PAGE and immunoblotting was done according to
standard procedures (26). The band signals were acquired with a LAS-3000 LCD camera
coupled to MultiGauge software (Fuji, Stamford, CT, USA). Anti-FOXK2 rabbit polyclonal
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antibody was previously described (31). The rabbit polyclonal antibody anti-ASXL1 was
generated using bacteria-expressed fragment (700-950 amino acids of the human protein) with
Pacific Immunology. Mouse monoclonal anti-BAP1 (C4, sc-28383), rabbit polyclonal anti-
BAP1 (H300, sc-28236), rabbit polyclonal anti-YY1 (H414, sc-1703), rabbit polyclonal anti-
OGT (H300, sc-32921), mouse monoclonal anti-CDC6 (180.2, sc-9964), mouse monoclonal
anti-MCM6, mouse monoclonal anti-tubulin (B-5-1-2, sc-SC-23948), mouse monoclonal anti-
p53 (DO-1, sc-126), mouse monoclonal anti-p16 (JC8, sc-56330), mouse monoclonal anti-
MDM2 (SMP14, sc-965), rabbit polyclonal anti-FOXK1 (H-140, sc-134550), and mouse
monoclonal anti-PARP1 (F2, sc-8007) were from Santa Cruz. Rabbit polyclonal anti-HCF-1
(A301-400A) and rabbit polyclonal anti-ASXL2 (A302-037A) were from Bethyl Laboratories.
Mouse monoclonal anti-p21 (55643) was from BD Pharmigen. Mouse monoclonal anti-Flag
(M2) and rabbit polyclonal anti-GST (G7781) were from Sigma-Aldrich. Mouse monoclonal
anti-MYC (9E10) was from Covance. Rabbit polyclonal anti-H2Aub K119 (D27C4) rabbit
polyclonal anti-H2Bub K120 (D11 XP), mouse monoclonal anti-RB (4H1), rabbit polyclonal
anti-pRB (S807/811) and mouse monoclonal (HRP conjugated) anti-MBP (E8038) were from
Cell Signaling. Mouse monoclonal anti-H2Bub antibody (NRO3) was from MEDIMABS.
Mouse monoclonal anti-Phospho-H2AX (ser139) (clone JBW301, 05-636), Mouse
monoclonal anti-H2Bub antibody clone 56 (05-1312), Mouse monoclonal anti-H2Aub K119
antibody clone E6C5 (05-678) and mouse monoclonal anti-[]-Actin (MAB1501, clone C4)
were from Millipore.

Immunodepletion and Immunoprecipitation

Immunodepletion experiments were done as described (26). Reciprocal immunoprecipitation
from the BAP1 complexes was conducted essentially as described (31). Briefly, the purified
BAP1 complexes were incubated with the indicated antibodies overnight at 4 °C. The
immuno-depleted complexes were recovered next day with protein G sepharose beads
saturated with 1% BSA. Co-immunoprecipitation was conducted as described (26).

Cell lines with stable expression and protein complex purification

HeLa S3 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1ACTDI, or Flag-HA-
BAPIR666-H669, H28 cell lines stably expressing Flag-HA-BAP1 and Flag-HA-BAP1C918S,
as well as H226 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1C91S and Flag-
HA- BAP1R666-H669 were generated following retroviral infection using pOZ-N-Flag-HA-
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IRES-IL2R retroviral constructs and selection using anti-IL2 magnetic beads (Life
Technologies) (26). U20S expressing siRNA resistant Flag-HA-BAP1, Flag-HA-BAP1C918S,
Flag-HA-BAP1 ACTD and Flag-HA- BAP1R666-H669 were generated following retroviral
infection using pMSCV-Flag-HA-IRES-Puro based constructs and selection with 3 pg/ml of
puromycin. Around 3 X 109 of HeLa S3 cells were used for the immunoaffinity purification of
the different BAP1 complexes. The purification was done as previously described (31). Eluted
complexes were used for silver stain, western blot analysis and in vitro ubiquitin pulldown and

DUB assays.

In vitro interaction assays

Protein interaction pull down assays were conducted as previously described (26).
Ubiquitin pull down interaction assays

GST-ubiquitin immobilized beads and its corresponding mutant forms were purified using
glutathione agarose beads. For the Ubiquitin-Agarose pull down interaction assays, His-BAP1
or the corresponding mutant forms (1.6 pg, 20 nM) were pre-incubated for 30 min to 1 hour
with GST-ASXM1 or GST-ASXM2 (2 pg each, 50 nM) or GST-ASXM?2 deletion mutant
forms at 4 °C in 50 mM Tris, pH 7.5; 150 mM NaCl; 1% Triton; 1 mM PMSF, protease
inhibitors cocktail and 2 mM DTT. The mix was incubated for 3 hours with Ubiquitin-
Agarose beads (Boston Biochem) which were then washed 6 times with the same buffer. The
associated proteins were eluted in Laemmli buffer and subjected to western blotting. For the
GST-Ubiquitin (GST-Ub) pull down interaction assays, His-BAP1 or His-BAP1 C91S or the
recombinant BAP1 deletion mutants (1.6 pg, 20 nM) were pre-incubated for 30 min to 1 hour
with either MBP-ASM2 or its corresponding mutant forms (2 pg, 30 nM). The mix was then
incubated overnight with either GST-Ubiquitin immobilized beads or mutant forms (3 ug, 80
nM). The beads were washed 6 times with the same buffer and the associated proteins were
subjected to western blotting. For the GST-Ubiquitin (GST-Ub) pull down interaction assays
using MBP-ASXM?2 (2 pg, 30 nM) or MBP-CTD (3 pg, 40 nM), the purified proteins were
incubated for 16 hours with GST-Ubiquitin immobilized beads (3 pg, 80 nM). The beads were
washed 6 times with the same buffer and the associated proteins were subjected to western

blotting.
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Purification of the nucleosomes and in vitro DUB assay

Native nucleosomes were purified as described (24). The purified nucleosomes were used for
the in vitro DUB assay using either Flag-HA purified BAP1 complexes or bacteria-purified
His-BAP1 (8 ng, 2 pM) with or without bacteria purified GST-ASXM1/2 (10 ng, 4 pM) or
MBP-ASXM2 (10 ng, 2,8 pM) as described (24). The DUB reaction was carried out in the
reaction buffer (50 mM Tris-HCI, pH 7.3; 1 mM MgCI2; 50 mM NaCl; 1 mM DTT) for the
indicated times at 37°C. The in vitro reaction was stopped by adding Laemmli buffer and

analyzed by immunoblotting.
Synchronization and cell cycle analysis

U20S cells were synchronized at the G1/S border using the method of thymidine (2 mM)
double block and analyzed by flow cytometry as described previously (49).

Immunofluorescence
The immunostaining procedure was carried as previously described (50).

Protein sequence analysis and structure modeling-Conservation of protein sequences was
determined using Geneious 6.1.2 (Biomatters, http://www.geneious.com). The ubiquitin
resolved 3D structure PDB file (1UBQ) was downloaded from the PDB database
(http://www.rcsb.org/pdb/home/home.do). We used the Chimera software (UCSF Chimera V
1.10) to visualize the 3D structure and to highlight different ubiquitin interfaces.

Statistical Analysis

Most experiments were conducted at least three times. Quantifications were done for a
representative experiment. DUB RNAIi screen was conducted once. Cell counts for senescence
studies were derived from one representative experiment and are shown as average with

standard deviation.
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Figure 1. BAP1 interacts with either ASXL1 or ASXL2.

A) BAP1 complexes contain relatively similar amounts of ASXL1/2 proteins. ASXL1/2 peptides identified by
mass spectrometry following the purification of BAP1 complexes from HeLa S3 cells. The amino acid positions
of the peptides are indicated. B) HCF-1 is not required to maintain the interaction between BAP1 and ASXL1/2.
Purification of BAP1 or BAPIAHBM (lacking the HCF-1-binding motif) complexes and detection of ASXL1/2
and BAP1 by immunoblotting (left panel). The immunopurifed proteins were also analyzed by immunoblotting to
detect the two major components of the BAP1 complexes, HCF-1 and OGT (right panel). Note that OGT is
greatly reduced in the BAP1AHBM complexes due to the absence of HCF-1. C) Reciprocal immunoprecipitation
(Re-IP) of ASXL2 from the purified BAP1 complexes. D) 293T cells were transfected with Myc-ASXL2 (6 pg)
with or without Flag-ASXL1 (4 pg) expression vectors and harvested, three days later, for IP of Myc (ASXL2).
E) 293T cells were transfected with Flag-BAP1 (0.1 pg) and Myc-ASXL2 (3 pg) constructs in the presence of
increasing amounts of Myc-ASXL1 construct (1, 2 and 5 pg) and harvested, three days later, for IP of BAP1
using anti-Flag. Overexpressed Myc-ASXL.2 was detected with anti-ASXL2 and anti-Myc antibodies. ASXL1
was detected with anti-Myc antibody. The difference in M.W. allows discrimination between ASXL1 and
ASXL2 bands. YY1 is used as a loading control. Quantification of band intensity for each protein was conducted
relative to the lowest amount of transfected plasmid. The dot and the star indicate a monoubiquitinated form of
BAP1 (31), and non-specific bands respectively (panels B, C, D).
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Figure 2. BAP1 and ASXL1/2 are co-regulated and loss of BAP1 in cancer is concomitant with ASXL2
depletion.

A) 293T cells were transfected with BAP1 and increasing amounts of either Myc-ASXL1 (0.5, 1, 2 and 5 pg) or
Myc-ASXL2 (0.5, 1, 2 and 5 pg) expression vectors and harvested, three days later, for immunoblotting. B) 293T
cells were transfected with Myc-ASXL1 or Myc-ASXL2 with increasing amounts of BAP1 (0.3 and 1 pg) vectors
and harvested, three days later, for immunoblotting. Quantification of band intensity for each protein was
conducted relative to the lowest amount of transfected plasmid (panels, A, B). C) Protein levels following siRNA
depletion of BAP1 and/or ASXL1/2 in U20S cells. D) Protein expression following siRNA depletion of BAPI,
ASXL1 and ASXL2 in LF1 human fibroblasts. E)Depletion of endogenous BAP1 using siRNA in U20S cells
stably expressing empty vector, siRNA-resistant BAP1 wild-type or siRNA-resistant BAP1 catalytic dead mutant
(CI1S). Protein levels of BAP1 and ASXL2 were detected by immunoblotting. Quantification of band intensity
was conducted relative to the non-target siRNA control (panels C, D, E). F) Immunodepletion of BAP1 or ASXL2
from HeLa nuclear extracts. The nuclear DNA damage signaling enzyme, PARP1, was used as a control, which
mostly remained in the flow through fraction. G) Reconstitution by retroviral infection of H28 mesothelioma and
H226 non-small lung carcinoma BAP1-deficient cells with BAP1 or BAP1C91S. Protein levels of BAP1 and
mutants were detected by immunoblotting. H) mRNA of ASXL2 in reconstituted H226 cells was quantified by
gPCR. The data represent two independent experiments. B-Actin or YY1 are used as protein loading controls.
Quantification of band intensity was conducted relative to BAP1 transfected samples (panels G). The dot and stars
indicate a monoubiquitinated form of BAP1 (31), and non-specific bands respectively (panels, A, B, C, D, E, G).
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Figure 3. ASXM of ASXL1/2 is required for interaction with BAP1.

A) Schematic representation and conservation of ASXL1/2. B) GST-pull down assay using GST-BAP1 and
methionine S35-labeled ASXL1 or ASXL2 fragments. The arrows indicate the full length forms of the fragments.
C) ASXM is required for ASXL2, but not ASXL1, stability. Flag-ASXL1/2 and their respective Flag-ASXL1/2
AASXM mutants (3 pg each) were transfected in 293T cells which were harvested, three days post-transfection,
for immunoblotting. A duplicate of transfection is shown for Flag-ASXL1/2 AASXM mutants. D) U20S cells
were transfected with either Myc-ASXL1 (4 pg), Myc-ASXL1 AASXM (4 pg), Myc-ASXL2 (4 pg), or Myc-
ASXL2 AASXM (4 pg) along with GFP-PAR4 (0.5 pg). Three days post-transfection, cells were harvested for
Immunostaining using the indicated antibodies. The cells overexpressing the different forms of ASXL1/2 were
encircled. E) 293T cells were transfected with Myc-ASXL1 (4 ug), Myc-ASXL1 AASXM (4 ng), Myc-ASXL2 (4
ng), or Myc-ASXL2 AASXM (6 pg), along with BAP1 (1 pg) vectors and harvested, three days post-transfection,
for IP with anti-Myc. The dot indicates a monoubiquitinated form of BAP1 (panel E) (31).
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Figure 4. BAP1 interacts with ASXL1/2 via its CTD domain.

A) Schematic representation of the BAP1 fragments used for in vitro pull down in panel B. B) GST-pull down
assay using GST-BAP1 fragments and methionine S35-labeled ASXM domains of ASXL1 or ASXL2. The arrows
indicate the full length forms of the fragments. C) Schema of the different deletions in the CTD domain used to
generate BAP1 mutants. BAP1IACTDI represents a deletion of the CTD from 635 up to 693 amino acids except
the KRKKFK motif which is suggested to function as an NLS (21). We also generated a BAP1IACTD which
represents a mutant with a deletion of the CTD domain (A631-693 amino acids). BAP1ACC2 represents a mutant
with a smaller deletion within the CTD domain (A635-655 amino acids). D) A functional CTD is required for
proper protein stability of BAP1. Protein expression levels of BAP1 and its CTD deletion mutant form in stable
HeLa S cell lines (Top panel). Myc-BAP1, Myc-BAP1 ACTD expression constructs (3 pg each) were transfected
in 293T cells, which were harvested, three days post-transfection, for immunoblotting (Bottom panel). E) Left
panel, silver stain of the immunopurified BAP1 and BAP1/CTDI1 complexes. Right panel, western blot detection
of components of the BAP1 complexes. The high and low arrows indicate the position of ASXL2 and BAP1 (WT
and BAP11/CTD1) respectively. B-Actin or YY1 are used as protein loading controls. The dot indicates a
monoubiquitinated form of BAP1 (panel D) (31).
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Figure 5. ASXM of ASXL1/2 stimulates BAP1 DUB activity.

A) siRNA screen for DUBs that coordinate H2Aub levels. Following transfection with siRNA DUB library, HeLa
cells were fixed and immunostained for H2Aub K119 (H2Aub). The fluorescence signal was determined and the
values used to derive the Z-scores. B) Knockdown of BAP1 or concomitant Knockdown of ASXL1 and ASXL2
induces a significant increase of the global level of H2Aub. U20S cells were transfected with siRNA as indicated
and harvested four days post-transfection for immunoblotting using the indicated antibodies. Quantification of
band intensity for H2Aub was conducted relative to the non-target siRNA control (siNT). C) Increase of H2Aub
levels following BAP1 depletion is not due to a global increase of H2A. U20S cells were transfected with siRNA
of BAP1, ASXL1 and ASXL2 and harvested, four days post-transfection, for immunoblotting using the respective
antibodies. Tubulin was used a loading control for soluble proteins and histone H3 as a loading control for
histones levels. Quantification of band intensity for H2Aub was conducted relative to the non-modified histone
H2A and the values were then normalized to the non-target siRNA control (siNT). D) ASXL1/2 promote BAP1
DUB activity toward H2Aub in vivo. U20S cells (top panel) or 293T cells (bottom panel) were transfected with
either Myc-BAP1 (0.5 pg) or Myc-BAP1 CI1S (0.5 pg) expression constructs in the presence or absence of Flag-
ASXL1/2 (4 pg) expression constructs. Three days post-transfection, cells were harvested for Immunostaining
using the indicated antibodies. The cells overexpressing BAP1 and BAP1C91S were encircled. Note that the
transfections were conducted with plasmid ratios optimized to ensure that most BAP1 transfected cells also
express ASXL1 or ASXL2. Cells overexpressing BAP1 were counted for change in H2Aub signal. The
percentages at the right of the panel represent the number of cells showing very low signal of H2Aub versus the
total number of BAP1 expressing cells. E) 293T cells were transfected as indicated using Flag H2A (0.2 pg),
BAP1 (1 pg), Myc-ASXL1 (4 pg) or Myc-ASXL1 AASXM (4 pg) vectors (left panel); Myc-ASXL2 (4 ng) or
Myc-ASXL2 AASXM (6 ng) vectors (right panel) and harvested, three days later, for immunoblotting. F) In vitro
DUB assay of nucleosomal H2A using recombinant His-BAP1 (8 ng, 2 pM) in presence of increasing amounts of
recombinant GST-CTD, GST-ASXM1 or GST-ASXM2 (0.6 pM, 1.2 pM, 2 pM and 4 pM). B-Actin, Tubulin or
YY1 were used as loading controls.
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Figure 6. ASXM enhances BAP1 binding to ubiquitin.

A) Recombinant His-BAP1 (1.6 pg, 20 nM) and MBP-ASXM?2 (2 pg, 30 nM) were incubated with either GST or
GST-Ubiquitin-Agarose beads (3 pg, 80 nM) and the pulled down fractions were analysed by immunoblotting. B)
Recombinant His-BAP1 (1.6 pg, 20 nM) and GST-ASXM1 or GST-ASXM2 (2 pg, 40 nM) were incubated with
ubiquitin-agarose beads and the pulled down fractions were analyzed by immunoblotting. C) Multiple sequence
alignment between the ASXM domains of human ASXIL.1/2, Drosophila ASX and other paralogs and orthologs of
ASX. The mutants of ASXM2 including the cancer-associated mutants used in panels F, G, H and Fig.9 are
shown. D) GST pull down interaction assay and in vitro DUB reactions of H2A using His-BAP1 and GST-
ASXM2 (full length and deletion mutant forms). For the pull down assay, His-BAP1 (1.6 pg, 20 nM) was
incubated with GST-ASXM2 (2 pg, 40 nM) or the different fragment of GST-ASXM2 (2 pg, 50 nM). His-BAP1
(8 ng, 2 pM) and the different recombinant ASXM2 fragments (10 ng, 4 pM) were used for the DUB reactions. E)
His-BAP1 (1.6 pg, 20 nM) and the different GST-fused fragments of ASXM2 (2 ug, 40 nM) were subjected to
ubiquitin-Agarose pull down assay followed by immunoblotting. F) MBP-pull down interaction assay using
recombinant MBP-ASXM?2 (full length and mutant forms) (2 pg, 30 nM) and His-BAP1 (1.6 pg, 20 nM). G)
GST-Ubiquitin pull down assay using MBP-ASXM?2 full length and the different mutant forms with His-BAP1.
The pull down was done as in (A). H) In vitro DUB reactions of H2A using His-BAP1 (8 ng, 2 pM) and the
different recombinant MBP-ASXM?2 (10 ng, 2,8 pM).
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Figure 7. Intramolecular interaction in BAP1 is required to create an ASXM-inducible composite ubiquitin
binding interface (CUBI).

A) Schematic representation of the different BAP1 mutants generated for in vitro experiments done in panel B. B)
In vitro DUB reaction of nucleosomal H2A using His-BAP1 or its mutant forms (8 ng, 2 pM) in presence or
absence of MBP-ASXM2 (10 ng, 2,8 pM). C-D) In vitro deubiquitination assay of nucleosomal histone H2A
using purified Flag-HA BAP1, BAPIACTD1 or BAP1ACC2 complexes. BAPIAHBM was used as a control since
HCF-1 is not required for BAP1 DUB activity. E) In vivo DUB activity of BAP1ACTD is abolished due to the
lack of interaction with ASXL1/2. Flag-H2A (0.2 ng) expression construct was co-expressed in 293T cells with
either Myc-BAP1 (1 pg) or Myc-BAP1 ACTD (1 ng) with or without Myc-ASXL1 (4 pg) or Myc-ASXL2 (6 pg)
expression constructs. Three days post-transfection, cells were harvested for immunoblotting. YY1 is used as a
loading control. F) His-BAP1 mutants (1.6 pg, 20 nM) and MBP-ASXM2 (2 ug, 30 nM) were subjected to GST-
Ubiquitin pull down assay followed by immunoblotting.
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Figure 8

Figure 8. BAP1 CTD is an ubiquitin-interacting domain.

A) Comparison between BAP1 and UCH37. tsUCH37 of the worm Trichinella spiralis whose crystal structure
was recently reported (38), was aligned with human UCH37 and BAP1. The functional conserved domains
between BAP1 and tsUCH37 are shown in the left panel. The alignment (right panel) show conserved motifs and
residues in the UCH, CC1 and CTD domains. The mutants of BAP1 including the cancer-associated mutants used
in Fig. 9 are shown. Note the presence in the CTD of the cancer mutant BAP1R666-H669 with a deletion of the
R666 to H669 amino acids. B) MBP-CTD (3 pg, 40 nM) of BAP1 was subjected to GST-Ubiquitin pull down
assay using GST-Ubiquitin wild type or its mutant forms (3 pg, 80 nM) (all residues were converted to alanines)
and then analysed by immunoblotting. C) Ubiquitin structure showing the various interaction interfaces. D) GST-
Ubiquitin pull down interaction assays using GST-Ubiquitin wild type or its different mutant forms (all residues of
each path were converted to alanines) and His-BAP1 with MBP-ASXM?2 followed by immunoblotting. The pull
down was done as in Fig. 7F.
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Figure 9. Disruption of BAP1 ubiquitin binding and DUB activity by cancer-associated mutations of BAP1
and ASXL2.

A) R666-H669 BAP1 cancer mutation abolishes its interaction with ASXL2. Myc-ASXL2 (6 ug) construct was
co-transfected in 293T with either Flag-BAP1, Flag-BAP1 C91S or Flag-BAP1 mutants constructs (1 pg) and
cells were harvested for Flag IP of BAP1 followed by immunoblotting. B) Ubiquitin pull down and in vitro DUB
assays of nucleosomal H2A using GST-ASXM2 and His-BAP1, His-BAP1C91S or the different recombinant
mutant forms of BAP1. The same amounts of recombinant proteins as presented in Fig. 5, 6 and 7 were used for
the in vitro reactions. C) U20S cells were transfected with either Myc-BAP1 (4 pg) or Myc- BAP1 R666-H669 (4
ng) along with GFP-PAR4 (0.5 pg). Three days later, cells were harvested for immunostaining using the indicated
antibody. Cells expressing BAP1 or BAPIR666-H669 were encircled. D) BAP1 complexes were purified from
HeLa cells stably expressing Flag-HA-BAP1 or Flag-HA-BAP1R666-H669. Left panel, silver stain shows the
profiles of the complexes. Right panel, western blot detection of the major components of the BAP1 complexes.
The high and low arrows indicate the position of ASXL2 and BAPI1 respectively. E) In vitro DUB assay of
nucleosomal H2A (top panel) and Ubiquitin pull down assay (bottom panel) using BAP1 and BAP1R666-H669
complexes. F) R666-H669 BAP1 cancer mutation results in the abrogation of its DUB activity in vivo. Flag-H2A
(0.2 pg) construct was co-expressed in 293T cells with either Myc-BAP1 (1 pg) or Myc-BAP1 R666-H669 (1 ug)
with or without Myc-ASXL1 (4 ug) or Myc-ASXL2 (6 pg) expression constructs. Three days post-transfection,
cells were harvested for immunoblotting. G) His-BAP1 (1.6 pg, 20 nM) and MBP-cancer associated mutants
forms of ASXM2 (2 pg, 30 nM) were subjected to MBP pull down interaction assays. H-I) His-BAP1 and MBP-
ASXM2 mutants were subjected as done in Fig. 6, 7 and 8 to GST-Ubiquitin pull down assay (H) and in vitro
DUB assay using nucleosomal H2A (I). The reactions were analyzed by immunoblotting. YY1 is used as a
loading control. The dot indicates a monoubiquitinated form of BAP1 (31) (panels D, E).

cxiil



U208
Vechr BAP1  BAP1CH1S gApqRGGH6® RAP1CTD
POEINE I Sorkl_ S0
M . G177 | G146
. S §:12 $40
B (e @ GZM11| | GaM14
all || | -
%)
---—---—--I'm _Jll"w" | I'\ §
. - — — = YY1 = | G120 | G144 %
| — — ‘ = | s63 ||| 549 L&l
1 03 26 16 2 22 11 04 (ASX2 fold change) = |I| GAMAT|| || ,G2M 17
1 25 08 11 2 2508 2 (HZwbikchange) g ‘l' l‘u" &) | |1 e
o
B lk ;l Ik
Veclor BAP1
Si Conlol SiBAP1 Si Conlol Si RAP1
Gler | | 6179 G1:85 | Gt D
= | s7 59 6 | S8
g G2IM:6 G2IM:12 G2IM:9 G2IM:10
= (%) Y Y LT N P
@ \ I\ 5
| oy ) Y s
T G116 G1: 24 | G118 I
= lsn ||| ss | flse | ]l sm
2 Gam13 | ||| cam21 | ||| G2M:15 n G2M:15
o | (%) 41 (%) [ (%) | (%)
o I | A
M}1()915 M}1Rﬂii—lﬂﬂ
Si Conlol SiBAP1 Si Control SiBAP1
| G177 | G1:40 ’ G1:78 l G1:53
oy 57 5. 50 58 56
2 | eamis|| | cam1o ‘I G2 14 | G2IM: 41
o= |II (%) ”.. N\ (%) (%) | (%) g
A, 1\ 1\ |\ o
. J¥ \ 2
o , G121 |G1:14 ’ Gi:27 |69 | |3
= f|. 5: 59 |5 3 . 554 s
2 ]| cam2o 1 JiG2M:50 | N ocamtg || I [|cam 44
R VUL () VAR [\ (%) AWARNTS
o rll- I W | | JI \.al
DNA conlent (P1)

|[Figure 10

Figure 10. BAP1 regulates cell cycle progression in CTD-dependent manner.

A) Protein levels following depletion of endogenous BAP1 using siRNA in U20S cells stably expressing siRNA-
resistant BAP1, BAPICI1S or BAPIR666-H669. B-C) Mutations of CTD disrupts BAP1 function in regulating
cell proliferation. Following siRNA for endogenous BAP1, U20S cells stably expressing siRNA-resistant BAP1,
BAP1C91S, BAP1R666-H669 or BAPIACTD were synchronized by double thymidine block at the G1/S
boundary and released 7 hours to progress through S phase and were then subjected to FACS analysis. D) H226
BAPI1-null cells stably expressing BAP1, BAP1C91S or BAP1R666-H669 was analysed by immunoblotting (top
panel). Similar numbers of cells were plated and cultured for 5 days prior staining with crystal violet dye (bottom
panel). YY1 and B-Actin were used as a protein loading controls. The dot indicates a monoubiquitinated form of
BAP1 (31) (panels A, D).
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Figure 11. ASXL2 and BAP1 overexpression induce senescence in an ASXM- and CTD-dependent manner
respectively.

A) IMRI0 cells were infected using retroviral expression vectors for BAP1, ASXL1, ASXL2 and their respective
mutant forms. Eight days post-selection the cells were fixed for staining of senescence-associated B-galactosidase
assay (SA-B-gal). B) Cells were also transduced with retroviral expression vectors for BAP1, ASXL1, ASXL2 and
their respective mutant forms and counted every three days after selection to follow cell proliferation. 100 cells
were counted in triplicate and data presented as percentage of positive cells, average £ SD. C) BAPI
overexpression triggers cellular senescence and induces the p53/p21 DNA damage response in ASXL1/2
dependent manner. Eight days post-selection the senescent cells were harvested for immunoblotting.
Quantification of band intensity was conducted relative to the empty vector transduced cells. Tubulin was used as
a protein loading controls. The dot indicates a monoubiquitinated form of BAP1 (31) (panels C).
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Figure 12

Figure 12. Model for the regulation of BAP1-mediated deubiquitination by ASXL1/2. An intramolecular
interaction involving UCH/CCI1 and CTD domains of BAP1 creates an ASXM-inducible composite ubiquitin
binding interface (CUBI) that facilitates ubiquitin binding and catalysis. The red stars indicate cancer-associated
mutations of BAP1 or ASXM that disrupt the CUBI.
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