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Résumé 

L’ubiquitination est une modification post-traductionnelle qui joue un rôle majeur dans 

la régulation d’une multitude de processus cellulaires. Dans cette thèse, je discuterai de la 

caractérisation de deux protéines, BRCA1 et BAP1, soit deux suppresseurs de tumeurs 

fonctionnellement reliés. BRCA1, une ubiquitine ligase qui catalyse la liaison de l’ubiquitine à 

une protéine cible, est mutée dans les cancers du sein et de l'ovaire. Il est bien établi que cette 

protéine aide à maintenir la stabilité génomique suite à un bris double brin de l’ADN (BDB), 

et ce, à l’aide d’un mécanisme de réparation bien caractérisé appelé recombinaison 

homologue. Cependant, les mécanismes de régulation de BRCA1 suite à des stresses 

génotoxiques n’impliquant pas directement un BDB ne sont pas pleinement élucidés. Nous 

avons démontré que BRCA1 est régulée par dégradation protéasomale suite à une exposition 

des cellules à deux agents génotoxiques reconnus pour ne pas directement générer des BDBs, 

soit les rayons UV, qui provoquent la distorsion de l’hélice d’ADN, et le méthyle 

méthanesulfonate (MMS), qui entraîne l’alkylation de l’ADN. La dégradation de BRCA1 est 

réversible et indépendante des kinases associées à la voie des PI3 kinase, soit ATM, ATR et 

DNA-PK, protéines qui sont rapidement activées par les dommages à l’ADN. Nous proposons 

que la dégradation de BRCA1 prévienne son recrutement intempestif, ainsi que celui des 

facteurs qui lui sont associés, à des sites de dommages d’ADN qui ne sont pas des BDBs, et 

que cette régulation coordonne la réparation de l’ADN.  

 

L’enzyme de déubiquitination BAP1 a initialement été identifiée comme une protéine 

capable d’interagir avec BRCA1 et de réguler sa fonction. Elle est également connue pour sa 

capacité à se lier avec les protéines du groupe Polycomb, ASXL1 et ASXL2. Cependant, 
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l’importance de ces interactions n’a toujours pas été établie. Nous avons démontré que BAP1 

forme deux complexes protéiques mutuellement exclusifs avec ASXL1 et ASXL2. Ces 

interactions sont critiques pour la liaison de BAP1 à l’ubiquitine ainsi que pour la stimulation 

de son activité enzymatique envers l’histone H2A. Nous avons également identifié des 

mutations de BAP1 dérivées de cancers qui empêchent à la fois son interaction avec ASXL1 et 

AXSL2, et son activité de déubiquitinase, ce qui fournit un lien mécanistique direct entre la 

déubiquitination de H2A et la tumorigenèse.  

 

Élucider les mécanismes de régulation de BRCA1 et BAP1 menera à une meilleure 

compréhension de leurs rôles de suppresseurs de tumeurs, permettant ainsi d’établir de 

nouvelles stratégies de diagnostic et traitement du cancer. 

 

Mots-clés : ubiquitination, BRCA1, ADN, dommage, déubiquitination, BAP1, ASXL1, 

ASXL2, histone, H2A 
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Abstract 

Ubiquitination is a post-translational modification that plays major roles in regulating a 

plethora of cellular processes. In this thesis, I will discuss the biochemical and functional 

characterization of two functionally related proteins, BRCA1 and BAP1, both of which are 

important tumor suppressors. BRCA1, an ubiquitin ligase that catalyzes the attachment of 

ubiquitin to target proteins, is mutated in breast and ovarian cancers. BRCA1 roles in 

maintaining genomic stability following DNA double strand breaks (DSBs) by promoting the 

homologous recombination repair pathway is well established. However, how BRCA1 is 

regulated following genotoxic stress that does not directly involve DSBs is still not fully 

elucidated. We showed that BRCA1 is downregulated, through proteasomal degradation, 

following exposure of the cells to the DNA helix distorting agent UV or the DNA alkylating 

agent Methyl Methanesulfonate (MMS), two DNA damaging agents that do not directly 

generate DSBs. BRCA1 downregulation is reversible and is independent of the PI3 kinase 

related kinases, ATM, ATR or DNA-PK which constitute primary responders that are rapidly 

activated by DNA damage. We proposed that BRCA1 downregulation prevents the untimely 

recruitment of BRCA1 and associated factors to DNA damage sites that are not DSBs, thus 

coordinating the DNA damage/repair response.  

 

The deubiquitinating enzyme BAP1 was initially identified as an interacting protein 

that regulates the function of BRCA1. BAP1 is also known to interact with the Polycomb 

group proteins ASXL1 and ASXL2. However, the importance of this interaction was not fully 

understood. We showed that BAP1 forms two mutually exclusive complexes with ASXL1 and 

ASXL2. These interactions are critical for BAP1 binding to ubiquitin and stimulation of its 
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deubiquitinase activity towards histone H2A. We also identified cancer-derived mutations of 

BAP1 that abrogate its interaction with ASXL1 and ASXL2 and deubiquitinase activity, which 

provide a direct mechanistic link between H2A deubiquitination and tumorigenesis.  

 

Elucidating how BRCA1 and BAP1 are regulated will lead to a better understanding of 

their roles as tumor suppressors and this will in turn help establishing improved diagnostic and 

therapeutic strategies to treat cancer. 

 

Keywords: ubiquitination, BRCA1, DNA, damage, deubiquitination, BAP1, ASXL1, 

ASXL2, histone, H2A 
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Chapter 1: Introduction 

1.1 General principles of ubiquitination 

Ubiquitin (Ub) is a small protein of 76 amino acids that was first described in 1975 by 

the Niall lab as an abundant and highly conserved protein
1
. Ciechanover, Hershko and Rose 

then described in the 1980s the enzymology of Ub conjugation through fractionation 

reconstitution studies using an ATP-dependent, cell-free proteolytic system from reticulocytes 

established by Etlinger and Goldberg
2-5

. The first step of the ubiquitination process is carried 

out by the Ub-activating enzyme E1 during which Ub is activated in an ATP-dependent 

manner and linked through a high-energy thioester bond to the E1 enzyme (Figure 1). Ub is 

then transferred to the Ub-conjugating enzyme E2. Ub-E2 forms an intermediate complex 

with the Ub-ligase E3 coupled to the protein substrate. Ub is then ligated to a lysine residue of 

the target protein through an isopeptide bond using the carboxy-terminal glycine residue of 

Ub. It was later shown that multi-Ub chains could be formed during which an Ub molecule is 

linked to the lysine 48 (K48) residue of another Ub molecule
6
. This classical form of 

polyubiquitination of protein substrates by K48 Ub linkage was shown to serve as a signal 

responsible for protein degradation by the 26S proteasome
7
. The final step of the 

ubiquitination pathway that precedes proteolysis is the recycling of free Ub which is carried 

out by deubiquitinases (DUBs) 
8,9

. Many other forms of ubiquitination have been studied, 

including monoubiquitination and polyubiquitination using different lysine residues (K6, K11, 

K27, K29, K33 and K63), that serve to regulate a plethora of cellular processes
10,11

. The 

discovery of protein degradation by the the ubiquitin-proteasome system led to the 2004 

Nobel Prize in Chemistry. Since the initial discovery of the ubiquitin protein, much has been 
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elucidated on the mechanisms and biological functions of ubiquitination. In the next sections I 

will briefly discuss the mechanism of action of the two major ubiquitination enzymes in link 

with my thesis: E3 ubiquitin ligase and DUBs. 

 

1.1.1 E3 ubiquitin ligases 

While only 1 or 2 E1-activating and a few dozen E2-conjugating enzymes exist, more 

than 500 human E3 ubiquitin ligases have been found throughout the genome. E3 ligases 

determine the specificity of the ubiquitination reaction by recognizing target proteins and play 

a multitude of functions in numerous cellular events including the maintenance of genome 

stability such as in the case with BRCA1. Two different classes of Ub ligases exist based on 

their catalytic domain and mechanism of ubiquitin transfer: the RING finger and HECT 

domain classes. The RING (Really Interesting New Gene) finger domain consists of 40-60 

amino acids containing eight conserved cysteine and histidine residues
12

. RING ligases, such 

as BRCA1, promote the transfer of ubiquitin from the E2 to the target protein. The 350 amino 

acid HECT (Homologous to the E6-AP Carboxyl Terminus) domain consists of an N-terminal 

region that binds to the E2 and a C-terminal region containing a conserved catalytic cysteine 

residue allowing for direct interaction with ubiquitin
13

. HECT ligases will first bind to the E2 

and form a thioester bond between the ubiquitin moiety and its catalytic cysteine and will then 

transfer ubiquitin to the protein substrate. An interesting example of a HECT ligase in link 

with BRCA1 is HERC2, which was shown to ubiquitinate BRCA1, signaling for its 

proteasomal degradation
14

.  
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Figure 1. The ubiquitination signaling pathway. Ubiquitin is linked through a thioester 

bond to the E1-activating enzyme in an ATP-dependent manner and is transferred to the Ub-

conjugating enzyme E2. Then the ubiquitin moiety is linked to the substrate protein through 

the action of two different types of E3 ubiquitin ligase. The RING ligases will bind to the E2 

mediating the transfer of Ub to the substrate protein, while HECT ligases first bind to Ub and 

then transfer it directly to the target protein. DUB proteases are responsible for the 

reversibility of the ubiquitination pathway by cleaving off ubiquitin from substrate proteins.  
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1.1.2 Deubiquitinases (DUBs) 

 DUBs are proteases involved in the reversibility of the ubiquitination process by 

removing ubiquitin adducts from substrates through their proteolytic activity
8
. While the full 

range of cellular signaling events that are regulated by DUBs still remains to be fully 

elucidated, it is known that these enzymes (approximately 100)
15

 are crucial for coordinating 

important cellular processes and maintaining genome integrity
16

. Two different classes of 

DUBs are divided in 5 different families depending on the secondary structure of their active 

cleft during ubiquitin binding and catalysis: cysteine proteases (USP, UCH, OTU and MJD) 

and metalloproteases (JAMM) 
8,15

. In link with my thesis, the deubiquitinase BAP1 represents 

a member of the Ubiquitin C-terminal Hydrolase (UCH) DUB family whose active cleft is 

composed of three conserved residues (cysteine, histidine and aspartate) that form the 

catalytic triad
15

. UCH enzymes have a characteristic conserved papain-like catalytic domain 

including a flexible cross-over loop in its active site
17,18

. BAP1 is closely related to another 

family member, UCH-L5 (also known as UCH37), sharing an unusual C-terminal extension 

termed ULD, important for protein-protein interactions
19,20

.  

 

In the following section, I will describe in more detail the role of ubiquitination in the 

regulation of transcription. This section was originally published in Cellular Signalling as a 

review article that I wrote as a first co-author. 
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1.2 Review article: Roles of Ubiquitin Signaling in Transcription Regulation 

Review on the role of ubiquitination in transcription regulation that I co-wrote with Helen Yu. 

 

Roles of Ubiquitin Signaling in Transcription Regulation 

Ian Hammond-Martel1
#
, Helen Yu1

#
, and El Bachir Affar

1,2
  

 

1
Maisonneuve-Rosemont Hospital Research Center, Department of Medicine and Department 

of Biochemistry, University of Montréal, Montréal, Canada 
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SUMMARY 

Rivaling or cooperating with other post-translational modifications, ubiquitination 

plays central roles in regulating numerous cellular processes. Not surprisingly, gain- or loss-

of-function mutations in several components of the ubiquitin system are causally linked to 

human pathologies including cancer. The covalent attachment of ubiquitin to target proteins 

occurs in sequential steps and involves ubiquitin ligases (E3s) which are the most abundant 

enzymes of the ubiquitin system. Although often associated with proteasomal degradation, 

ubiquitination is also involved in regulatory events in a proteasome-independent manner. 

Moreover, ubiquitination is reversible and specific proteases, termed deubiquitinases (DUBs), 

remove ubiquitin from protein substrates. While we now appreciate the importance of 

ubiquitin signaling in coordinating a plethora of physio-pathological processes, the molecular 

mechanisms are not fully understood. This review summarizes current findings on the critical 

functions exerted by E3s and DUBs in transcriptional control, particularly chromatin 

remodeling and transcription initiation/elongation.  
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INTRODUCTION 

Ubiquitin (Ub) is an essential 76 amino acid protein ubiquitously expressed and highly 

conserved from yeast to humans [1, 2]. The Ub conjugation reaction, termed ubiquitination 

(also ubiquitinylation or ubiquitylation), is catalyzed by the sequential action of Ub-activating 

(E1), Ub-conjugating (E2), and Ub-ligating (E3) enzymes, and results in the attachment of a 

Ub moiety either to the ε-amino group of a lysine (K) residue or the amino-terminus of a 

polypeptide [3, 4]. Covalently attached to target proteins, Ub constitutes a signaling module 

that either induces proteasomal degradation or modulates protein activity depending on the 

nature of the modification, e.g. monomer or Ub chains [5, 6]. Indeed, Ub itself contains 7 

lysines (K6, K11, K27, K29, K33, K48 and K63) that serve as attachment sites for further 

addition of Ub molecules allowing formation of various homo- and hetero- typic chains 

potentially associated with diverse signaling events [6]. Ubiquitination is a reversible 

modification and deubiquitinating enzymes (DUBs) catalyze the removal of Ub from targeted 

substrates. In addition to housekeeping functions associated with the recycling and 

metabolism of ubiquitin, DUBs act to spare proteins from degradation or to modulate their 

function [7-9]. During the last decade, E3s and DUBs have emerged as important regulators 

of diverse cellular processes ranging from receptor signaling at the plasma membrane, to 

transcription regulation and DNA damage responses in the nucleus. In this review, we 

describe the roles of ubiquitination in transcription regulation. We first discuss recent 

advances on the concerted action of E3s and DUBs in regulating chromatin structure via 

histone ubiquitination. In the second part, we select two examples of transcription factors 

whose ubiquitination plays major roles in exquisitely coordinating their function. Finally, we 
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summarize the state of knowledge on ubiquitin-mediated regulation of RNA polymerase II 

(Pol II) representing yet another level of transcriptional control.  

 

HISTONE UBIQUITINATION IN TRANSCRIPTION REGULATION 

Histones allow compaction of DNA into nucleosomes, the basic units of chromatin. 

The nucleosome is composed of 147 base pairs of DNA wrapped twice around an octamer of 

four core histones (H2A, H2B, H3 and H4) [10]. Chromatin compaction and decompaction 

play crucial roles in DNA-associated processes, and histone modifications (acetylation, 

methylation, phosphorylation and ubiquitination) represent major mechanisms of chromatin 

function [11]. Moreover, these histone modifications influence one another and the 

coexistence of specific modifications throughout the genome directs either gene expression or 

silencing events [12]. Histone H2A was the first ubiquitinated protein to be identified; indeed 

this modification is one of the most abundant in mammalian cells (5-15% of total H2A in a 

variety of higher eukaryotic organisms) [13]. Although polyubiquitination of H2A has been 

reported, monoubiquitinated K119 (H2Aub) appears to be the major form [14]. H2B is also 

ubiquitinated, but in contrast to H2Aub which has not been found in Saccharomyces 

cerevisiae, H2Bub is conserved from yeast (K123) to human (K120) [15]. A significant 

number of studies provided insights into the roles of H2A/B ubiquitination in transcriptional 

regulation, and this resulted in several mechanistic models: 1) Histone ubiquitination affects 

chromatin structure, which in turn regulates the accessibility of DNA to the transcriptional 

machinery. 2) Ub moieties constitute signaling molecules which mediate the recruitment of 

downstream regulators that activate or inhibit transcription. 3) Through trans-histone 

crosstalk, histone ubiquitination acts as a prerequisite modification for other histone 
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modifications that alter the structure and function of chromatin [16]. Recent findings suggest 

that an intricate interplay between these non-mutually exclusive mechanisms coordinates gene 

expression. In the following section, we discuss how ubiquitination/deubiquitination of H2B 

and H2A control transcription through the analysis of enzymes and cofactors catalyzing these 

reactions. 

 

Ubiquitination of histone H2B 

Monoubiquitination of H2B (H2Bub) is catalyzed by the E2 RAD6 and the E3 BRE1 

in S. cerevisiae [17-19]. These two proteins form an E3 complex with Large cells protein 1 

(Lge1) which regulates the recruitment of the complex to chromatin [18, 20]. In mammalian 

cells, two homologues of RAD6 (HR6A and HR6B) and BRE1 (RNF20 and RNF40) have 

been identified as the major mediators of H2B ubiquitination [21-23]. HR6A and HR6B 

might work redundantly since Hr6b knock-out mice, while displaying male sterility, are 

viable and exhibit a level of H2Bub comparable to wild-type mice [24, 25]. It is also possible 

that other E2s for H2B operate under specific conditions. For instance, UbcH6 has been found 

to interact with RNF20/40 and stimulate its H2B E3 activity in vitro [23]. However, its role in 

H2B ubiquitination in vivo is still not well defined. In providing new insight into the 

molecular mechanism of H2B ubiquitination, it was revealed that RNF20/RNF40 forms a 

complex with RAD6 and the WW domain-containing adapter protein with coiled-coil, WAC, 

in vivo. RNF20 is the subunit of this E3 complex that catalyzes H2Bub formation and this 

activity requires WAC, since depletion of the latter impairs H2B ubiquitination. WAC 

interacts through its C-terminal coiled-coil region with RNF20/40 and through the N-terminal 

WW domain with Pol II, thus appearing to directly link H2B ubiquitination to the 
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transcription machinery [26]. Of note, the mammalian BAF250/ARID1, a component of the 

SWI/SNF-A chromatin remodelling complex, assembles a cullin 2-containing E3 that also 

ubiquitinates H2B on K120 [27]. More studies are needed to determine the exact mechanisms 

that coordinate the action of H2B E3s and their cofactors. 

 

Earlier observations indicated that H2Bub is preferentially located in transcriptionally 

active chromatin regions [28] and is associated with ongoing transcription and open 

chromatin configuration [29]. Consistent with this notion, using high-resolution tilling array 

coupled with chromatin immunoprecipitation using a specific antibody recognizing H2Bub, 

Minsky et al. demonstrated that this histone mark is localized mainly on transcribed regions of 

highly expressed genes [30]. H2Bub has been extensively characterized using the power of 

yeast genetics. The current model asserts that RAD6/BRE1 E2-E3 ligase complex is recruited 

to promoters by activators such as Gal4 in yeast or p53 in mammals [19, 22, 31]. Upon 

transcription activation, phosphorylation of serine 5 on the C-terminal domain of Pol II and 

recruitment of the PAF complex establish a critical platform for initiation of elongation. The 

recruitment of PAF allows RAD6/BRE1 to become associated with elongating Pol II, which 

activates the E3 activity of RAD6/BRE1 to catalyze H2B ubiquitination [32]. Moreover, the 

Bur1/Bur2 cyclin-dependent protein kinase complex contributes by stimulating the E3 

function of RAD6/BRE1 through phosphorylation of Rad6 and promoting the recruitment of 

PAF [33, 34]. The PAF complex also recruits the H3K4 methyltransferase Set1-containing 

COMPASS complex to Pol II thereby establishing a network of interactions for cross-talk 

between histone ubiquitination and methylation [35, 36]. Indeed, H2Bub is required for 

histone marks involved in gene activation, i.e., H3K4 and H3K79 methylation by Set1 and 
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Dot1 respectively [37-39]. H2Bub affects di- and tri- methylation but not monomethylation of 

H3 -K4/-K79 [40-42]. Interestingly, it was suggested that H2Bub might be required for the 

transition from monomethylated to di- and tri- methylated states [42]. The authors suggested 

that the interaction between H2Bub and the methyltransferase might generate a 

conformational change allowing the latter to achieve processive methylation. However, using 

reconstituted nucleosomes with chemically ubiquitinated H2B, McGinty et al. revealed direct 

stimulation of human Dot1-mediated H3K79 mono-and di-methylation, but not trimethylation 

by H2Bub [43]. The Dot1 processivity model has also been challenged by kinetic analysis of 

H3K79 methylation indicating that Dot1 rather functions as a distributive enzyme [44]. On 

the other hand, the cross-talk mechanism of H2Bub and H3K4 methylation relies on Cps35, a 

subunit of the COMPASS complex required for its methyltransferase activity [45]. 

Interestingly, Cps35 also interacts with Dot1 and promotes K79 trimethylation [45]. 

Moreover, Rad6/Bre1 directly ubiquitinates Cps35 which in turn controls the recruitment of 

Spp1, another subunit of COMPASS required for H3K4 trimethylation [46].  

 

Recent studies provided evidence for a direct influence of H2Bub on chromatin 

dynamics during transcription elongation independently of histone H3 methylation [47-49]. 

For instance H2Bub appears to stimulate the activity of the Facilitates Chromatin 

Transcription (FACT) complex [47]. In humans this complex catalyzes the removal of 

H2A/H2B dimer from nucleosomes, which decreases the nucleosomal barrier thus facilitating 

the progression of elongating Pol II [50]. However, studies with yeast FACT complex suggest 

a mechanism implying nucleosome reorganization into a looser but more dynamic form 

allowing chromatin accessibility [51]. On the other hand, another study demonstrated that 
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H2Bub functionally interacts with the histone chaperone Spt16. Together they regulate 

nucleosome reassembly in the wake of elongating Pol II to restore proper chromatin structure, 

which would prevent cryptic transcription initiation [52]. Moreover H2Bub was shown to 

stabilize nucleosomes at promoters [53], although it also appears to interfere with higher-

order chromatin compaction and leads to an open/accessible chromatin structure [54]. It is not 

clear whether these effects underlie different regulatory mechanisms. Nonetheless, it appears 

that H2Bub regulates transcription by mechanisms independent of the cross-talk regulation of 

H3 methylation. 

 

The complexity of the H2B ubiquitination pathway is reflected by the reverse reaction, 

as several H2B DUBs have been identified. In S. cerevisiae, UBP8 and UBP10 regulate 

chromatin function by specifically deubiquitinating H2B [55-58]. UBP8 is part of the histone 

acetyltransferase SAGA complex and its DUB activity requires assembly with regulatory 

factors forming a tetrameric deubiquitinating module [59-62]. UBP8 positively regulates 

transcription as both ubiquitination and deubiquitination of H2B are required for proper gene 

expression, and its depletion alters the level of H3-K4/-K36 methylation [55, 58]. So how 

ubiquitination and deubiquitination of H2B act together to regulate transcription? H2Bub 

appears to constitute a barrier to the recruitment of Ctk1 to chromatin [63]. Ctk1 is a cyclin-

dependant kinase that phosphorylates serine 2 of Pol II Carboxy Terminal Domain (CTD 

S2P), an event required for Set2 recruitment and H3K36 methylation during elongation [64, 

65]. Therefore, H2Bub must be deubiquitinated by UBP8 to allow transcription elongation 

[63]. USP22, the human homologue of UBP8, is also part of the human SAGA complex [66, 

67] and is involved in transcription activation. Interestingly, USP22 appears to deubiquitinate 
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both H2B and H2A. UBP10 preferentially localizes at telomeres to reduce H2Bub as well as 

H3K4 and H3K79 methylation, events that promote Sir2 histone deacetylase association with 

telomeres and subsequent silencing [56, 57]. Of note, UBP8 is not required for gene silencing 

at telomeres, indicating that H2B DUBs function on distinct chromatin regions to regulate 

global H2B ubiquitination levels. USP7, USP3, USP12 and USP46 have also been identified 

as enzymes capable of deubiquitinating H2B [68-70]. However, the exact roles of these H2B 

DUBs in vivo remains poorly defined.  

 

In summary, H2Bub acts as a polyvalent histone mark playing different roles in 

regulating gene expression. While H2Bub regulates transcription by ensuring cross-talk 

between histone modifications, direct regulation of chromatin dynamics and interfering with 

higher-order chromatin structure appears to be important mechanisms of transcription 

regulation. Further studies are needed to fully understand the exact roles of H2Bub as well as 

the upstream signaling pathways coordinating its implementation and removal. 

 

Ubiquitination of histone H2A 

The first E3 identified as catalyzing the monoubiquitination of H2A (H2Aub) is 

Ring1B, a component of the PcG Repressive Complex 1 (PRC1) and PRC1-like (PRC1L) [71, 

72]. Since these two complexes are very similar, for convenience, we hereafter refer to these 

as PRC1. This repressive complex consists of several Polycomb group (PcG) proteins 

(Ring1A, Ring1B and Bmi-1) having a RING (Really Interesting New Gene) finger domain, a 

signature motif for E3 activity [73]. However, only Ring1B has E3 activity towards H2A, 

while the two other components (Ring1A and Bmi-1) play an important role in H2A 
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ubiquitination by stimulating the E3 activity of Ring1B [72, 74, 75]. Several lines of evidence 

indicate that H2A ubiquitination is linked to PcG silencing [72, 75]. Chromatin 

immunoprecipitation assays show that Ring1B and Bmi-1 colocalize with H2Aub at PcG-

target genes (e.g., Hox genes) and depletion or inactivation of Ring1B induces derepression of 

Hox gene subsets [75]. Ring1B is also involved in X chromosome inactivation as Ring1B and 

H2Aub are enriched on inactive X chromosome (Xi); moreover a Ring1A/B double knockout 

abrogates H2Aub on Xi [74, 76]. However, the initiation of Xi silencing in embryonic cells is 

independent of Ring1B [77]. Recently, global occupancy studies indicated that H2Aub is 

present in the regulatory regions of a large number of genes suggesting its involvement in 

gene expression associated with several cellular processes [78].  

 

The function of the PRC1 complex is coordinated with another PcG group complex, 

PRC2, which is also recruited to promoters of inactive genes and Xi. PRC2 contains EZH2, a 

histone methyltransferase that adds 3 methyl groups specifically to H3K27 (H3K27me3). It 

has been initially suggested that H3K27me3 is used as a docking site for the recruitment of 

PRC1 via its PcG chromodomain [79-81]. Consistently, loss of components of the PRC2 

complex decreases PRC1 recruitment to chromatin [82, 83]. In addition, increase of 

H3K27me3 by depleting its specific demethylase UTX induces stronger recruitment of PRC1 

and an increase of H2Aub on promoters [84]. However other studies have indicated that the 

local enrichment of H2Aub on chromatin is not limited to regions containing H3K27me3 [78, 

85]. Moreover the non-requirement of the H3K27me3 mark as a docking site was also 

observed with the identification of another PcG group complex, L3MBTL2 containing PRC1-

like 4. L3MBTL2 is required for H2A ubiquitination and transcription repression. 
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Interestingly, although L3MBTL2 possesses a MBT motif known to recognize H3 and H4 

methylation tails, the mechanism of L3MBTL2-mediated repression seems to be independent 

of methylation. L3MBTL2 can interact with nucleosomes devoid of histone modifications and 

does not require H3K27me3 for recruitment to chromatin [86]. Therefore, methylated H3K27 

is not always necessary for PRC targeting [87]. Further studies are needed to determine the 

exact molecular events coordinating methylated H3K27 with H2Aub.  

 

Aside from PRC1, Ring1B is also associated with other complexes termed variations 

of PRC1. The BCoR, melPRC1, E2F6.com1 and PRC1L4 complexes [86, 88-90] are 

composed of two invariant subunits, Ring1A/B, arranged with different other subunits 

(reviewed in [91]). Interestingly, in addition to H2A ubiquitination, several of these 

complexes contain other repressive histone modifying activities and regulate different sets of 

genes. For instance, the BCoR complex contains the H3K36me2 demethylase Fbxl10/ 

KDM2B and regulates BCL6 target genes [88]. The drosophila Fbxl10/KDM2B, dKDM2 

from the PcG silencing complex dRING-associated factors (dRAF) mediates H3K36 

demethylation, an event required for H2A ubiquitination, revealing a crosstalk mechanism 

between these histone modifications [92]. On the other hand, E2F6.com1 di-methylates H3K9 

by G9a/KMT1C and EuHMTase/GLP/KMT1D and controls the expression of E2F- and Myc-

responsive genes in quiescent cells [90]. 2A-HUB is another E3 for histone H2A that is 

recruited to target gene promoters by the repressive complex NCoR which contains the 

histone deacetylases HDAC1/3 [93].  
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An important issue not completely addressed regards how H2A ubiquitination leads to 

gene repression or silencing? Several studies indicated that H2Aub interferes with 

transcription initiation [94]. For instance, through a trans-histone crosstalk mechanism, 

H2Aub directly inhibits the active histone marks of di- and tri- methylated H3K4 (H3K4 -

me2, -me3) by MLL in vitro, during transcription initiation but not elongation [94]. However, 

in embryonic stem (ES) cells, PcG target genes are enriched with both repressive and active 

histone modifications, i.e., H3K27me3 and H3K4me3 respectively. These gene regulatory 

regions with opposing modifications are termed “bivalent domains”. Upon ES cell 

differentiation, the actively transcribed genes lose H3K27me3 and retain H3K4me3. In 

contrast, silenced genes retain H3K27me3 and lose H3K4me3 [95, 96]. It was found that Pol 

II phosphorylated at Serine 5 occupies bivalent genes, and that Ring1B-mediated H2Aub 

regulates release of poised Pol II [97]. Upon depletion of Ring1A/B that causes loss of 

H2Aub, Pol II is released and subsequent gene de-repression observed. Consistent with these 

findings, 2A-HUB was also shown to block Pol II release at the early stage of elongation by 

preventing the recruitment of the FACT complex to chemokine genes [93]. Of note, Ring1B 

does not appear to be involved in transcription regulation for this set of genes. It has been 

suggested that different H2A E3s might be recruited to particular promoters, and that this 

specificity is further increased by selective association of the E3s with different repressive 

complexes [93].  

 

How is reversal of H2A ubiquitination accomplished and how does this impact gene 

expression? Although the molecular mechanisms are not well defined, several H2A DUBs 

have been identified belonging to three subclasses of DUBs: the USP family (USP3, USP7, 
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USP12, Ubp-M/USP16, USP21, USP22 and USP46), the UCH family (BAP1) and the JAMM 

family (2A-DUB/MYSM1 and BRCC36) (partially reviewed in [98, 99]). In the following 

section, we integrate recent advances of known H2A DUBs that are essentially associated 

with transcription regulation. Using a biochemical fractionation approach, Ubp-M/USP16 was 

identified as a DUB for H2A [100]. Consistent with its role in counteracting PcG-mediated 

repression, Ubp-M appears to be required for embryonic posterior development of Xenopus 

laevis and regulates Hox gene expression. Of note Ubp-M is also required for proper 

execution of mitosis as it mediates global deubiquitination of H2A, an event prerequisite for 

phosphorylation of histone H3 Serine 10, a modification associated with chromosome 

compaction during mitosis. In addition, it was previously reported that the catalytically 

inactive mutant of Ubp-M is tightly associated with compacted mitotic chromatin [101]. Zhu 

et al. have identified 2A-DUB/MYSM1 as another specific H2A DUB that interacts with the 

transcription- activating histone acetyltransferase p300/CBP associated factor (P/CAF), thus 

suggesting crosstalk between the two modifications in gene expression control [102]. Histone 

acetylation appears to facilitate H2A deubiquitination by 2A-DUB in androgen receptor-

dependant transcription activation. Moreover H2A deubiquitination appears to destabilize the 

association of linker histone H1 with nucleosomes [102]. Nakagawa et al. have found that 

another DUB, USP21, is capable of catalyzing the hydrolysis of H2Aub. USP21 activates 

transcription initiation by releasing H2Aub-mediated repression thus allowing methylation of 

H3K4. This process appears to operate during hepatic regeneration which is accompanied by 

global H2A deubiquitination as well as changes in the expression of several genes [94]. Most 

recently, in the course of characterizing a newly identified PcG protein Calypso, 

Scheuermann et al. found that this UCH domain-containing enzyme is an H2A DUB. 
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Complexed with another PcG protein, i.e., additional sex comb (ASX), Calypso assembles the 

PcG repressive DUB complex (PR-DUB) and is recruited to a large set of PcG target genes 

(including Hox genes) for their repression [103]. Although H2A deubiquitination is not 

commonly associated with gene repression, it is possible that this modification might exert a 

dual activation/repression function depending on the promoter context. Interestingly, the 

genomic binding profile of Calypso partially overlaps with Pho, another PcG protein, thereby 

suggesting collaboration of the two proteins in gene regulation [103]. The human orthologues 

of Calypso and Pho, BAP1 and Yin Yang 1 (YY1) respectively, interact physically and are 

recruited to chromatin to regulate transcription [104]. BAP1 is a tumor suppressor associated 

with several factors and cofactors of transcription, among these other PcG proteins, such as 

ASXL1/2 and OGT (drosophila ASX and SXC respectively) [104-107]. Thus the BAP1 

complex, like PR-DUB, may well control PcG repression during development by regulating 

histone modifications. Indeed, like Calypso, BAP1 is capable of deubiquitinating H2A in vitro 

[103]. Furthermore, BAP1 also deubiquitinates its main interacting protein, Host cell factor 1 

(HCF-1) [107]. The latter is a transcription coregulator that interacts with E2F transcription 

factors to regulate the expression of cell cycle genes [108]. Thus, deubiquitination of HCF-1 

and its subsequent protection from degradation by BAP1 might be important to control HCF-

1/E2F-dependant gene expression [109]. Consistent with this, depletion of BAP1 deregulates 

cell cycle genes and impairs cell cycle progression [104, 105, 107]. 

 

DUBs with dual-specificity for both H2A and H2B have also been identified. USP22 

is an integral component of the metazoan homologue of the yeast SAGA complex, the 

acetyltransferase TFTC/STAGA, which plays critical roles in gene activation [67, 110, 111]. 



 

 

19 

 

Interestingly, USP22 alone very inefficiently deubiquitinates histone H2B, and its activation 

requires association with TFTC/STAGA. Consistently two of its complex partners, 

ATXN7L3 and ENY2, are required for optimal USP22-mediated transcription activation by 

nuclear receptors in vivo [67]. Moreover the acetyltransferase GCN5 is required for USP22 

association with TFTC/STAGA [112]. Thus USP22 DUB activity is tightly regulated by its 

interacting partners. Another H2A/B DUB, USP7, has been identified during purification of 

PRC1 complexes [113]. USP7 interacts with MEL18 and BMI1 (belonging to PRC1 

complexes). Depletion of USP7 increases the ubiquitination state of MEL18 and BMI1 and 

reduces their protein levels, thus causing derepression of their common target gene 

p16INK4a. Moreover, in the same study, USP7 was found to deubiquitinate both H2A and 

H2B in vitro. The contribution of USP7 to histone deubiquitination in vivo requires further 

investigations. Interestingly, another group also found that USP7 interacts with various PcG 

proteins and deubiquitinates Ring1B [114]. Thus, USP7 might play important roles in gene 

silencing by coordinating PcG protein stability/activity. Finally, by biochemical purification, 

another H2A DUB activity has been observed that is independent of Ubp-M. Analysis of 

enzymes catalyzing this reaction led to the identification of two other DUBs (USP12 and 

USP46) [70] which appear to require interacting partners for efficient H2A deubiquitination. 

Furthermore these DUBs deubiquitinate H2B as well and regulate Xenopus laevis 

development [70]. It is not clear yet how different DUBs act on H2A, nonetheless it is 

reasonable to postulate that tissue specificity, gene regulatory regions, and interacting partners 

might be key determinants. Moreover, potential H2Aub “readers” might also be involved in 

regulating H2A ubiquitination and deubiquitination. Indeed, Richly et al. have described a 

new molecular mechanism for transcriptional activation of PcG-repressed genes. Through a 
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novel ubiquitin-interacting motif found in the zuotin domain, zuotin-related factor 1 (ZRF1) 

binds specifically to H2Aub, displaces PRC1, and facilitates H2Aub deubiquitination [115]. 

The authors suggest that this may constitute one of the first steps for derepression of silenced 

genes and that transcription activation might be facilitated by cooperation between ZRF1 and 

H2A DUBs. 

 

Although several studies support a role of PRC1 in transcription repression via H2A 

ubiquitination, other studies indicated that PRC1 represses gene expression independently of 

histone H2A ubiquitination. In an in vitro system, PRC1 can mediate chromatin compaction 

on nucleosomes assembled from tail-less histones [116]. Moreover, reintroduction of a mutant 

Ring1B lacking E3 activity into Ring1B -/- ES cells is able to restore chromatin compaction at 

Hox gene loci without restoring H2Aub [117]. It is also possible that histone modification and 

direct chromatin compaction are not mutually exclusive, and that both mechanisms cooperate 

to optimize gene repression. Further investigations are needed to understand the exact roles of 

H2A ubiquitination in controlling chromatin dynamics and gene expression.  

 

REGULATION OF TRANSCRIPTION VIA UBIQUITINATION OF 

TRANSCRIPTION FACTORS 

Ub-mediated proteasomal degradation and non-degradative ubiquitination are 

mechanisms of regulation used by eukaryotic cells to tightly control the levels and activity of 

transcription factors or other chromatin associated proteins. Upstream signaling pathways act 

in a spatio-temporal manner to dictate not only stabilization or degradation, but also changes 

in protein interaction or subcellular localization, and this can profoundly impact biological 
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processes. Very often ubiquitination is integrated within a highly complex network of 

interactions involving other factors and post-translational modifications. Below, we discuss 

the examples of p53 and Myc which represent excellent paradigms for transcription factors 

subjected to diverse levels of control by ubiquitination.  

 

Ubiquitination in the control of p53 function 

The tumor suppressor p53, termed “guardian of the genome” [118], acts as a 

transcription factor in response to cellular stress such as DNA damage. p53 is involved in 

different growth-suppressive processes such as cell cycle arrest, senescence or apoptosis [119, 

120]. While its steady-state levels are kept very low, p53 is stabilized and activated by cellular 

stress. Indeed, p53 protein levels are regulated by a gamut of post-translational modifications 

such as phosphorylation, acetylation, and ubiquitination [121-124]. The first observation of 

p53 ubiquitination came from studies on human papillomavirus (HPV) infected cells, in 

which p53 is degraded following association of the viral oncoprotein E6 with a cellular E3 

(i.e., E6-associated protein E6AP), a mechanism that allows HPV replication in the host cell 

[125-127]. Other examples of viral proteins that might be critically involved in targeting p53 

for degradation include the Herpes simplex virus type 1 regulatory protein ICP0 [128]; the 

adenovirus E1B55K and E4orf6 proteins [129]; the Latency-associated nuclear antigen 

(LANA) encoded by the Kaposi's sarcoma-associated herpesvirus (KSHV) [130] and BZLF1 

encoded by the Epstein-Barr virus (EBV) [131]. However, mouse double-minute 2 protein 

(Mdm2), a cellular ring finger protein, is perhaps the most critical E3 controlling p53 stability 

[132-134]. In addition, Mdm2 associates with the proteasome and aids in recruiting p53 to the 

degradation machinery [135]. The importance of the Mdm2/p53 association is illustrated by 
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the fact that Mdm2-null mice are embryonically lethal, but survive in the absence of p53 [136, 

137]. Interestingly, p53 also binds to responsive elements in the Mdm2 gene to increase its 

transcription. This sets up a negative feedback loop where active p53 promotes Mdm2 

transcription, which in turns leads to p53 ubiquitination and degradation. This regulatory loop 

acts as a mechanism that downregulates the p53 response to allow proliferation restart [138]. 

In addition to polyubiquitinating p53, Mdm2 also appears to monoubiquitinate p53, 

representing another level of control on p53 activity [139]. At low levels of Mdm2, p53 is 

monoubiquitinated and exported to the cytoplasm, whereas at high levels of Mdm2, p53 is 

polyubiquitinated and degraded in the nucleus. It is believed that monoubiquitination of p53 

represents a mechanism to control p53 activity in unstressed cells, in contrast to p53 

polyubiquitination which might play a crucial function in inhibiting p53 activity at later stages 

of the cellular stress response. 

 

The Mdm2 and p53 interaction is regulated by various mechanisms, most notably 

through post-translational modifications of p53 [121-123, 140]. p53 is phosphorylated on 

many sites by ATM/ATR and Chk1/Chk2 following DNA damage, thus sterically inhibiting 

its interaction with Mdm2, leading to p53 accumulation and subsequent expression of many 

target genes including p21, PUMA and Bax, involved in cell growth arrest/apoptosis. 

Acetylation of p53 is also associated with increased stabilization and transcriptional activity. 

Several histone acetyltransferases including CBP/p300, PCAF, hMOF and TIP60 acetylate 

p53 indicating the importance of acetylation in the control of p53 function. Interestingly, 

CBP/p300 shares at least 6 lysines residues targets (K370, K372, K373, K381, K382 and 

K386) with Mdm2, and acetylation of these sites following DNA damage blocks the 
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ubiquitination of p53. Other post-translational modifications of p53 such as sumoylation and 

methylation also impact p53 stability and activity [140, 141]. For instance, methylation of 

K372 by Set9 methyltransferase promotes p53 stabilization [142]. Little is known about the 

interplay between p53 post-translational modifications which constitutes an exciting area of 

investigation that would reveal how signaling pathways are coordinated in promoting or 

inhibiting the p53 in response to specific physio-pathological conditions. Moreover, the 

Mdm2-mediated ubiquitination of p53 is also regulated by post-translational modifications of 

Mdm2 itself, providing another layer of complexity in the control of p53 function [143-145]. 

  

In concert with post-translational modifications, several interacting proteins act to 

negatively or positively control p53 ubiquitination. MdmX (a homolog of Mdm2), also known 

as Mdm4, is a RING finger protein and forms a heterodimer with Mdm2 through interaction 

between their respective RING domains [144]. However, MdmX does not possess E3 activity 

and instead acts to enhance Mdm2 activity. In fact, Mdm2 in multimeric forms with MdmX 

possesses a higher level of E3 activity toward p53 than its monomeric forms. During DNA 

damage, post-translational modifications impacting Mdm2 interaction with MdmX, inhibit the 

E3 activity of the complex thus contributing to finetuning p53 function. ARF, also known as 

p14ARF, is a negative regulator of Mdm2. This tumor suppressor induces the p53 response by 

inhibiting p53 interaction with Mdm2 [146, 147]. Many other proteins, involving diverse 

signaling pathways, interfere with the Mdm2 and p53 interaction. These include the 

transcription factor YY1 which promotes p53 ubiquitination and degradation by binding both 

Mdm2 and p53, thereby strengthening their interaction. In addition, ARF negatively regulates 

the interaction between Mdm2 and YY1 [148]. Ribosomal proteins L5, L11 and L23 
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positively regulate p53 by inhibiting Mdm2 activity [149-152]. Recently, RFWD3, a RING 

finger and WD repeat domain-containing protein, was also revealed as an intriguing E3 for 

p53. It was found that RFWD3 interacts with Mdm2/p53 complex and stabilizes p53 [153]. 

RFWD3 is phosphorylated by ATM/ATR following DNA damage, an event required for p53 

ubiquitination and stabilization. Importantly, RFWD3 synergizes with Mdm2 to increase p53 

ubiquitination at later times of the DNA damage response. However, this ubiquitination does 

not signal for p53 degradation. In fact, RFWD3 was found to restrict Mdm2 to form shorter 

polyubiquitin chains as opposed to longer Ub chains required for degradation.  

 

While Mdm2 is a major E3 for p53, other E3s are involved in regulating p53 stability 

and activity. Pirh2 [154] and COP1 [155] are both RING E3s that, similar to Mdm2, are 

induced by p53-dependent gene transcription as part of an autoregulatory feedback 

mechanism. Interestingly, COP1 is phosphorylated by ATM following ionizing radiation, 

which induces COP1 autodegradation that in turn promotes p53 accumulation during 

genotoxic stress [156]. Another E3 that targets p53 for degradation is ARF-BP1 (also known 

as Mule/HectH9/Huwe1) which belongs to the family of HECT domain containing E3s [157]. 

As with Mdm2, ARF inhibits ARF-BP1 E3 activity and hence stabilizes p53. Pirh2, COP1 

and ARF-BP1 appear to signal p53 ubiquitination and degradation independently of Mdm2 

thus revealing convergent signaling pathways that modulate p53 stability and transcriptional 

activity. 

 

Other E3s are involved in p53 degradation indicating the major importance of tightly 

regulating the transcriptional activity of this tumor suppressor. CARPs (caspase 8/10-
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associated RING proteins 1 and 2) induce p53 degradation irrespective of its phosphorylation 

status [158]. Synoviolin, also known as HRD1, is an endoplasmic reticulum-associated E3 

that appears to sequester p53 in the cytoplasm and promote its ubiquitination and degradation 

[159]. MKRN1 (Makorin Ring Finger Protein 1) E3 signals degradation of both p53 and its 

target gene p21 [160]. TRIM24 (Tripartite-motif protein 24) copurifies with p53 from 

embryonic stem cells and ubiquitinates and degrades the latter [161]. Both β-TrCP [162] and 

JFK, a Kelch domain-containing F-box protein [163] induce p53 degradation as part of Skp, 

Cullin, F-box (SCF) containing complex. For instance IkappaB kinase 2 (IKK2) 

phosphorylates p53 and signals its ubiquitination by β-TrCP thus contributing to eventual 

attenuation of the p53 response. CHIP (carboxy terminus of Hsp70-interacting protein), a 

RING finger chaperone-associated E3, was observed to ubiquitinate both wild-type and 

mutant p53 through association with the chaperones Hsc70 and Hsp90 [164]. CHIP has been 

suggested to be the major E3 responsible for ubiquitination and degradation of mutant p53 

[165, 166]. While its exact functional significance is still not fully understood, Topors 

(topoisomerase I-binding protein) was shown to act as both an Ub E3 [167] and a SUMO1 E3 

[168] for p53. Ubiquitination of p53 induces its proteasomal degradation while sumoylation 

increases its protein levels. It would be of great interest to define the exact cellular contexts in 

which regulation by a specific E3 would be prevalent, and moreover to identify the signaling 

events that coordinate the action of these E3s to ensure precise regulation of p53 

transcriptional activity. 

 

While p53 interacts with many different E3s targeting it for proteasomal degradation, 

there is also a set of E3s that act on p53 in a non-proteolytic manner. E4F1, an atypical E3, 
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promotes p53-dependent growth arrest through small K48 Ub chain linkage [169]. E4F1, 

which shares homology with the SUMO E3 RanBP2, forms chains of mono-, di- or tri-

ubiquitin, whereas it typically takes a chain of at least four Ub through K48 linkage to signal 

for proteasomal degradation. Furthermore, E4F1 ubiquitination of p53 does not induce protein 

destabilization or relocalization. In fact, p53 ubiquitinated by E4F1 is recruited to chromatin 

to induce the transcription of genes involved in cell cycle arrest but not apoptosis. 

Interestingly, E4F1 was demonstrated to ubiquitinate p53 on the same residue, K320, that is 

acetylated by the histone acetyltransferase PCAF. Since acetylation of K320 is known to lead 

to the activation of apoptotic genes such as PUMA and BAX, ubiquitination of this residue 

can switch cell fate from apoptosis to growth arrest. MLS2 (male-specific lethal-2) is a 

nuclear E3 that ubiquitinates p53 leading to its nuclear export without affecting its stability 

[170]. However, the exact physiological context of this p53 nuclear-cytoplasmic translocation 

remains to be elucidated. Another E3 playing a role in the cytoplasmic localization of p53 is 

the WW domain-containing protein 1 (WWP1), a HECT E3 [171]. WWP1 expression 

stabilizes p53 leading to its nuclear export which coincides with a decrease in p53 

transcriptional function. It would be interesting to clarify the mechanism by which WWP1 

ubiquitinates p53. There are also other cases where non-proteolytic ubiquitination of p53 

induces its stabilization and inhibition of its function. Ubc13, a E2 ubiquitin-conjugating 

enzyme, protects p53 from Mdm2-induced degradation by promoting ubiquitination of 

monomeric p53 through K63 Ub chains which inhibits its multimerization (required for 

transcription activation) and induces its sequestration in the cytoplasm [172]. It was later 

demonstrated that JNK inhibits this interaction by phosphorylating p53, thereby allowing p53 

multimerization and transcriptional activation [173].  
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Ubiquitination of p53 is also subjected to tight control by deubiquitination. It was 

initially observed that HAUSP (USP7) deubiquitinates and stabilizes p53 leading to inhibition 

of cell growth and increase of apoptosis [174]. Later it was also shown that Mdm2, known to 

undergo self ubiquitination, is a substrate of HAUSP and that Mdm2 becomes very unstable 

in HAUSP-depleted cells, which in turn leads to p53 activation [175, 176]. These results 

suggest the existence of a regulatory loop in which HAUSP can act as a positive or negative 

regulator of p53 stability. A second DUB, USP2a, positively regulates the Mdm2/p53 

interaction [177]. USP2a, in contrast to HAUSP, only interacts with and deubiquitinates 

Mdm2 thus promoting p53 degradation. A third DUB, USP10, also deubiquitinates p53 

counteracting its ubiquitination and degradation by Mdm2 [178]. It was demonstrated that in 

unstressed cells, USP10 is localized to the cytoplasm and inhibits p53 ubiquitination. 

Following DNA damage, USP10 is phosphorylated by ATM, an event necessary for its 

stabilization and nuclear translocation. In the nucleus, USP10 then deubiquitinates p53 

leading to its activation and subsequent growth suppression. USP4 also regulates p53 stability 

via direct deubiquitination of the E3 ARF-BP1 [179]. As for most E3s targeting p53, it is 

unclear how corresponding DUB activities are coordinated. It is also expected that various 

DUBs, which have yet to be identified, might regulate the p53 ubiquitination pathway in a 

degradation-independent manner. 

 

Ubiquitination in the control of Myc function 

While proteolysis is usually engaged when the biological function of a protein is no 

longer required, much evidence indicates that Ub and proteolysis plays a major role in 

transcription activation domain (TAD) function. Transcription activators are composed of a 
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TAD and a DNA-binding domain. Using chimeric transcription factors composed of the 

GAL4 DNA binding domains and different TADs expressed in a cell line carrying a reporter 

gene, it was observed that the half-life of model activators, such as VP16, were inversely 

correlated with TAD activity [180]. Consistently, it was observed that inactivating point 

mutations in the TAD also protect the transcription activator from proteasomal degradation. 

Moreover the rapid degradation of chimeric activators was dependent on a functional GAL4 

DNA binding domain, indicating that recruitment of transcription factors to DNA is essential 

for proteasome-mediated degradation and hence proper TAD function. Although not a general 

rule, the activation domains of many unstable transcription factors overlap with activator 

degrons [181-183]). The transcription factor c-Myc (hereafter Myc) provides an excellent 

model for investigating the link between TAD and degradation. Due to its oncogenic 

properties, cells have developed ways to tightly control Myc stability and activity. Myc has an 

extremely short half-life (~30 min) [184], and is a target of several E3s. The F-box protein 

Skp2 stimulates Myc transcription activity as well as promoting its proteasomal degradation 

[185, 186]. Skp2 interacts with Myc on the Myc-Box 2 (MB2) that is critical for transcription 

activation and oncogenic transformation. Thus, the degron and TAD overlap is consistent 

with the model of dependency between transcription factor potency and degradation. 

Moreover, the interaction between Myc and Skp2 is cell cycle regulated and is required for S 

phase entry during which the rate of Myc turnover is increased. Four more E3 complexes 

have been implicated in Myc regulation: Fbw7, HectH9, TRUSS (TRPC4AP) and β-TrCP. 

Whereas Skp2 acts as a positive regulator of Myc activity while still being responsible for its 

proteasomal degradation, Fbw7 is a negative regulator of Myc function [187-189]. The 

SCFFbw7 complex and its role in Myc ubiquitination has been well characterized. This 
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complex binds to a phosphodegron in Myc-Box 1 (MB1) and signals Myc for proteasomal 

degradation. Following a priming phosphorylation of serine 62 by MAP kinases, glycogen 

synthase kinase 3 (Gsk3) phosphorylates the threonine 58 residue in MB1 which is required 

for degradation by Fbw7. Cells deficient for Fbw7 have an increased steady state level and 

half-life of Myc [189, 190]. Consistent with the biological significance of Fbw7 interaction 

with Myc, mutations in the Fbw7 binding domain are found in Burkitt lymphoma [191]. More 

recently it was revealed through mass spectrometry of affinity-purified complexes that 

TRUSS interacts with Myc [192]. DDB1 and CUL4A were also found in the Myc purification 

suggesting that TRUSS acts as a substrate receptor (DCAF) for the DDB1-CUL4 E3 complex. 

TRUSS enhances Myc protein turnover, which requires both N- and C-terminal domains of 

Myc. Furthermore, TRUSS expression was found to be very low in many cancer cell lines 

suggesting that TRUSS may act as a tumor suppressor by regulating Myc protein levels and 

activity. One of the determining factors of protein fate is polyubiquitination using different 

types of Ub chain linkages. In contrast to Skp2, Fbw7, and TRUSS which signal Myc for 

ubiquitination and degradation, HectH9 polyubiquitinates Myc through lysine 63 linkage 

(K63) and does not directly play a role in its turnover [193]. It was observed that HectH9 was 

necessary to enhance transcription activation of Myc target genes. Consistent with its role in 

promoting Myc transcription, HectH9 is overexpressed in many solid tumors, and depletion of 

HectH9 blocks tumor cell proliferation. Adding to the complexity of Myc ubiquitination, 

SCFβ-TrCP inhibits SCFFbw7– mediated turnover of Myc through different Ub chains, and 

this promotes Myc stabilization [194]. Using single substitutions of the different Ub lysines, it 

was observed that K33, K48 and K63 mutants hindered β-TrCP stabilization of Myc 

suggesting that this E3 forms heterotypic chains, whereas only the K48 mutant abrogated 
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Fbw7 degradation of Myc supporting homotypic polyubiquitin chain formation. Consistent 

with a positive role of β-TrCP in regulating Myc, it was observed that ubiquitination of Myc 

by β-TrCP is necessary for cell cycle progression. Further studies are required to fully 

elucidate the mechanism of Myc ubiquitination by β-TrCP. 

 

Similar to p53, Myc is also regulated by DUBs. Usp28 was identified through a RNAi 

screen as a protein involved in Myc function [195]. Expression of Usp28, but not of its 

catalytic inactive mutant, increased levels of Myc and its half-life. Interestingly, Usp28 

antagonizes the action of Fbw7 without directly binding Myc. There are three isoforms of 

Fbw7 (α, β, and γ). The nuclear Fbw7α and the nucleolar Fbw7γ both degrade Myc, while 

Fbw7β is cytosolic and does not interact with Myc [187]. Usp28 is nuclear and was found to 

interact with Fbw7α, thus preventing Myc degradation only in the nucleus. This explains why 

Myc is very unstable in the nucleolus. Moreover, Usp28 was found to be highly expressed in 

colon and breast carcinomas. Since Fbw7 is a tumor suppressor gene and that Usp28 blocks 

Fbw7-mediated Myc ubiquitination rendering Myc more stable, Usp28 could be considered in 

this context as an oncogene. 

 

Although, less documented than p53, the involvment of several E3 complexes and a 

DUB in regulating Myc strongly supports the essential role of ubiquitination in controlling the 

stability and activity of this oncogene. Due to the important role of Myc in tumorogenesis, it 

will be crucial to determine potential crosstalks between the different E3s and define the 

upstream signaling pathways that control Myc function. 
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Regulation of RNA polymerase II by ubiquitination 

Regulation of the recruitment and activity of Pol II constitutes another major mode of 

transcriptional control. When actively transcribed DNA is exposed to genotoxic agents such 

as UV, resulting DNA lesions are repaired via the transcription-coupled nucleotide excision 

repair (TC-NER) pathway which is triggered through blockage of Pol II progression. 

Following this lesion recognition event, at some point Pol II must be removed from the 

template to allow recruitment of the repair machinery. It was initially found that following 

UV exposure, the large subunit of Pol II, Rpb1, is ubiquitinated; moreover this modification 

appeared deficient in cells derived from Cockayne syndrome A and B (CSA and CSB), a rare 

disorder where TC-NER is abrogated [196]. It was later shown that UV-induced 

ubiquitination of Pol II targets this enzyme for proteasomal degradation [197]. A direct link 

between TC-NER and Pol II degradation was provided by Rad26, a yeast functional 

homologue of human CSB, that interacts with Def1, a protein necessary for Pol II 

ubiquitination and degradation following DNA damage [198]. It was observed that the 

fraction of Rpb1 that was ubiquitinated and degraded by the proteasome is 

hyperphosphorylated [197]. On the other hand, other findings suggested that the 

hypophosphorylated form of Pol II might also be targeted for degradation [199, 200]. Studies 

involving the use of specific CTD kinase inhibitors support the notion that phosphorylation of 

the CTD of Pol II is required for its ubiquitination and degradation [201, 202]. Consistently, 

using an antibody recognizing all forms of Pol II (ARNA-3), it was observed that Pol II 

becomes hyperphosphorylated following UV exposure and this is concomitant with its 

degradation [202]. Interestingly, the authors reported that degradation of Pol II was not 

significantly different in CSA or CSB cells compared to repair-competent cells, although 
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these proteins participate in Pol II ubiquitination [202]. The discovery of the first E3 required 

for Pol II ubiquitination came from a biochemical approach to identify subtrates of Rsp5, an 

essential HECT E3 in S. cerevisiae. It was found that Rsp5 is in stable complex with, and 

ubiquitinates, Rpb1 [203]. It was further demonstrated that degradation of Rpb1 following 

treatment with UV or the UV-mimetic compound 4-nitroquinoline-1-oxide (4-NQO) depends 

on Rsp5 [199]. The authors also observed that human Nedd4, closely related to yeast Rsp5, 

was able to bind and ubiquitinate human Rpb1. In agreement, it was recently shown that DNA 

damage-induced Pol II ubiquitination depends on Nedd4 [204]. With the discovery of the E3 

for Pol II, it became possible to investigate the involvement of CTD phosphorylation in Pol II 

ubiquitination using an in vitro assay [205]. Using Uba1 (E1), Ubc5 (E2) and Rsp5, it was 

demonstrated that the Pol II/DNA/RNA ternary complex is more efficiently ubiquitinated than 

free Pol II, and moreover the preferred substrate for ubiquitination is the damage-stalled Pol II 

ternary complex. In addition, it was demonstrated that Serine 5 phosphorylation of the CTD 

blocks Pol II ubiquitination, whereas Serine 2 phosphorylation promotes its ubiquitination 

[205].  

 

Following the discovery of Rsp5, it was found that the von Hippel-Lindau tumor 

suppressor protein (VHL)-associated E3 complex (containing Elongin B, Elongin C, Cullin 2 

and Rbx1 (Roc1)), interacts with hyperphosphorylated Pol II and is required for its 

ubiquitination and degradation following DNA damage [206]. Ela1 (Elongin A), Elc1 

(Elongin C) and Cul3 are necessary for DNA damage-induced Rpb1 ubiquitination and 

degradation in S. cerevisiae [207, 208]. It was later demonstrated that, in mammalian cells, 

another complex containing Elongin A/B/C, Cul5 and Rbx2 is also involved in the 
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ubiquitination and degradation of Pol II following DNA damage [209]. The tumor suppressor 

BRCA1 and its stoichiometric partner BARD1 assemble a Ring finger E3 complex that 

appears to target Pol II. One study reported that the elongating form of the enzyme, possibly 

stalled at DNA damage sites, is the preferential target of the BRCA1/BARD1 E3 complex 

[210]. On the other hand, it was also shown that BRCA1/BARD1 E3 complex ubiquitinates 

Serine 5 phosphorylated Pol II [211]. This appears to prevent stable association of Pol II with 

TFIIE and TFIIH, and thus blocks the initiation of mRNA synthesis rather than elongation. In 

addition, this process does not appear to target for degradation as the Ub moiety itself 

interferes with the assembly of basal transcription factors at the promoter [212]. These data 

can be reconciled by taking into account that BRCA1 might interact with several E2s to 

promote the assembly of degradative Ub chains or non-degradative Ub chains depending on 

the stage of transcription. Clearly, the exact role of BRCA1-mediated ubiquitination in 

regulating Pol II function requires further studies.  

 

Regulation of Pol II by ubiquitination does not appear to be solely regulated in 

response to DNA damage. Indeed it was found that the HECT domain E3 WWP2, targets Pol 

II for ubiquitin-mediated degradation in a DNA-damage independent manner, and moreover, 

this interaction does not rely on the phosphorylation state of Pol II [213]. It was also observed 

using an in vitro transcription system that Pol II is ubiquitinated via lysine-63 linked chains 

following transcription inhibition with α-amanitin, indicating that stalled or arrested Pol II 

induces Ub signaling cascades to rescue transcription [214]. The identity of this E3 activity as 

well as the mechanism of its recruitment to the transcriptional machinery have yet to be 

revealed. 



 

 

34 

 

A major issue yet to be resolved concerns how distinct E3s act on Pol II. Recent 

studies have begun to shed light on the intricate mechanisms of Pol II ubiquitination. For 

instance Rsp5 and Elc1/Cul3 act on Pol II ubiquitination in a sequential fashion with different 

Ub chains [215]. Using a yeast in vitro reconstituted system for Pol II ubiquitination, it was 

demonstrated that Rsp5 is required for the monoubiquitination of Pol II or polyubiquitination 

through K63-linked Ub chains. Following this first step, Elc1 and Cul3 are then recruited for 

Pol II polyubiquitination through K48 Ub chains. In addition, the requirement for Rsp5 could 

be bypassed by using pre-monoubiquitinated Pol II. These findings were further confirmed 

using human purified factors showing that Nedd4 is required for monoubiquitination of Pol II 

followed by polyubiquitination by the ElonginABC/Rbx1/Cullin5 complex. This two-step 

mechanism is suggested to allow sufficient proofreading capacity during Pol II ubiquitination 

to tightly control its proteolysis. 

 

As would be expected, deubiquitination represents another form of Pol II control by 

ubiquitination. The DUB Ubp3 co-purifies with Pol II and elongation factors such as Spt5 and 

reverses its ubiquitination [216]. Moreover, it was demonstrated that Ubp3 mutant yeast cells 

have increased hyper-ubiquitinated Pol II and were also sensitive to treatment with the 

elongation inhibitor 6-azauracil (6-AU). Consistently, Ubp3 efficiently deubiquitinates the 

polymerase in vitro. However another DUB, Ubp2, interacts with and antagonizes Rsp5 by 

deubiquitinating Rpb1 [215, 217]. In contrast to the mechanism of Ubp3 action, Ubp2 

efficiently hydrolyzes Ub chains but is unable to break the bond between Ub and Pol II. 

Furthermore, Ubp2 deubiquitinates K63 polyubiquitinated Pol II, consistent with a previous 

study demonstrating that this DUB regulates formation of K63-linked Ub chains [218]. These 



 

 

35 

 

studies clearly show that deubiquitination plays an important role in Pol II stability and 

function through the action of different DUBs. 

 

In conclusion, ubiquitination is an integral part of the transcription process and exerts 

positive or negative regulatory effects on gene expression depending on the enzymes and the 

substrates involved. Ubiquitination of the same substrate could have seemingly opposite 

effects depending on the nature of the modification. Indeed ubiquitination of components of 

the transcription apparatus can induce degradation, activation, and assembly or disassembly of 

multi-protein complexes. Further studies are needed to address the biological roles of 

components of the Ub system. Moreover, understanding the molecular mechanisms of 

ubiquitination/deubiquitination is likely to reveal novel principles of signaling. Undoubtedly, 

with the advent of new approaches and technologies, the years lying ahead will certainly 

herald exciting new insight into this post-translational modification.  
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Figure Legends 

Figure 1. Model of the mechanism of action of H2B ubiquitination in gene activation.  

Bre1/Rad6/Lge1 E3 complex is recruited by activators to promoters. Phosphorylated at serine 

5 of the CTD domain (CTDS5P), Pol II recruits PAF elongation factor complex, which in 

turn, allows the activation of Bre1/Rad6/Lge1 for the ubiquitination of H2B. BUR complex 

acts as a stimulator of the Bre1/Rad6/Lge1 complex activity. H2Bub activates transcription by 

different mechanisms. H2Bub promotes ubiquitination of Cps35, a subunit of COMPASS 

complex, which allow the chromatin recruitment of Spp1 to COMPASS and activation of 

COMPASS for the tri-methylation of H3K4 by Set1. H2Bub is deubiquitinated by Ubp8, a 

component of the SAGA complex. This event allows the recruitment of Ctk1 for the 

phosphorylation of Pol II CTD on Serine 2 which in turn promotes Set2 recruitement for 

H3K36 methylation. H2Bub stimulates the activity of the FACT complex to facilitate the 

passage of Pol II. 

 

Figure 2. Model of the mechanism of action of H2A ubiquitination in gene repression.  

At repressed gene promoters, PRC2 is recruited to tri-methylate H3K27, and this in turn, 

recruits PRC1 to catalyze H2A ubiquitination. There are different variations of PRC1 

complexes, all containing the subunit Ring1B that is responsible for the ubiquitination activity 

of the complex. At selective promoters (e.g. chemokines genes), 2A-HUB is recruited by the 

repressive NCoR complex to catalyze the ubiquitination of H2A. This histone modification is 

able to inhibit H3K4 methylation and FACT recruitment for gene repression. To activate 

H2Aub-repressed genes, ZRF1 binds to H2Aub, displaces PRC1 and facilitates H2Aub 
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deubiquitination. Eight H2A DUBs associated with transcription regulation have been 

identified and interact with different proteins to form diverse complexes. 

 

Figure 3. Regulation of p53 stability and localization by ubiquitination.  

p53 is regulated by various E3s leading to diverse effects on its stability and localization. 

Several E3s, including Mdm2 and Pirh2, negatively regulate p53 protein levels by 

polyubiquitination-mediated proteasomal degradation, a process enhanced or inhibited by 

DUBs such as HAUSP and USP10 respectively. Mdm2 can further monoubiquitinate p53 

which leads to its cytoplasmic localization. Other E3s positively affect p53 through 

stabilization such as RFWD3 or cytoplasmic and chromatin localization by WWP1 and E4F1 

respectively. 

 

Figure 4. Regulation of Myc oncogene activity and function by ubiquitination.  

Myc is polyubiquitinated through K48 linkage by the E3 Skp2 leading first to Myc activation 

followed by its proteasomal degradation, representing a mechanism to control Myc function. 

In contrast to Skp2, the E3s TRUSS and Fbw7 also polyubiquitinate Myc through K48 

linkage but instead inhibit Myc and signal for its degradation. In the case of Fbw7, its effect 

on Myc can be blocked by the actions of the USP28 DUB and by the β-TrCP E3 which 

ubiquitinates Myc through heterotypic Ub chains leading to Myc stabilization and function in 

cell cycle progression. Finally, Hect H9 (Huwe1) activates Myc through K63 poly-Ub 

linkage. 
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Figure 5. RNA Pol II function is regulated by ubiquitination.  

The major subunit of Pol II, Rpb1, is ubiquitinated in a controlled manner to ensure the proper 

function of the polymerase. In a first step, Rpb1 is monoubiquitinated by Rsp5 (Nedd4), a 

modification reversed by the action of the DUB Ubp3. Furthermore, this step is regulated by 

the phosphorylation status of the CTD of Rpb1. While phosphorylation on Serine 2 

(elongation) of the CTD signals for mono-Ub by Rsp5, Serine 5 (initiation) inhibits the action 

of the E3. Following this priming ubiquitination step, Rpb1 is polyubiquitinated through K48 

Ub linkage by an Elongin/Cullin complex signaling Pol II for proteasomal degradation, which 

can be blocked by the DUB Ubp2. 
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1.3 Ubiquitination and DNA repair 

Exogenous DNA-damaging agents, such as ionizing (IR) and ultraviolet (UV) 

radiations, as well as endogenous DNA damage caused by reactive oxygen species or defects 

in DNA replication, continuously challenge our cells and cause genomic instability and 

cancer.  To maintain genome integrity, cells utilize a complex network of signaling cascades 

that collectively constitute the DNA damage response (DDR)
21

. Activation of DDR ensures 

detection, signaling and repair of different forms of DNA damage. The nature of the DNA 

lesion determines which specific DNA repair pathway need to be activated during the DDR. 

For example, DNA bulky adducts caused by UV radiation are repaired by nucleotide-excision 

repair (NER). Furthermore, DNA double strand breaks (DSBs) are repaired mostly by non-

homologous end joining (NHEJ) or homologous recombination (HR).  

 

It is now widely accepted that ubiquitination plays an essential role in the DDR. In this 

section, I will briefly discuss examples of DNA repair pathways that use ubiquitination in 

their signaling cascades. Of note, the role of ubiquitination in the repair of DSBs will be 

developed in more detail in a later section. 

 

1.3.1 Ubiquitination in NER 

 Bulky DNA adducts caused by UV radiation are highly genotoxic since they inhibit 

the progression of the replication and transcription machineries. These lesions are efficiently 

and faithfully repaired through the NER pathway. NER is composed of two subpathways that 

differ in the recognition of the lesion: global genome repair (GG-NER) and transcription-

coupled repair (TC-NER)
22,23

 (Figure 2). In respect to GG-NER, which is responsible of 
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repair throughout the whole genome, lesions are recognized by two different complexes, 

DDB1-DDB2 (XPE) and XPC-RAD23
24

. DDB1-DDB2 functions as an adapter protein in the 

CUL4 E3 ligase complex which is inhibited by the COP9 signalosome (CSN) 
25

. Following 

DNA damage, CUL4 is dissociated from COP9 and is recruited to the lesion where it 

monoubiquitinates histones to generate a relaxed chromatin environment to allow for proper 

repair
26

. In addition, CUL4 also polyubiquitinates DDB2 leading to the dissociation of the 

XPE complex from DNA and ultimately its proteasomal degradation
25

. Moreover, XPC is 

also polyubiquitinated by CUL4 through K63 chain linkage which promotes its binding to 

DNA and hence NER
27

. With TC-NER, repair is activated by the stalling of RNA polymerase 

II (RNAP II) at the site of a DNA lesion on a transcribed strand only. TC-NER requires the 

recruitment of CSB and CSA, with CSA forming an E3 ligase with CUL4, at a UV lesion 

site
23,28

. The exact ligase activity CUL4-CSA is still not fully elucidated. However, it has been 

suggested that CSB is ubiquitinated and degraded at later stages of TC-NER to permit 

transcription to resume
29

. In addition, the DUB USP7 is recruited to lesion sites by binding to 

UVSSA, which interacts with stalled RNAP II
30-32

, and delays CSB degradation. Following 

recognition, the transcription factor TFIIH and the helicases XPB and XPD are recruited 

which promotes DNA unwinding to allow for the recruitment of XPA and RPA to bind and 

protect single stranded DNA ends. The endonucleases XPF and XPG are then brought in to 

excise the lesion allowing for the DNA polymerase to fill the gap followed by ligation by 

DNA ligase I. 
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Figure 2. Role of ubiquitination in NER. In GG-NER, lesions are recognized by two 

different complexes, DDB1-DDB2 (XPE) and XPC-RAD23. DDB1-DDB2 recruits the CUL4 

E3 ligase complex, leading to DDB2 and XPC polyubiquitination through K48 and K63 

ubiquitin chains respectively. DDB2 is then dissociated from the lesion site and degraded, 

while XPA and the remaining NER machinery is recruited to complete repair. In TC-NER, 

CSA and CSB are recruited after RNAP II stalling at a DNA lesion induced by UV. CSA then 

binds to DDB1-CUL4 leading to CSB ubiquitination and its dissociation allowing for DNA 

replication to resume. CSB degradation can be delayed by the DUB USP7 through binding to 

UVSSA, which interacts with RNAP II. 
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1.3.2 Ubiquitination and postreplication repair 

Postreplication repair (PRR) is an evolutionarily conserved pathway that permits 

replication beyond bulky DNA lesions through DNA damage-tolerance pathways coordinated 

by the ubiquitination (as well as sumoylation) of the DNA clamp Proliferating cell nuclear 

antigen (PCNA) which functions as a processivity factor in DNA replication
22

. Eukaryotic 

PRR is divided into two subpathways: translesion synthesis (TLS) and template switching 

(TS)
33

. TLS allows for DNA synthesis past a lesion through the action of specialized 

polymerases of the Y family such as Polη, Polι, Polκ, and Polζ
34

. However, unlike high-

fidelity DNA polymerases, TLS polymerases are error prone. Template switching uses newly 

synthesized sister chromatids, in combination with the HR machinery, to allow for error-free 

bypass of a DNA lesion. An initial step in PRR in yeast is the monoubiquitination of PCNA, 

primarily on K164, by the E2-E3 enzymes Rad6-Rad18
35-37

. This modification is then 

recognized by TLS polymerases through their ubiquitin-binding domains (UBDs) and allow 

for DNA replication passed the lesion
38

. While still unclear, PCNA is then possibly 

deubiquitinated by USP1-UAF1 in vertebrates which would allow for the switch back to DNA 

polymerases to continue replication
39

. Template switching, on the other hand, involves the 

polyubiquitination of PCNA by Rad5 on K164
37

. Rad5, in conjunction with the dimeric E2 

Ubc13-Mms2, induces the formation of K63-linked ubiquitin chains on PCNA, which support 

TS through still undefined mechanisms.  

 

Many more studies are required to fully understand the magnitude of the role of 

ubiquitination in the DDR. In further sections, I will discuss the role of BRCA1 and 

ubiquitination in the repair of DSBs. 
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Figure 3. Role of ubiquitination in PRR. Eukaryotic PRR is divided into two pathways: 

translesion synthesis (TLS) and template switching (TS). An initial step in PRR is the 

monoubiquitination of PCNA, primarily on K164. During TLS, this modification is carried 

out by Rad6-Rad18, which signals for the recruitment of the error-prone TLS polymerases to 

bypass the lesion. PCNA is also deubiquitinated by USP1-UAF1 to possibly switch back to 

high-fidelity DNA polymerases to continue replication following lesion bypass. TS involves 

the polyubiquitination of PCNA by Rad5-Ubc13-Mms2 on K164 inducing the formation of 

K63-linked ubiquitin chains on PCNA, which support TS through still undefined mechanisms.  
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1.4 The breast cancer tumor suppressor BRCA1 

1.4.1 Genetic predisposition to cancer 

Family history is one of the most important risk factor during the development of 

breast cancer. In fact 5-10% of all breast cancers are genetically linked to mutations in high-

penetrance susceptibility genes
40-43

. The Breast Cancer early onset gene 1 (BRCA1) was 

originally mapped and cloned twenty years ago
44

 and can account, with BRCA2, for 

approximately 15-25% of all hereditary breast cancers
41,45

. Mutations of these two tumor 

suppressors, that play major roles in the DNA damage response, lead to increased risk of 

cancers of the breast and of the gynaecological tract such as ovarian cancer
41

. The risk of 

developing cancer in women with genetic defects in BRCA1 reaches 80% by age 70, which is 

considerably higher than the 1 in 8 risk for all women
46

. Since BRCA1 has been studied for 

many years, the amount of information on this protein is quite impressive even though much 

still needs to be understood to fully establish the function and regulation of this protein. In the 

next sections, I will focus on the major interacting partners for BRCA1, its role in double 

strand break (DSB) repair and what is known about its interaction with BAP1. 

 

1.4.2 General principles of DSB repair 

DSBs are thought to be the most cytotoxic forms of DNA damage since both DNA 

strands are compromised
47,48

. Homologous recombination (HR) and Non-homologous end 

joining (NHEJ) are the two main mechanisms to repair DSBs (reviewed in 
48-50

) (Figure 2). 

HR repair, which occurs in the S and G2 phases of the cell cycle, is more accurate since it 

relies on homologous DNA on a sister chromatid as a template to repair the break
51

. Briefly, 

when a DSB occurs, the MRN complex (Mre11-Rad50-Nbs1) binds to DNA on either side of 
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the break which recruits helicases and nucleases that serve the initial processing of the ends of 

the break
52,53

. It is at this point in the signalling cascade that BRCA1-CtIP is recruited for 

further end resection, which will be discussed in more detail in further sections. Following 

end processing, RPA binds with high affinity to single-stranded DNA (ssDNA) 3' 

overhangs. Then the BRCA2/PALB2 (Partner and localizer of BRCA2) complex displaces 

RPA from ssDNA leading to the recruitment of Rad51 and nucleoprotein filament 

formation
54-57

. After homology searching, this nucleoprotein filament then invades the other 

sister chromatid. Finally, DNA synthesis and crossover of genetic information occurs leading 

to error-free repair. NHEJ is less accurate since it mainly occurs during G0- and G1-phases of 

the cell cycle when sister chromatids are not present and involves direct ligation of broken 

ends
58,59

. Briefly, the Ku70/80 heterodimeric ATP-dependent DNA helicase binds to the ends 

of the break and recruits other NHEJ proteins including DNA-PKCS which binds to each end 

and interact with each other forming a synaptic complex thus stabilizing DSB ends. Following 

end processing by Artemis
60

, DNA ligase IV religates the broken ends.  

 

1.4.3 Activation of BRCA1 by phosphorylation is response to a DSB 

BRCA1 is phosphorylated and activated by two major members of the 

phosphoinositide 3-kinase (PI3K)-related protein kinase (PIKK) family: ataxia telangiectasia 

mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR)
61,62

. These kinases can 

phosphorylate BRCA1 directly on SQ and TQ motifs found in its SQ cluster domain. ATM 

can also indirectly activate BRCA1 through phosphorylation of Chk2, a downstream 

checkpoint kinase. Activated Chk2 will then phosphorylate BRCA1 at serine 988
63,64

. In 

addition, both ATM and ATR can indirectly activate BRCA1 by phosphorylating Chk1
65

. 

http://en.wikipedia.org/wiki/RAD51
http://en.wikipedia.org/wiki/Nucleoprotein
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Instead of phosphorylating BRCA1 itself, Chk1 rather binds BRCA1 through interaction with 

its BRCT domains (which will be discussed later). BRCA1 in turn will control the activation 

of Chk1 which is important for proper G2/M checkpoint activation following genotoxic 

stress
66

.  
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Figure 4. General principles of DSB repair. HR repair occurs in the S and G2 phases of the 

cell cycle when sister chromatids are present. The MRN complex (Mre11-Rad50-Nbs1) binds 

to DNA on either side of the break and leads to the recruitment of BRCA1-CtIP that serves to 

resect the ends of the break. RPA binds with high affinity to single-stranded DNA (ssDNA) 3' 

overhangs. BRCA2/PALB2 complex then displaces RPA from ssDNA leading to the 

recruitment of Rad51, strand invasion and ligation. NHEJ is less accurate since it mainly 

occurs during the G1 cell cycle phase when sister chromatids are not present and involves 

direct ligation of broken ends. The Ku70/80 heterodimeric DNA helicase binds to the ends of 

the break and recruits DNA-PKCS which binds and stabilizes the ends. Following end 

processing by Artemis, DNA ligase IV religates the broken ends leading to repair. 

http://en.wikipedia.org/wiki/RAD51
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1.4.4 BRCA1 protein domains and interacting partners 

 

In the following section, I will discuss the major protein domains of BRCA1 as well as 

the different proteins that interact with these domains. 

 

1.4.4.1 RING domain and the BRCA1 interaction with BARD1 

The BRCA1 gene encodes an 1863 amino acid nuclear protein (BRCA1 contains a 

nuclear localization sequence, NLS
67

) containing several important domains. First, the N-

terminal region of BRCA1 contains the evolutionary conserved Really interesting new gene 

(RING) domain, commonly found in E3 ligases, required for binding to BRCA1-associated 

RING domain protein 1 (BARD1)
68

. BRCA1 forms a heterodimer with BARD1, a 

stoichiometric partner, through binding of their respective RING domains. This interaction 

stabilizes BRCA1 and is required for its E3 ligase activity, which was originally thought to 

play a major role in tumor suppression
69

. In fact, the BRCA1-BARD1 heterodimer generates 

noncanonical K6-Ub chains when associated to the Ubch5c E2 enzyme in vitro
70,71

. These 

chains are present at sites of double strand breaks (DSBs) and appear to depend on BRCA1
72

. 

It is well established that BRCA1-BARD1 can be autoubiquitinated, but the function of this 

modification is still unclear. However, identification of other substrates of the BRCA1-

BARD1 ubiquitin ligase has remained difficult with CtIP and histone H2A representing 

possible targets
73,74

. The importance of the RING domain for the tumor suppressor function of 

BRCA1 has been put into question recently. BRCA1-null mice die between embryonic day 

5.5 and 8.5
75-78

. BRCA1-RING mutant knock-in mice show different phenotypes depending 

on the nature of the mutation.  Mice with the I26A substitution, a synthetic RING mutation 
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not found in humans disrupting BRCA1 interaction with E2 conjugating enzymes but 

allowing interaction with BARD1, are viable, proficient for HR and are not susceptible to 

cancer
79,80

. However, mice harboring the C61G substitution, found in human cancer patients 

and disrupting the interaction with BARD1
68

, show DNA repair defects and are embryonic 

lethal similar to Brca1-null mice
81

. Therefore, the role of the RING domain in BRCA1 tumor 

suppression is still unclear and it is now thought that BRCA1 C-terminal repeats (BRCT 

domains) are equally important for tumor inhibition
80

. 

 

1.4.4.2 BRCT domains and recruitment to DSB sites 

BRCT repeats recognize phosphoserine residues and allow binding between BRCA1 

and Abraxas, BRCA1-interacting protein C-terminal helicase 1 (BACH1) and CtIP all of 

which are required for BRCA1 function in DSB repair
82,83

.  

 

1.4.4.2.1 BRCA1-A (Abraxas) complex is recruited to DSB sites through an 

ubiquitination signaling cascade 

Following exposure to ionizing radiation (IR) causing DSB lesions, the histone H2A 

variant H2AX is phosphorylated (γ-H2AX) on serine 139 by ATM and ATR
50,84

. Mediator of 

DNA damage checkpoint 1 (MDC1) is then recruited and phosphorylated
85,86

 which serves as 

a scaffold for the E3 ligase RING finger protein 8 (RFN8). RNF8 mediates ubiquitination of 

chromatin-associated proteins around the DSB through K63 Ub-linkage
87-90

. RNF168 is then 

recruited and ubiquitinates, with the E2 conjugating enzyme UBC13, H2A on K13 and K15 

residues
91,92

. Of note, RNF168 is regulated positively and negatively by the DUBs USP34
93

 

and OTUB1
94,95

 respectively. H2Aub then serves as a platform for the recruitment of 
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receptor-associated protein 80 (RAP80), which possesses two ubiquitin-interacting motifs 

(UIMs) that have been shown to preferentially bind to K6 and K63 ubiquitin chains
96,97

. 

RAP80 is responsible for recruiting Abraxas, BRCC36, MERIT40 and BRCC45, all of which 

are necessary for efficient BRCA1 localization to DSB lesions
98,99

. Abraxas, also known as 

coiled-coil domain-containing protein 98 (CCDC98), directly binds to the BRCT domains of 

BRCA1 and functions as a linker between BRCA1 and RAP80
100

. The BRCA1/BRCA2-

containing complex subunit 36 (BRCC36) deubiquitinase specifically hydrolyses K63 

ubiquitin chains, thereby restricting K63-Ub around a DSB, and is required for BRCA1 

recruitment to DSB sites
101

. The two other members of the BRCA1-A complex, MERIT40 

and BRCC45, are required for the stability of the complex
102,103

. In addition to RNF8/168, 

BRCA1 recruitment to DSBs is also dependent on the E3 ligases RNF20 and RNF40, through 

a still undefined mechanism. RNF20 and RNF40 are suggested to play a role in histone 

eviction by ubiquitinating histone H2B on lysine 120 and 125, which would promote end 

resection and DNA repair
104,105

. Altogether, it is clear that proper BRCA1 localization to DSB 

lesions requires an upstream ubiquitination signaling cascade.  
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Figure 5. Recruitment of the BRCA1-A complex to DSB sites. Following DSB-inducing 

DNA damage, H2AX is phosphorylated by ATM/ATR signaling for MDC1 recruitment and 

phosphorylation, which is required for RNF8 localization. Then, RNF8 ubiquitinates 

chromatin-associated proteins around the lesion through K63-Ub linkage, which serves as a 

platform for RNF168 recrutiment. RNF168 then monoubiquitinates H2A on K13 and K15. 

RAP80, using its ubiquitin-interacting motifs, then binds H2Aub, and functions to recruit the 

BRCA1-A complex. BRCA1 is also recruited by RNF20/40, which ubiquitinates H2B on 

K120/125, through undefined mechanisms. 
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1.4.4.2.2 BRCA1-B (BACH1) complex 

Chromatin remodeling during HR is essential since it modifies chromatin structure 

giving access to repair protein. BRCA1 BRCT motifs bind to the BRCA1-associated C-

terminal helicase (BACH1). BACH1 is phosphorylated by ATM following DNA damage and 

forms foci reminiscent of BRCA1 IRIFs that also colocalize with γ-H2AX
106

. BACH1 was 

shown to regulate Rad51 displacement which is required for efficient HR repair
107

. As 

previously discussed, Rad51 is required for HR repair by forming a nucleoprotein filament 

necessary for strand invasion. Therefore, the main function of BRCA1 interaction with 

BACH1 might be to restrain its activity of promoting Rad51 displacement. Moreover, cells 

expressing a dominant negative mutation of BACH1 which inhibits its helicase activity show 

genomic instability. The second member of the BRCA1-B complex is the topoisomerase IIB 

binding protein 1 (TopBP1). TopBP1 is thought to interact indirectly with BRCA1 through 

BACH1
108

. While not fully elucidated, the main function of TopBP1 appears to be activating 

ATR via binding to the ATR-interacting protein (ATRIP). Stimulation of ATR would be in 

turn important for activation of BRCA1 and HR repair
109,110

.  

 

1.4.4.2.3 BRCA1-C (CtIP) complex 

The cell cycle protein CtBP interacting protein (CtIP) interacts with BRCA1 through 

its BRCT domains in a cell-cycle dependant manner. CtIP is phosphorylated at serine 327 by 

ATM which is required for binding to BRCA1
111

. CtIP then links BRCA1 to the Nbs1 subunit 

of the MRN (Mre11-Rad50-Nbs1) complex. Nbs1, also known as Nibrin, which functions as 

a regulator of the MRN complex, is also phosphorylated by ATM and localized to DSB 

sites
112

. Another member of the MRN complex, meiotic recombination 11 (Mre11), is a 3’-5’ 
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exonuclease capable of generating ssDNA through resection of DSB ends
113

. The BRCA1-

CtIP-MRN complex is therefore essential during S/G2 for proper end resection and HR repair, 

which will be further discussed in the section on DSB repair pathway choice
114

. 

 

1.4.4.3 Coiled-coil domain and PALB2 

BRCA1 interacts with PALB2 through binding of their respective coiled-coil (CC) 

domains
56,115

. PALB2 plays a major role during the displacement of RPA by loading BRCA2 

and Rad51 to DSB repair sites during HR
116

. While not fully understood, BRCA1 is thought 

to aid in strand invasion by interacting indirectly with BRCA2/Rad51 through PALB2. In 

fact, mutation of both genes severely inhibits Rad51 HR foci formation. Moreover, missense 

mutations found in cancer patients affecting the CC of BRCA1, thereby blocking its 

interaction with PALB2, lead to inefficient HR. However, foci formation capacity of BRCA1 

and PALB2 following DSBs seem to be independent of each other. In fact, BRCA1 mutated 

in its CC was still capable of forming IRIFs following DNA damage. In addition, PALB2 foci 

are found in HCC1937 cells that express a truncated BRCA1 lacking its CC domain. Further 

studies are needed to fully address the inter-dependency of BRCA1 and PALB2, and how it 

affects HR repair.  

 

1.4.5 DSB repair: battle between 53BP1-RIF1 and BRCA1-CtIP 

In this section, I will discuss the role BRCA1 plays in determining DSB repair choice 

through its interplay with 53BP1. Furthermore, I will emphasize the notion of synthetic 

lethality between BRCA1 deficiency and PARP inhibitors as a strategy for selective killing of 

cancer cells. 
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1.4.5.1 DSB repair pathway choice 

The timing in the cell cycle and how the ends of a DSB are initially processed 

determine the choice of the repair pathway (reviewed in 
47,48

). In the G1 phase DSBs are 

protected from end resection which favors recruitment of NHEJ proteins. Once cells enter the 

S phase, end resection is activated to promote HR. Recently these processes have been shown 

to implicate two complexes, 53BP1-RIF1 and BRCA1-CtIP, which are both recruited to DSB 

sites through the actions of the E3 ligases RNF8 and RNF168
117-121

. In fact, 53BP1 is 

ubiquitinated by RNF168, a modification required for its role in DSB repair
122

.  While the 

exact mechanisms are still unclear, it is widely accepted that BRCA1 is essential for HR 

repair through its role in end resection and recruitment of BRCA2/PALB2 to repair sites 

during S and G2. This is supported by the fact the cells deficient for BRCA1 show 

cytogenetic characteristics of defective HR repair. In contrast, 53BP1 promotes NHEJ in G1 

by inhibiting 5’ end resection of DSBs. 53bp1
-/-

 avian DT40 cells are sensitive to ionizing 

radiation (IR) specifically in G1, which is similar to Ku70 deletion
123

. Originally believed to 

act independently, it is now known that BRCA1 and 53BP1 compete for the choice of the 

pathway used to repair a DSB. Following its phosphorylation by ATM, 53BP1 binds and 

recruits RIF1 to DSB sites. RIF1 then inhibits end resection and Rad51 nucleoprotein filament 

thereby promoting NHEJ. In S and G2, RIF1 accumulation is inhibited by BRCA1 and its 

interacting partner CtIP. In fact, depletion of CtIP resulted in RIF1 foci in S/G2. Inhibition of 

RIF1 activity was dependent on CtIP CDK-phosphorylation leading to end resection. This has 

led to the “real estate” model where the choice of DSB repair pathway depends on the 

chromatin occupancy of RIF1 and CtIP (Figure 6A). 
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1.4.5.2 Interplay between BRCA1, 53BP1 and PARP inhibitors 

1.4.5.2.1 Ablation of 53BP1 and/or RIF1 rescue lethality and HR defects induced by loss 

of BRCA1  

Homozygous mice for Brca1-null mutation are embryonic lethal due to genomic 

instability
76

. While deletion of another tumor suppressor, p53, is able to delay the embryonic 

lethality, it is not capable of inhibiting all of the proliferation defects caused by loss of 

BRCA1
124

. Interestingly, the embryonic lethality and HR defects seen in Brca1-deficient mice 

can also be rescued through deletion of 53BP1 or RIF1
125-127

. In fact, in Brca1
Δ11/Δ11

 cells, that 

contain an in-frame deletion of exon 11 resulting in defective HR repair, loss of 53BP1 was 

able to reverse the tumor phenotype of these cells. Furthermore, embryonic stem (ES) cells 

deficient in BRCA1 were able to survive following concomitant deletion of 53BP1. 

Moreover, RIF1 deletion also was found to inhibit BRCA1 deficiency phenotypes
117-120

. 

Therefore, loss of 53BP1 and/or RIF1 is “synthetically viable” with deletion of BRCA1. The 

mechanism behind this synthetic viability involves end resection and DSB repair pathway 

choice. In BRCA1-deficient cells, the 53BP1-RIF1 complex is not inhibited by BRCA1 in 

S/G2 therefore leading to a restraint in CtIP end resection activity (Figure 6B). 53BP1-RIF1 is 

then able to promote NHEJ repair in S/G2 which leads to genomic instability and loss of 

viability in BRCA1-deficient cells. When 53BP1-RIF1 is also deleted in BRCA1-deficient 

cells, CtIP is then recruited to DSB sites in S/G2 thereby promoting end resection and HR, 

which supports genome stability.  
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Figure 6. DSB repair pathway choice. A) In G0/G1, 53BP1-RIF1 inhibits end resection by 

CtIP thereby promoting NHEJ repair of a DSB. In S/G2, BRCA1 counteracts 53BP1-RIF1 

activity giving way to CtIP recruitment and DSB end processing promoting HR repair. B) 

Deletion of 53BP1 or RIF1 can rescue BRCA1
-/-

 background from lethality and genomic 

instability. In S/G2, BRCA1 deletion will promote 53BP1-RIF1 activity and NHEJ which will 

lead to error-prone repair and genomic instability. However, if 53BP1 and RIF1 are also 

deleted, end processing by CtIP is still functional allowing for error-free HR repair and 

genome stability. 

 



 

 

74 

 

1.4.5.2.2 Conditional synthetic lethality between loss of BRCA1 and PARP inhibitors 

Studies showing that BRCA1-deficient cells are sensitive to the inhibition of poly 

(ADP-ribose) polymerase (PARP) were an interesting advance in the treatment of BRCA1-

deficient cancers
128,129

. In fact, many potential PARP inhibitors (PARPi), such as Olaparib, 

have been developed to treat BRCA1-dependent cancers
130

. PARP plays a role in single-

strand break repair (SSB) where it is required for processing the break and recruitment of 

multiple repair factors
131-133

. In the absence of PARP, SSBs accumulate in S phase leading to 

replication fork collapse and DSBs
134,135

. These DSBs are then repaired through BRCA1-

dependent HR which gives way to cell survival. In BRCA1-depleted cells, PARP inhibition 

causes unrepaired SSBs that cannot be repaired by HR leading to catastrophic failure of 

replication fork restart and therefore cell death
129,136

. However, this “conditional synthetic 

lethality” between BRCA1 and PARPi can be prevented by deletion of 53BP1 (Figure 7)
137

. 

In BRCA1
-/-

 53BP1
+/+ 

cells treated with PARPi, NHEJ is the primary pathway to repair the 

DSBs resulting from SSBs in S phase leading to replication fork collapse. NHEJ being less 

accurate can lead to genomic instability. In contrast, BRCA1
-/-

 53BP1
-/-

 cells are HR repair 

proficient and can repair the damage generated by PARPi. Unfortunately, BRCA1-mutant 

cells can become resistant to PARPi through reversion mutations where BRCA1-depleted 

cells acquire secondary mutations that restore a partially functional gene
138-142

. Therefore, 

while PARPi have been approved recently for patient treatment
130

, the importance of PARPi 

in the treatment of BRCA1-deficient cancers still remains uncertain. 
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Figure 7. Interplay between BRCA1, 53BP1 and PARP inhibitors. A) In WT cells, both 

HR and NHEJ are balanced therefore SSBs generated by PARP inhibition are correctly 

repaired which maintains genome stability. B) In BRCA1
+/+

 53BP1
-/-

 cells, HR is favored 

which also promotes efficient repair of PARPi-induced SSBs. C) However, in a BRCA1
-/-

 

53BP1
+/+

 background, NHEJ becomes the primary repair pathway. SSBs caused by PARPi 

are therefore repaired by error-prone repair leading to genome instability. D) PARPi 

sensitivity can be rescued by deleting both BRCA1 and 53BP1, which promotes end resection 

and HR through still undefined mechanisms. 
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1.4.6 Role of BRCA1 in the ultraviolet (UV)-damage response 

In contrast to the situation for IR, how BRCA1 is regulated in response to genotoxic 

agents that do not directly induce DSBs is poorly understood. Ultraviolet (UV)-light exposure 

leads to the formation of DNA bulky adduct helix-distorting lesions such as 6-4 

photoproducts and cyclobutane pyrimidine dimers
143

. These lesions are potentially mutagenic 

when the replication fork is stalled by the unrepaired bulky adducts leading to fork collapse 

and possibly a cytotoxic DSB. DNA lesions induced by UV are repaired by nucleotide 

excision repair (NER) which involves the generation of ssDNA gaps filled by DNA 

polymerases. A recent study showed that BRCA1
-/-

 human breast cancer cell lines are UV 

hypersensitive
144

. In fact, it was suggested that BRCA1 is recruited to sites of UV damage 

where it plays a role in UV repair through the excision of UV lesions, generation of RPA-

coated ssDNA gaps and recruitment of PCNA and DNA polymerase δ. However, as we will 

discuss in Chapter 2, we found that following UV or MMS exposure, BRCA1 is degraded 

concomitant with a loss of BRCA1 nuclear foci.  
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1.5 The BAP1 deubiquitinase 

1.5.1 BAP1 interaction with BRCA1 and its role in HR repair 

BAP1 was initially found to interact with wild-type (WT), but not with cancer 

mutations-containing BRCA1, using a yeast two-hybrid screen for BRCA1 RING finger 

interacting proteins
20

. Disruption of the BAP1 coiled-coil domain inhibited its interaction with 

BRCA1. Therefore, it was postulated that BAP1 interacts with BRCA1 through its C-terminal 

domain. In addition, co-expression of BAP1 in MCF7 breast cancer cells, known to exhibit 

growth suppression with BRCA1 overexpression, increased the capacity of BRCA1 to limit 

colony growth of these cells. The importance of the BAP1-BRCA1 interaction was initially 

refuted by a study showing that the deubiquitinase activity of BAP1 had no impact on the 

function of the BRCA1/BARD1 complex
145

. However, a second study demonstrated that 

BAP1 can inhibit BRCA1/BARD1 E3 ligase activity
146

. In this paper it was shown in fact that 

BAP1 interacts mainly with BARD1 and that BRCA1 acts more as an enhancer of the 

interaction. Moreover, contrary to BRCA1 that was shown to interact with the C-terminus of 

BAP1, BARD1 interacts with the region (amino acids 182-365) following the N-terminal 

UCH domain in BAP1. In addition, it was shown by GST-pulldown that BAP1 interferes with 

the BRCA1/BARD1 heterodimer by binding to BARD1. Since BRCA1 and BARD1 form an 

active E3 ligase, it was hypothesized that BAP1 interaction with BARD1 could interfere with 

this activity. In fact, through an in vitro ubiquitin ligation assay BAP1 was shown to inhibit 

the BRCA1/BARD1 ligase activity. BAP1 inhibits BRCA1 ligase activity by binding to 

BARD1 in a deubiquitinase activity independent manner. Furthermore, BAP1 knockdown led 

to hypersensitivity to ionizing radiation (IR), suggesting that BAP1 through its interaction 

with the BRCA1/BARD1 complex regulates ubiquitination following DNA damage. 
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However, the biological significance of the direct interaction between BAP1 and 

BRCA1/BARD1 is still not fully understood.   

 

  Our lab
147

 recently demonstrated a role of BAP1 in HR repair, in which I participated 

in performing some of the experiments. I mainly contributed in the DUB RNAi screen to 

identify regulators of HR protein assembly following DNA damage (Figure 8, Fig. 1 in 

ANNEX 2). In this screen, U2OS cells were transfected with siRNA pools targeting most 

known DUBs to determine the impact of DUB depletion on BRCA1 and Rad51 foci 

formation following ionizing radiation. Interestingly, one of the DUBs whose depletion 

negatively affected foci formation was BAP1, which we further investigated in detail. 

Knockout (KO) chicken DT40 cells for BAP1 were generated and were more sensitive to IR 

and other DSB-inducing agents. Also, we identified IR-induced phosphorylation sites in 

BAP1. I contributed in generating cell lines stably expressing BAP1 mutated for the 

phosphorylation sites as well as its catalytic site (C91S) (Fig. 5 in ANNEX 2). Both BAP1 

DUB activity and phosphorylation were found to be essential in promoting cell recovery from 

IR-induced DSBs. This data was of major importance since it linked BAP1 function to HR 

repair providing a possible mechanism for its tumor suppression function. Shortly after our 

lab published this data, another group supported our findings by showing that BAP1 is 

phosphorylated by ATM after ionizing radiation treatment and that BAP1 promotes HR repair 

of DSBs
148

. Moreover, they found that BAP1 is recruited to DSB sites in a RNF8/RNF168-

dependent manner and that BAP1 mediates the recruitment of ASXL1 to DNA damage sites. 
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Figure 8. DUB screen identifies novel regulators of HR protein assembly at IRIF. A) 

Schematic representation of DUB loss-of-function screen for IRIF regulators. U2OS cells 

were transfected with individual siRNA pool targeting DUBs, exposed to IR and collected for 

staining. B) Graphs represent the percentage of cells with more than 10 foci of BRCA1 or 

RAD51. Dashed red line shows the percentage of cells with protein foci for the control 

sample. C) Venn diagrams showing DUBs associated with reduced or increased percentage of 

cells with foci. DUBs having the same phenotype with both BRCA1 and RAD51 foci are 

indicated. D) Representative staining of BRCA1 and RAD51 foci in PSMD14- and BAP1- 

depleted cells.
147

 (taken from reference 147) 

 

 

 

 

 

 

 



 

 

80 

 

1.5.2 Overview of the BAP1 protein 

Human BAP1 is a 729 amino acid residue nuclear protein that contains an N-terminal 

catalytic domain (UCH) responsible for its deubiquitinase activity. The importance of its 

enzymatic activity is highlighted by the fact that cancer-associated mutations found in the 

UCH domain were shown to inhibit BAP1-mediated deubiquitination. BAP1 also harbors a 

protein binding motif (HBM, residues 363-366) required for its interaction with the 

transcription regulator host cell factor-1 (HCF-1). Mutation of the HBM does not impact 

BAP1 enzymatic activity. The BAP1 C-terminal domain (CTD) contains a coiled-coil motif 

that we found to be important for BAP1 interaction with the polycomb group proteins ASXL1 

and ASXL2. 

 

1.5.3 BAP1 and tumor suppression 

After its initial discovery in 1998
20

, it took nearly ten years before more substantial 

research surfaced on the function of BAP1. While early evidence pointed to BAP1 acting as a 

tumor suppressor, in vivo data supporting this was still missing. Ventii et al. investigated the 

in vivo growth suppressive function of BAP1
149,150

. First, they demonstrated that previously 

identified mutations in the BAP1 UCH domain found in lung cancers
151

 (e.g., A95D and 

G178V) as well as the catalytic cystein mutant C91A, were unable to deubiquitinate Ub-AMC 

as opposed to the WT BAP1. This result suggested that BAP1 DUB activity could be required 

for its tumor suppressor function. In addition, a homozygous 8-bp deletion in BAP1 resulting 

in a truncated protein at residue 393 found in the non-small cell lung carcinoma cell line NCI-

H1466
20

 was shown to disrupt BAP1 nuclear localization suggesting that loss of BAP1 

function in the nucleus could also be an important determinant for cancer pathogenesis. To 
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confirm the requirement of BAP1 DUB activity and nuclear localization for tumor 

suppression in vivo, NCI-H226
20

 cells, another non-small lung carcinoma cell line harboring a 

deletion in the BAP1 gene leading to a truncated protein that lost the nuclear localization 

signal, was used in xenograft studies. These cells expressing the WT or mutant BAP1 were 

injected into nude mice which were analyzed for tumor formation. The WT BAP1 was 

capable of inhibiting the tumorigenicity of the H226 cells, whereas mutants lacking either 

DUB activity (C91A) or nuclear localization still formed tumors in nude mice. Moreover, it 

was shown that expression of the WT BAP1 caused significant alterations in the cell cycle of 

H226 cells, leading to cell death by both apoptosis and necrosis. This was the first study 

clearly linking BAP1 DUB activity and its nuclear localization to its growth suppressive 

function in vivo and provided evidence supporting the notion that BAP1 is a tumor 

suppressor. 

  

1.5.4 The BAP1 multi-protein complex 

Our lab
152

 and another group
153

 have identified, using affinity purification and mass 

spectrometry, proteins that interact with BAP1. While the data from both groups are similar, I 

will focus on the results from our lab. We initially used glycerol density gradient fractionation 

of nuclear extracts and found that BAP1 assembles into high-molecular-weight multiprotein 

complexes. Therefore, we generated stable cell lines expressing Flag-HA-BAP1 and purified 

BAP1 through double immunopurification to identify interacting partners (Figure 9, Fig. 1. in 

ANNEX 1). Many proteins were found in the BAP1 protein complex including the 

transcriptional regulator host cell factor-1 (HCF-1), the polycomb group proteins additional 

sex combs-like 1 and 2 (ASXL1 and ASXL2) and the transcription factor YY1. Also found 
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interacting with BAP1 are the E2 enzyme UBE2O, the O-linked N-acetylglucosamine 

transferase (OGT), the forkhead transcription factors FOXK1 and FOXK2, the ETS-related 

transcription factors ELF-1 and ELF-2 and the histone H3K4 demethylase KDM1B. 

Interestingly, we found that BAP1 enzymatic activity is not required for the assembly of 

BAP1 complexes. Of note, we did not find BRCA1 in our BAP1 complex, but did find 

BARD1, the major interacting partner of BRCA1, which is relevant for the role of BAP1 in 

homologous recombination repair. 
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Figure 9. Purification of the BAP1 protein complex. Purification of BAP1-associated 

proteins. A HeLa cell line stably expressing Flag-Ha-BAP1 was used for sequential double 

immunopurification using anti-Flag antibody and anti-HA antibody columns. The Flag- or 

HA-eluted proteins were separated by SDS-PAGE and detected by silver staining. The mock 

purification was conducted using a stable cell line generated with the empty vector. Several 

regions were cut from the gel, and the polypeptides were identified by mass spectrometry. 

MW, molecular weight (in thousands) 
152

 (taken from reference 152) 
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1.5.4.1 BAP1 interaction with HCF-1 

HCF-1 is a transcriptional regulator originally found to activate viral gene expression 

during herpes simplex virus infection
154-156

. HCF-1 interacts with diverse transcription factors 

suggesting that HCF-1 regulates the expression of a variety of genes
157

. HCF-1 can act as 

either an activator or repressor, as this chromatin-associated protein was shown to regulate 

cell cycle progression via interaction with E2F4 or E2F1, which can respectively repress or 

activate E2F target genes
158

. Interestingly, HCF-1 is synthesized as a precursor that undergoes 

proteolytic cleavage in its middle region referred to as the proteolytic processing domain 

(PPD) 
159,160

. This cleavage results in the generation of two fragments: the HCF-1N subunit 

required for proper G1/S transition during the cell cycle and the HCF-1C subunit required for 

progression through mitosis
161

. 

 

A series of research articles provided insights into the significance of the interaction 

between BAP1 and HCF-1 (reviewed in 
162

). The first study
163

 identified HCF-1 as a BAP1-

interacting partner through immunoprecipitation of Flag-epitope tagged BAP1, in which 

BAP1 and its associated proteins were visualized by silver stain and identified by mass 

spectrometry (MS). This interaction was confirmed by other approaches, and was found to 

occur in the nucleus where both proteins are known to localize. However, they did not show 

immunopurification or MS data for other BAP1-associated proteins and specified that 

BRCA1, which was originally identified as interacting with BAP1, was not detected in the 

Flag-BAP1 immunoprecipitation. Moreover, BAP1 interacts with the β-propeller domain in 

the HCF-1N subunit independently of its DUB activity. Of note, the β-propeller domain of 

HCF-1 mediates many protein interactions, including its association with the viral coactivator 
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VP16, through a consensus D/EHXY motif
164-166

. However, BAP1 does not have this motif, 

but contains the sequence Asn-His-Asn-Tyr (NHNY, amino acids 363 to 366) which is fully 

conserved among other vertebrate BAP1 proteins. In fact, it was shown, using a mutant Flag-

BAP1 in which the four residues were substituted with alanine, that BAP1 interacts with 

HCF-1 through this motif. Thereafter, this tetrapeptide sequence of BAP1 was referred to as 

the HCF-1 binding motif (HBM). Of note, the BAP1 NHNY/AAAA mutant was still 

enzymatically active. Furthermore, HCF-1 was shown to be ubiquitinated by both K48- and 

K63-linkage, with BAP1 selectively removing K48-linked Ub from HCF-1 suggesting that 

BAP1 might positively control HCF-1 protein levels. However, cells depleted of BAP1 by 

siRNA showed a slight increase in HCF-1 levels. This would seem counterintuitive 

considering that depleting BAP1 is predicted to lead to more K48-linked Ub on HCF-1 which 

would promote its proteasomal degradation. Moreover, since HCF-1 is known to play an 

important role in cell cycle progression, the effect of BAP1 knockdown on the cell cycle was 

also studied. In fact, BAP1 depletion induced increase in the percentage of cells in S and 

G2/M phases, with a concomitant decrease of the percentage of cells in G1. These results led 

to hypothesize that BAP1 is recruited, via its interaction with HCF-1, to gene regulatory 

regions to regulate the transcription of genes involved in cell cycle control, a mechanism 

possibly linked to BAP1 tumor suppressor function. 

 

A second very similar article was published shortly after, in which the interaction 

between BAP1 and HCF-1 and its implication in cell growth was investigated
153

. In fact, 

BAP1 depletion was found to promote growth retardation. Moreover, through overexpression 

experiments using WT or catalytic dead BAP1 (C91S), it was determined that BAP1 DUB 
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activity is required for proper cell proliferation. They also found that the NHNY sequence 

(HBM) in BAP1 is required for intercation with HCF-1. They also showed that the HCF-1N is 

ubiquitinated in vivo on the Kelch domain and determined that K48 is the major form of 

polyubiquitin chain linkage on HCF-1. Moreover, BAP1 WT, but not the C91S mutant, was 

capable of deubiquitinating HCF-1 in vivo. In addition, BAP1 ΔHBM, which no longer 

interacts with HCF-1, was unable to deubiquitinate HCF-1. A weakness of this study is the 

fact that the authors almost completely disregarded the role of the HCF-1C subunit in the 

interaction with BAP1 and the possibility that it is also ubiquitinated like the HCF-1N subunit. 

Furthermore, all their experiments were performed by protein overexpression, therefore data 

with endogenous proteins was lacking. Nonetheless, taking into account the results of both 

studies
153,163

, it was now clear that BAP1 interacts with HCF-1, which appears to be important 

for the growth suppressive function of BAP1. However, the exact mechanism of action of 

BAP1 as a tumor suppressor and how it relates to HCF-1 remained poorly understood. 

 

1.5.4.2 BAP1 forms a ternary complex with YY1 and HCF-1 and regulates transcription 

I contributed to a study showing that BAP1, through interaction with HCF-1 and the 

transcription factor Yin Yang 1 (YY1), mediates control of gene expression
152

. YY1, similar 

to HCF-1, can act as either an activator or repressor of gene expression depending on its 

interactions with different coactivators and corepressors at specific promoters
167,168

. Using 

nuclear extracts, we determined through immunodepletion experiments using an excess of a 

specific antibody that all cellular BAP1 is complexed to HCF-1, suggesting that HCF-1 acts 

as the major scaffold protein for BAP1. Furthermore, we showed that endogenous BAP1 

interacts with HCF-1 and YY1. We then mapped the domains required for YY1 interaction 
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with BAP1 and HCF-1 through GST-pulldown experiments. BAP1 interacts with YY1 

through its C-terminal coiled-coil (CC) domain, a motif commonly found in proteins involved 

in gene expression. This indicates that BAP1 can simultaneously interact with HCF-1, 

through the HBM motif, and with YY1. Moreover, we showed that HCF-1 can directly 

interact with the central region (amino acids 142 to 260) of YY1 that contains a GA/GK-rich 

domain
169

, whereas BAP1 binds the C-terminal zinc finger domain (amino acids 331 to 414) 

of YY1. Interestingly, BAP1 ΔHBM interacted much less with YY1 when compared to BAP1 

WT. This result was confirmed by depleting HCF-1, using a shRNA approach, which led to a 

major decrease in BAP1 interaction with YY1. These results taken altogether suggest a model 

in which BAP1, HCF-1 and YY1 form a ternary complex using binary binding of each protein 

(Figure 10, Fig. 8 in ANNEX 1).  

 

We then focused on the biological importance of this ternary complex. We found that 

BAP1 is associated with transcriptionally active genomic regions with HCF-1 and YY1. 

Furthermore, in a luciferase reporter assay, Gal4-BAP1 WT activated transcription, while 

Gal4-BAP1 ΔHBM and Gal4-BAP1 C91S had respectively less or no transcriptional activity, 

suggesting that BAP1 DUB activity is required for its role in transcription. We identified up- 

and down-regulated genes by global mRNA expression profiling using microarrays following 

shRNA depletion of BAP1 in U2OS cells. BAP1 depletion led to significant increase or 

decrease in the expression of approximately 250 genes involved in many cellular processes 

including cell cycle control, DNA repair and cell metabolism. Importantly, the expression of 

many E2F target genes, such as cdc6, p107 and cdc25a, was decreased following BAP1 

depletion. Finally, we analyzed the cox7c gene, highly downregulated in the microarray data, 
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as a possible model target gene of BAP1. Using ChIP assays, it was determined that BAP1, 

HCF-1 and YY1 are enriched on the cox7c promoter (Figure 10, Fig. 8 in ANNEX 1). YY1 

depletion by shRNA abrogated the enrichment of BAP1 and HCF-1, suggesting a critical role 

for YY1 in BAP1 and HCF-1 recruitment to promoter regions. In fact, the bovine cox7c 

promoter had previously been shown to have two YY1 binding sites, conserved in 

mammalians, that when mutated inhibited promoter activity
170

. In addition, BAP1 regulation 

of cox7c expression was dependent on its DUB activity, since BAP1 C91S overexpression 

inhibited cox7c expression. In summary, we showed that BAP1 interacts with HCF-1 and 

YY1 to function as a regulator of gene transcription. In addition, our results supported 

previous studies showing that BAP1 was required for proper cell cycle progression, notably 

during the G1/S transition
163

. Indeed, BAP1 depletion affected the expression of many genes 

involved in cell cycle regulation, which would be important for its role as a tumor suppressor. 
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Figure 10. YY1 recruits BAP1 and HCF-1 to coactivate cox7c expression.  BAP1 interacts 

with YY1 through its coiled-coil (CC) domain while also interacting with HCF-1 through the 

HBM motif. Both BAP1 and HCF-1 are recruited to the cox7c gene promoter by YY1. HCF-1 

directly interacts with the central region of YY1 containing a GA/GK-rich domain, while 

BAP1 binds to the C-terminal zinc finger (Znf) domain. BAP1, HCF-1 and YY1 form a 

ternary complex required for the activation of the cox7c gene.
152

 (taken from reference 152) 
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1.5.4.3 BAP1 interaction with ASXL1 and ASXL2 

1.5.4.3.1 Polycomb repressive deubiquitinase (PR-DUB) complex 

Drosophila additional sex combs (ASX) was initially shown to enhance the functions 

of both Polycomb group (PcG) and Trithorax group (trxG) proteins in the coordination of 

proper Hox gene expression patterns
171

. Asx deletion leads to a homeotic phenotype with 

characteristics of both PcG and Trithorax deletions, suggesting that ASX acts as a dual 

activator and repressor of Hox genes
172

. Drosophila ASX was found to interact in vivo with 

Calypso, whose mammalian ortholog is BAP1. Calypso interacted with N-terminal 337 amino 

acids of ASX. Interestingly, BAP1 also interacted with the N-terminal (amino acids 2-365) of 

ASXL1, the human homologue (with ASXL2) of Drosophila ASX. Furthermore, a catalytic 

inactive mutant of Calypso also interacted with ASX, suggesting that this interaction does not 

depend on DUB activity. The Calypso-ASX heterodimer was termed the Polycomb repressive 

deubiquitinase (PR-DUB) complex. Using an Ub-AMC substrate, the authors showed that the 

interaction between Calypso and ASX is required for DUB activity. Furthermore, both the 

Drosophila and human PR-DUB complexes were shown to deubiquitinate monoubiquitinated 

histone H2A but not histone H2B in the in vitro context of nucleosomes. As mentioned in the 

introduction, monoubiquitination of H2A is required for PcG gene repression. Therefore, it 

would be counterintuitive that the PR-DUB complex, by removing ubiquitin from histone 

H2A, would be required for gene repression. However, PR-DUB was in fact shown to be 

necessary for repression of the PcG target gene Ubx in Drosophila. This was the first study to 

characterize the interaction between BAP1 and ASXL1. We decided to further elucidate the 

link between BAP1 and both PcG proteins ASXL1 and ASXL2, and the importance of this 

interaction in humans through an extensive biochemical study discussed in Chapter 3.  
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1.5.4.3.2 Opposing roles of ASXL1 and ASXL2 in transcription 

ASXL1 and ASXL2 are suggested to play opposing roles in transcription
173

. Studies 

on the peroxisome proliferator-activated receptor γ (PPARγ), a ligand-dependent transcription 

factor that functions mainly in adipogenesis, showed that ASXL1 and ASXL2 control 

adipogenesis through regulation of PPARγ activity
174

. In fact, both ASXL1 and ASXL2 were 

shown to interact in vitro and in vivo with PPARγ. Furthermore, PPARγ regulates the 

expression of genes with promoters containing a PPARγ-response element, such as the 

adipocyte lipid-binding 2 (aP2) gene. Through ChIP experiments, ASXL1 was shown to be 

recruited to the aP2 promoter with the repressive histone mark H3K9me3, whereas ASXL2 

occupied the same promoter with the active histone marks H3K9ac and H3K4me3 as well as 

the MLL1 methytransferase. Moreover, microarray analysis showed that ASXL1 and ASXL2 

differentially regulated the expression of adipogenic genes, further suggesting that both PcG 

proteins play opposing roles in transcription regulation. In addition, another study showed that 

ASXL1 and ASXL2 regulate lipid homeostasis through differential Liver X receptor alpha 

(LXRα)-dependent gene expression
175

. The opposing functions in transcription of ASXL1 and 

ASXL2 are very interesting since, as we will see in Chapter 3, BAP1 forms two mutually 

exclusive complexes with ASXL1 and ASXL2, which could potentially explain that BAP1 

has been suggested to act as both an activator and repressor of gene expression.  

 

1.5.4.3.3 ASXL1 and ASXL2 cancer mutations  

 ASXL1 mutations, as is the case with BAP1 mutations, have been linked to 

myeloid transformation
176,177

. In fact, ASXL1 is mutated in approximately 20% of patients 

with myelodysplastic syndrome and in 10-15% of patients with AML
178

. Earlier studies
179
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using ASXL1 KO mice showed that it is required for hematopoiesis. A second study more 

extensively described the role of ASXL1 in myeloid transformation
176

. They showed that 

most AXSL1 mutations were somatic nonsense and insertion/deletion mutations found near 

the C-terminal PHD domain leading to a loss of ASXL1 expression and upregulation of 

HOXA gene expression. Interestingly, they also showed that ASXL1 interacts with BAP1 in 

leukemia cells, but that knockdown of BAP1 had no impact on HOXA gene expression, which 

led the authors to suggest that ASXL1 promotes myeloid transformation in a BAP1-

independent manner. Furthermore, this group did not find any BAP1 mutations in patients 

with AML, while BAP1 has been linked to hematopoietic cancers
180

. Since ASXL1 is a PcG 

protein, they then decided to look at how ASXL1 mutations affect known PcG-associated 

histone modifications. They found that loss of ASXL1 was concomitant with a global loss of 

the repressive H3K27me3 mark. Furthermore, through ChIP-seq analysis, it was shown that 

genes overexpressed following ASXL1 knockdown contained bivalent activating H3K4me3 

and repressive H3K27me3 histone marks. This is interesting, since as we will discuss in 

Chapter 3, ASXL1 and ASXL2 engage mutually exclusive interactions with BAP1 and might 

play an important role in coordinating the expression of BAP1-target genes. 

 

Until recently not much was known about the extent of ASXL2 mutations found in 

human cancers
177

, however a study on t(8;21) translocated RUNX1 gene in acute myeloid 

leukemia (AML) identified somatic mutations in ASXL2
181

. Most of these mutations were 

frameshift mutations occurring in an uncharacterized region of the gene. In addition, 

mutations in ASXL1 associated to myelodysplastic syndromes were also found in this study. 

Interestingly, ASXL2 mutations were mutually exclusive with ASXL1 mutations in AML. 
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1.5.5 Link between BAP1 mutations and cancer  

Since the initial study highlighting its role as a tumor suppressor
149

, important findings 

have linked BAP1 somatic and germline mutations to various human malignancies (reviewed 

in
182

). I will briefly discuss some of these findings. 

 

1.5.5.1 BAP1 mutations and uveal melanoma 

One of the first studies focused on BAP1 mutations in metastasizing uveal melanomas 

(UM)
183

. UM is the most frequent cancer of the eye with a strong tendency for metastasis that 

is often fatal
184

. Through parallel exome sequencing coupled to Sanger resequencing, it was 

found that BAP1 is mutated in UM, which included mutations leading to premature protein 

termination, missense mutations and in-frame deletions that were found in different domains 

of BAP1. Furthermore, while most mutations were somatic in origin, one germline BAP1 

mutation was found when comparing the tumor to normal DNA from the patient. These 

results were the first to strongly suggest that BAP1 mutational inactivation is required for 

metastasis and that the BAP1 pathway could be a therapeutic target for UM cancer treatment.  

 

1.5.5.2 BAP1 mutations and mesothelioma 

Two studies reported BAP1 inactivating mutations in malignant mesotheliomas. These 

aggressive tumors are associated with the use of asbestos and cause approximately 3000 

deaths annually in the USA
185

. The first group
186

 used an integrated genomics approach to 

find genomic copy number alterations (CNAs) in malignant pleural mesotheliomas (MPMs). 

The three most common deletions were at chromosome positions 9p21, 22q and 3p21. The 

first two have been previously linked to genetic alterations in CDKN2A and NF2. BAP1 
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which is located at 3p21.1 was found to be either mutated of lost in 42% of the MPM tumors 

tested. BAP1 mutations included nonsense, missense and frameshift mutations, with the 

majority being somatic in nature. Purification of Flag-tagged BAP1 mutant proteins with 

missense mutations and then tested in an in vitro DUB assay showed that these mutants had 

decreased enzymatic activity compared to BAP1 WT. In addition, the interaction between 

BAP1 and ASXL1 in MPM was also studied. It was confirmed that BAP1 and ASXL1 do 

indeed interact in vivo, but several BAP1 point mutations tested did not affect this interaction 

and the domains required for BAP1-ASXL1 binding were not determined.  

 

Shortly after, a second group
187

 published their results focusing on germline BAP1 

mutations that predispose to malignant mesothelioma. They studied two families with a higher 

than expected incidence of mesothelioma. Using array-comparative genomic hybridization 

(CGH) analysis, they found genetic alterations of the BAP1 locus at 3p21.1 in tumors from 

both families. This led them to sequence BAP1 in germline DNA from both families. In the 

first family, it was found that six members (four with mesothelioma, one with breast cancer 

and one with renal cancer) had the identical BAP1 mutation at the intron 6/exon 7 boundary 

resulting in a frameshift leading to a premature stop codon. As for the second family, 

sequencing of germline DNA from three members with mesothelioma (including one also 

treated for uveal melanoma) and two affected by skin carcinomas showed C/G to T/A 

transition in exon 16 of BAP1 leading to a premature stop codon. Interestingly, significant 

amounts of tremolite and chrysotile asbestos were found in all the homes where affected 

members of both families had lived. However, 30 million US homes are built using asbestos 

and living in this type of houses is associated with only a small level of exposure
185

. Therefore 
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genetic mutations in BAP1 might explain the high predisposition to develop mesothelioma in 

both families. Also, DNA from 26 patients with sporadic mesothelioma that had reported to 

have been exposed to asbestos was also sequenced for germline BAP1 mutations. Two 

patients that had been treated for uveal melanoma before been diagnosed with mesothelioma 

had germline BAP1 deletions. The importance of this study was linking BAP1 germline 

mutations to both uveal melanomas and mesotheliomas. Furthermore, since the incidence of 

both cancers is approximately 5-7/100,000 in the US
188

, the likelihood that both cancers arise 

in the same person by chance would be extremely rare. This suggests that a person diagnosed 

with uveal melanoma harboring a germline mutation in BAP1 would have a high 

predisposition to develop mesothelioma, which proposes the presence of a hereditary BAP1 

mutations-associated cancer syndrome. 

 

Following these studies on BAP1 mutations in mesothelioma, a group decided to 

generate a BAP1
+/-

 mouse model, since homozygous deletion of BAP1 is embryonically 

lethal
180

, to further study the predisposition to cancer following asbestos exposure
189

. In fact, 

BAP1
+/-

 mice had a higher incidence of mesothelioma (73%) after chronic exposure to 

crocidolite asbestos fibers compared to the WT littermates (32%). Furthermore, BAP1
+/-

 

mesothelioma cancer mouse cells showed biallelic inactivation of BAP1, which is consistent 

with loss of heterozygosity. Moreover, protein levels of the tumor suppressor Retinoblastoma 

(Rb) were decreased in malignant mesothelioma cells from BAP1
+/-

 mice, suggesting that loss 

of Rb might contribute to increased incidence of asbestos-related cancer in BAP1
+/-

 mice. This 

is very interesting since Rb binds and inhibits transcription factors of the E2F family, which 

are found on the promoters of genes involved in cell cyle progression
190

. In addition, as 

http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/E2F
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already mentioned, our lab showed that the expression of many E2F target genes, such as 

cdc6, p107 and cdc25a, was decreased following BAP1 depletion
152

. More studies are 

required to fully elucidate the link between BAP1 and Rb/E2F in transcription regulation. 

 

1.5.5.3 BAP1 and myeloid transformation 

More recently BAP1 was shown to play a role in hematopoiesis
180

. Dey et al. reported 

that Bap1
-/-

 mice embryos die at E9.5. However, when they restricted BAP1 loss using a 

tamoxifen-inducible system to hematopoietic cells, the mice were viable but displayed 

characteristics of human myelodysplastic syndrome (MDS). In fact, the mice developed 

splenomegaly due to expansion of the myeloid lineage. Blood from these mice showed 

cytological features of myelodysplasia and had elevated leukocytes as seen in human chronic 

myelomonocytic leukemia (CMML)-like disease. They then investigated the mechanism 

behind BAP1 tumor suppression by affinity-purifying Flag-tagged BAP1 from mouse spleen 

and brain to identify BAP1-interacting proteins. They found as already shown in a paper from 

our lab
152

 that BAP1 interacts with HCF-1, OGT, ASXL1 and ASXL2, FOXK1 and KDM1B. 

Interestingly, in contrast to our data using shRNA and siRNA knockdown of BAP1, HCF-1 

levels were decreased in BAP1 KO splenocytes. Furthermore, OGT and global O-

GlcNAcylation levels were also decreased. The authors then show that OGT is a substrate for 

the DUB activity of BAP1. They then investigated BAP1 regulated genes through ChIP-seq 

studies on promoter occupancy of HCF-1, OGT and BAP1 in bone marrow-derived 

macrophages. They found that most promoters with BAP1 are also occupied by HCF-1, which 

is not surprising since our lab showed that all of BAP1 is in complex with HCF-1
152

. In 

addition, OGT, while not on as many promoters, is found mostly with BAP1 and HCF-1. 
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However, the authors did not discuss in details the different BAP1 target genes found through 

their ChIP-seq experiment. More importantly, they found a MDS patient containing a somatic 

frameshift mutations leading to premature termination within the UCH domain of BAP1. This 

patient showed similar characteristics as in the BAP1 KO mice. This was the first study to 

link the tumor suppressor function of BAP1 to the development of hematopoietic cancer.  
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1.6 General objective of the thesis 

The main objective of the thesis was to further elucidate the cellular functions and 

regulation of BRCA1 and BAP1, an ubiquitin ligase and a deubiquitinase that act as tumor 

suppressors. While each of the two parts of the thesis are not directly linked, they shed new 

light on how BAP1 and BRCA1, both involved in HR repair, act to promote genomic stability 

and prevent cancer progression.   

 

1.6.1 Objective 1 

The function of BRCA1 in response to IR leading to DSBs requiring HR repair as 

described earlier has been extensively characterized. However, how BRCA1 functions in 

response to genotoxic stress that does not directly cause DSBs is poorly understood. Because 

of the fundamental and clinical importance of understanding BRCA1 function, we sought to 

rigorously evaluate the role of this tumor suppressor in response to diverse forms of genotoxic 

stress. Experiments done to answer this question led to the publication of an article entitled 

“PI 3 Kinase Related Kinases-Independent Proteolysis of BRCA1 Regulates Rad51 

Recruitment during Genotoxic Stress in Human Cells” published in PLoS One in 2010, in 

which I am the first author. 

 

1.6.2 Objective 2 

While over the last few years many research articles highlighting the importance of 

BAP1 in cancer development, few have elucidated the cellular mechanisms by which BAP1 

acts as a tumor suppressor. Since our lab and other groups found that BAP1 interacts with 

polycomb group proteins ASXL1 and ASXL2, we sought to further study the role of the 
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BAP1/ASXL1/ASXL2 relationship during tumor progression. Research performed to 

elucidate the importance of their interaction led to the production of a complete manuscript 

(not yet published) entitled “Deubiquitination of Histone H2A by the BAP1/ASXL Axis is 

Disrupted by Multiple Cancer-Associated Mechanisms” in which I am a first co-author. 
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Abstract   

Background: The function of BRCA1 in response to ionizing radiation, which directly 

generates DNA double strand breaks (DSBs), has been extensively characterized. However 

several previous investigations have produced conflicting data on mutagens that initially 

induce other classes of DNA adducts, e.g., bulky lesions and alkylated bases. Because of the 

fundamental and clinical importance of understanding BRCA1 function, we sought to 

rigorously evaluate the role of this tumor suppressor in response to diverse forms of genotoxic 

stress.  

Methodology/Principal Findings: We investigated BRCA1 stability and localization in 

various human cells treated with model mutagens that trigger different DNA damage 

signaling pathways. We firmly established that, unlike ionizing radiation, either UVC or 

methylmethanesulfonate (generating bulky DNA adducts or alkylated bases respectively) 

induces a transient downregulation of BRCA1 protein. We also further reveal novel aspects 

pertaining to the mechanism underlying this event. BRCA1 downregulation is, unexpectedly, 

neither prevented nor enhanced by inhibition of preeminent DNA damage-induced activators 

of BRCA1 function including ATM, ATR and DNA-PK. Moreover, we find that the 

proteasome mediates early degradation of BRCA1, BARD1, BACH1, and Rad52 implying 

that critical components of the homologous recombination machinery need to be functionally 

abrogated as part of the early response to UV or methylmethanesulfonate. In support of this, 

following methylmethanesulfonate exposure, the BRCA1-interacting protein Abraxas is also 

downregulated, albeit by a different mechanism. Significantly, we found that inhibition of 

BRCA1/BARD1 downregulation is accompanied by the unscheduled recruitment of both 

proteins to chromatin along with Rad51. Consistently, treatment of cells with 
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methylmethanesulfonate engendered complete disassembly of Rad51 from pre-formed 

ionizing radiation-induced foci concomitantly with BRCA1/BARD1 downregulation. 

Following the initial phase of BRCA1/BARD1 downregulation, we found that the recovery of 

these proteins in foci coincides with the formation of RPA and Rad51 foci. This indicates that 

homologous recombination is reactivated at the later stage of the cellular response to MMS, 

most likely to repair DSBs generated by replication blocks. 

Conclusion/Significance: Taken together our results demonstrate that (i) the stabilities of 

BRCA1/BARD1 complexes are regulated in a mutagen-specific manner, and (ii) indicate the 

existence of mechanisms which may be required to prevent the simultaneous recruitment of 

conflicting signaling pathways to sites of DNA damage. 
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Introduction 

Germline mutations in BRCA1 cause extremely high predisposition to breast and 

ovarian cancers. BRCA1 is a large protein with a well-established modular structure. It 

contains two BRCT domains at the C-terminus, i.e., phospho-peptide binding modules also 

carried by several proteins involved in the DNA damage response. The N-terminus of BRCA1 

is characterized by the presence of a ring finger domain conferring ubiquitin ligase activity 

via stable complex formation with another ring finger protein, BRCA1-associated RING 

domain 1 (BARD1). Although the precise role(s) of BRCA1/BARD1 in tumor suppression 

have not been fully established, ample evidence indicates that this heterodimer is required to 

maintain genomic stability following DNA damage (see reviews [1,2]). During periods of 

genotoxic stress BRCA1 is rapidly phosphorylated and thus activated by the primary 

responders Ataxia-Telangiectasia-Mutated kinase (ATM) or ATM- and Rad3-Related kinase 

(ATR), which in turn promotes cellular recovery through induction of DNA damage 

checkpoints [3-7]. Moreover, recent studies indicate that BRCA1/BARD1 selectively 

associates with several components of the DNA damage response forming mutually exclusive 

complexes. Indeed, through the BRCT domain, BRCA1/BARD1 interacts with either 

Abraxas, BACH1, or CtIP, along with other distinct cofactors, to form multiprotein 

complexes termed A, B, and C, respectively. These complexes play important roles in the 

DNA damage response by exerting specific although overlapping functions in cell cycle arrest 

and DNA repair [2,8]. 

 

The role of BRCA1 has been studied mostly in the context of ionizing radiation (IR), 

which directly induces highly-genotoxic DNA double-strand breaks (DSBs). Following 
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exposure to IR, several proteins are rapidly recruited to DSB sites to form IR-Induced Foci 

(IRIF). IRIFs are characterized by ATM-mediated phosphorylation of the histone variant 

H2AX (γH2AX) [9], which is required for the subsequent highly coordinated assembly of 

checkpoint/ repair proteins. The precise mechanism of IRIF formation is not completely 

understood, although recent studies have shed light on the dynamics and orchestration of this 

process. The DNA damage mediator MDC1 promotes recruitment of the E3 ligases RNF8 and 

RNF168 that ubiquitinate specific substrates including histones. These events are required for 

interaction with the ubiquitin binding protein RAP80, which then recruits additional factors 

including BRCA1 and BARD1. At the IRIF, BRCA1/BARD1 in turn attracts other proteins 

such as Rad51 and BRCA2 that mediate cell cycle checkpoints and DNA repair (reviewed 

recently in [2,8,10]).  

 

In contrast to the situation for IR, the manner in which BRCA1 responds to genotoxic 

agents that do not directly induce DSBs is poorly understood. BRCA1 was initially reported 

to be rapidly dispersed from constitutive foci (i.e., normally-occurring S-phase foci as 

opposed to IRIF) following treatment with various non-clastogenic mutagens [11,12]. The 

manner in which BRCA1 dispersion occurs, and the significance of this event, remain to be 

elucidated. In particular it has been unclear whether there might be a relationship between this 

dispersion and changes in protein stability during DNA damage. Although it is often assumed 

that the phosphorylation state, rather than absolute levels, of BRCA1 changes in response to 

DNA damage [3,5-7,13-15], some studies reported that BRCA1 and/or BARD1 are 

upregulated following treatment with UV or the topoisomerase II inhibitor doxorubicin [16-

20]. In sharp contrast, other investigations reported that these proteins are downregulated 
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following treatment with the same agents [21,22]. Recently, it was shown that BARD1 is 

downregulated in a proteasome-dependent manner following treatment with an extremely 

cytotoxic dose of UV (70 J/m2 ) that induces substantial levels of apoptosis [23]. However, 

under the same conditions, significant changes in BRCA1 levels were not consistently 

observed. It is also critical to emphasize that BRCA1 was shown to be rapidly cleaved during 

apoptosis induced by high dose UV, thereby possibly accounting for the aformentioned 

inconsistency [24-26]. BRCA1 protein levels and subnuclear localization have also been 

investigated following treatment of cells with DNA alkylating agents. One study reported that 

this protein accumulates in nuclear foci following treatment with methylmethanesulfonate 

[27], whereas another showed that BRCA1 is actually downregulated by this agent [28]. In 

summary, it is not yet clear how BRCA1/BARD1 stability and subcellular localization are 

regulated in response to diverse classes of DNA adducts, other than DSBs, which trigger 

unique though overlapping signaling pathways.  

 

Defining how BRCA1 participates in the DNA damage response is of a major 

importance not only for understanding breast and ovarian cancer development, but also 

towards helping to improve current cancer therapeutic protocols. For example several 

promising clinical trials are based on the use of inhibitors of the DNA damage-responsive 

enzyme PARP1 as a means to selectively target BRCA1-deficient tumor cells [29,30]. In view 

of the importance of BRCA1 in cancer development and treatment, and the conflicting data in 

the literature as cited above, we were prompted to carefully evaluate BRCA1 stability and 

localization in the cellular response to diverse-acting DNA damaging agents. We conclusively 

demonstrate that BRCA1 stability is regulated in a mutagen-specific manner. Indeed, in the 
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early response to UV and methylmethanesulfonate (MMS), but not to IR, dispersion of 

BRCA1/BARD1 from nuclear foci is accompanied by ubiquitin-mediated degradation of both 

tumor suppressors. Significantly, BRCA1 downregulation does not involve the major DNA 

damage-activated PI3K or MAPK pathways, suggesting that other yet to be identified 

signaling mechanisms regulate BRCA1 stability/function following DNA damage. 

Furthermore, we reveal that BACH1 and Rad52 are also degraded in a proteasome-dependent 

manner indicating that critical components of the homologous recombination (HR) machinery 

are selectively targeted for degradation. Finally, data is provided suggesting that DNA 

damage signaling pathways might need to be coordinated in order to forestall the untimely 

recruitment of potentially conflicting DNA damage responses. 
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Results 

BRCA1 is downregulated in response to UVC or methylmethanesulfonate, but not IR. 

Towards understanding the mechanisms that coordinate regulation of BRCA1 stability 

and localization following genotoxic stress, we initially treated HeLa cells with 30 J/m2 of 

254-nm UV (UVC) which induces rapid ATR-dependent phosphorylation of BRCA1 [3,13]. 

Using an antibody recognizing the N-terminal region of BRCA1, we found that UVC induced 

a substantial decrease in levels of this protein at 3 hrs post-treatment, which became more 

marked by 6 hrs (Fig.1A, top panel). Of note, this occurred simultaneously with depletion of 

BRCA1 from nuclear foci (Fig.1A. bottom panel). Thus, the previously-described 

phenomenon of BRCA1 “dispersion” from constitutive foci after UVC irradiation [11,12] 

appears to be associated with actual depletion of the protein. Interestingly, IR treatment which 

has been shown to result in early dispersion of BRCA1 from constitutive foci [11], did not 

significantly affect BRCA1 protein levels (Fig.1B). We also conducted immunoblotting with 

other anti-BRCA1 antibodies that map to the middle and C-terminal regions and found that in 

each case a substantial fraction of the protein is downregulated post-UVC (Supp. Fig.1). It is 

important to emphasize that BRCA1 is downregulated following treatment with doses as low 

as 10 J/m2 of UVC (Supp. Fig.2). Next, in investigating an additional diverse-acting 

genotoxin, we revealed that BRCA1 is downregulated in a dose-dependent manner following 

treatment with the DNA alkylating agent methylmethanesulfonate (MMS) (Fig.1C and Supp. 

Fig.3). The above data demonstrate that control of BRCA1 stability varies significantly in a 

mutagen-specific manner. We also show (Fig.1D) that BRCA1 downregulation (i) is not cell-

type specific, as it occurs in various tumor cell lines and moreover (ii) was observed in 
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primary human fibroblasts, revealing that the downregulation is not specific to transformed or 

tumor-derived cells.  

 

BRCA1 downregulation is independent of apoptosis and is reversible  

  To determine whether DNA damage-induced BRCA1 downregulation might be a 

consequence of cell death, HeLa cells were treated with 200 μM MMS and harvested at 

various time points for immunostaining. BRCA1 protein exhibited maximal decrease at 3-6 

hrs followed by its reappearance (reaching nearly 100% of basal levels) by 24 hrs post-

treatment indicating that this decrease is transient (Fig.2A). Under the above MMS treatment 

conditions, we did not observe cell death as indicated by the absence of any nuclear 

condensation typical of apoptosis (see nuclear staining by DAPI). Consistently, 

immunoblotting experiments also revealed a transient downregulation of BRCA1 (Fig.2B, top 

panel). Densitometric quantification of BRCA1 protein levels confirmed these results (Fig.2B, 

low panel). In addition, no cleavage of either PARP-1 or caspase-3, two hallmarks of 

apoptosis, were detected in MMS-treated cells (Fig.2B), and moreover no change in cell 

viability was observed during the treatments (~100 % viability at all time points as 

determined by trypan blue exclusion assay). Of note, to ensure that we were able to actually 

detect apoptosis in our experimental system, we treated cells with UVC (100 J/m2), and found 

that this highly toxic dose induced substantial apoptotic cleavage of caspase-3 or PARP-1 

after only 6 hrs post-treatment (Fig.2B, right panel). The above results indicate that 

downregulation of BRCA1 is not a consequence of apoptosis, suggesting that a unique 

signaling process may underlie the temporal and spatial regulation of this protein. 
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BRCA1 downregulation occurs in S and G2 phases of the cell cycle. 

Since (i) downregulation of BRCA1 after DNA damage is partial (Fig. 2), suggesting 

that this process might be specific to a distinct cell population, and (ii) BRCA1 is known to be 

expressed primarily during S and G2 phases [31], we evaluated whether DNA damage-

induced BRCA1 downregulation might be triggered in a cell cycle-specific manner. HeLa 

cells were synchronized at the G1/S border using thymidine double block and treated with 

MMS for 3 hrs at different times post-release. Cell cycle profiles with or without MMS 

exposure reveal that more than 90% of cells were in S phase at 5 hrs, and ~ 80 % in G2 at 11 

hrs (Fig.3A top panel). In accord with previous studies [31], BRCA1 protein levels were 

dramatically increased in S phase-enriched populations (Fig.3A bottom panel, compare 5 hrs 

versus Asyn). We found that BRCA1 was downregulated at all time points examined after 

MMS treatment. Since under thymidine block the G2 population is not highly enriched (i.e., 

contaminated with S phase cells), we synchronized cells using other methods. G2 cells were 

highly purified (~95%) after 16 hrs by pre-treatment with the mitotic inhibitor nocodazole in 

conjunction with mitotic shake-off to remove M cells (Supp. Fig.4 left panel). G2 cells treated 

with MMS exhibited substantial downregulation of BRCA1 at 3 and 6 hrs (Supp. Fig.4 right 

panel). We also synchronized primary human foreskin fibroblasts in G0 through a 

physiological process, i.e., contact inhibition, followed by release for various time points to 

allow progression through the cell cycle (Fig.3B). We found that following UVC treatment, at 

any time during cell cycle progression up to 32 hr, BRCA1 is downregulated (Fig.3B). The 

above data taken together conclusively demonstrate that the primary signal triggering BRCA1 

downregulation during periods of genotoxic stress is not dependent upon cell cycle as might 

be expected a priori. 
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The PI3 kinase related kinases (PIKKs) family members ATM, ATR and DNA-PK, and 

the canonical MAPKs, are not required for signaling BRCA1 downregulation following 

DNA damage.  

ATM, ATR, and DNA-PK initiate multiple signaling cascades including the 

phosphorylation-mediated activation, stabilization, or degradation of various proteins that 

participate in coordinating the DNA damage response [32,33]. Since BRCA1 is directly and 

rapidly phosphorylated by ATM and/or ATR, we evaluated the likely possibility of a link 

between PIKKs signaling and BRCA1 downregulation during genotoxic stress.  We first 

treated HeLa cells with IR or MMS for short time periods and analyzed BRCA1 protein. We 

found that while IR did not significantly affect BRCA1 protein levels, it induced a substantial 

shift of protein mobility strongly suggestive of phosphorylation (Fig.4A). In contrast, MMS 

induced mainly a downregulation of the protein with a less significant effect on protein 

mobility (Fig.4A). Thus, phosphorylation is not correlated with BRCA1 degradation.  Next, 

we used caffeine, a well-characterized inhibitor of ATM and ATR [34], and found that while 

MMS-induced H2AX phosphorylation is strongly inhibited, BRCA1 downregulation is 

unaffected (Fig.4B). Similar conclusions could be drawn using the specific ATM inhibitor 

KU-55933 [35] (Fig.4C) or ATM-deficient human fibroblasts (Fig.4D and Supp. Fig.5). As 

control for pharmacological inhibition of ATM, abrogation of Chk2 phosphorylation was 

evaluated and shown to be reduced (Fig.4C). To specifically address the role of ATR, we used 

an shRNA construct which induces efficient knockdown of this protein (Fig.4E, left panel). 

Following treatment with MMS, BRCA1 is downregulated to a similar extent in cells whether 

depleted or not for ATR (Fig.4E, right panel). Finally, paired glioblastoma cell lines deficient 

or not in DNA-PK were employed to probe the potential requirement for the latter in BRCA1 
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downregulation. BRCA1 levels were decreased equally in DNA-PK deficient (MO59J) or 

proficient (MO59K) cells exposed to MMS, indicating that this kinase is dispensable for DNA 

damage-mediated downregulation of BRCA1 (Fig.4F and Supp Fig.5). Finally, we 

investigated the involvement of the canonical mitogen-activated protein kinases (MAPKs), 

including extracellular signal-related kinase (ERK1/2), c-Jun N-terminal kinase (JNK1/2), and 

p38 /β kinase which are rapidly activated by phosphorylation following exposure to genotoxic 

agents. These kinases in turn phosphorylate numerous downstream effectors that influence 

DNA damage-induced apoptosis, cell cycle checkpoints, and repair [36-38]. We found that 

inhibition of MAPK signaling using highly specific pharmacological inhibitors does not affect 

BRCA1 downregulation by MMS (Supp. Fig.6). The overall data suggest that kinases other 

than PIKKs or MAPK family members, or possibly signals other than phosphorylation, are 

involved in signaling BRCA1 downregulation.  

 

Identification of BRCA1 domains required for DNA-damage induced BRCA1 

downregulation 

To provide additional insight into the mechanism of BRCA1 downregulation, we next 

conducted functional mapping studies using expression constructs encoding BRCA1 variants 

lacking major functional domains (Fig.5A). All the fragments used are expressed in HeLa 

cells at protein levels quite similar or below the levels of endogenous BRCA1. We observed 

that BRCA1 deleted for the N-terminal region (Δ 1-302 aa) is downregulated to a similar 

extent as endogenous BRCA1 following MMS treatment (Fig.5B). This demonstrates that the 

ring finger is dispensable for downregulation, thereby excluding the involvement of BRCA1 

ubiquitin ligase activity, and also indicates that interaction with BARD1 is not prerequisite for 
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degradation. On the other hand, we found that BRCA1 deficient in the C-terminal region (Δ 

1527-1863 aa) is completely resistant to proteasomal degradation, strongly suggesting a 

requirement for the BRCT domains. We also noted that BRCA1 missing the aa residues 305-

770 is degraded following MMS treatment. This region contains domains required for 

interaction with chromatin remodeling and transcription regulators such as the SWI/SNF 

complex and ZBRK1 repressor [39,40], indicating that these latter interacting partners do not 

play a role in BRCA1 downregulation following DNA damage. Interestingly, we found that 

the middle region (aa 775-1292) which encompasses the Rad51 interaction domain is 

essential for degradation [41]. Finally, BRCA1 lacking either the BRCT motifs or the region 

spanning aa 775-1292 consistently exhibited stabilization following MMS exposure, 

supporting the involvement of these regions in regulating BRCA1 stability following 

genotoxic stress. 

 

DNA damage-dependent downregulation of BRCA1, BARD1, BACH1 or Rad52 is 

mediated by the proteasome. 

To provide insight into the mechanism of BRCA1 downregulation, in cells treated 

with MMS, we investigated the stability or activation of major DNA damage response 

proteins known to be involved in the BRCA1 pathway (Fig.6A). We first analyzed BARD1, 

the stochiometric partner of BRCA1, and found that the former is also downregulated 

following MMS treatment and moreover is depleted from the same foci as BRCA1 (Fig.9). In 

addition levels of the MRN complex proteins (MRE11, NBS1 and Rad50), BRCC36, RAP80, 

CtIP and Rad51 all known to assemble various complexes with BRCA1/BARD1 heterodimer 

are not affected by MMS treatment (Fig.6A). Moreover, no major changes of RPA32 protein, 
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a marker for DNA end-resection, were observed at early time points of BRCA1/BARD1 

downregulation. Strikingly however, this protein was hyperphosphorylated at the later stage 

of MMS exposure, as indicated by the typical shift of protein electrophoretic mobility  

(Fig.6A) [42-44]. On the other hand, we did observe downregulation of Abraxas and BACH1, 

two other BRCT motif-interacting proteins that define the A and B complexes respectively 

(Fig.6A). Interestingly, while Abraxas showed a downregulation profile similar to BRCA1 

and BARD1, BACH1 exhibited a biphasic downregulation. Moreover, we found that levels of 

the HR protein Rad52, known to act downstream BRCA1, were significantly reduced. In 

addition, a slight shift in Rad52 protein gel mobility was consistently observed at the later 

stage of treatment (12 and 24 hours). We also observed that phosphorylation of the checkpoint 

kinases CHK1, CHK2, and of the histone variant H2AX appear to be temporally correlated 

with reduction in BRCA1/BARD1/BACH1 and Rad52 protein levels (Fig.6A). These results 

indicate that specific components of the HR machinery are downregulated at the early stage of 

the cellular response to MMS exposure and then recovered totally or partially at later times. 

Since RPA is hyperphosphorylated at 12 and 24 hours post-treatment, we sought to 

investigate the subnuclear localization of critical components of the HR pathway, i.e., 

BRCA1, γH2AX, RPA32 and Rad51. As expected from immunobloting experiments, γH2AX 

was strongly induced (Fig.6B). Of note, IR treatment is known to induce the formation of 

relatively large γH2AX foci to which BRCA1/BARD1 is rapidly recruited (Fig.8B). In 

contrast, MMS induced the assembly of a substantial number of relatively small γH2AX foci 

that, at the early stage of treatment (3-6 hours), exhibited no staining for the HR proteins 

BRCA1, Rad51 or RPA (Fig.6B and Supp Fig.8). Interestingly, at the later stage (12-24 hours 

post-treatment), BRCA1, as well as RPA and Rad51, formed foci indicating DSBs processing. 
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We next evaluated the possibility that MMS-induced downregulation of BRCA1 and 

associated partners occurs at the level of protein stability. First, a cycloheximide chase 

revealed that BRCA1 stability is significantly decreased in response to MMS versus 

cycloheximide alone, suggesting an active degradation mechanism (Fig.7A). In contrast, the 

abundance of Cdc6, a protein with short half-life, is substantially decreased by treatment with 

cycloheximide, but not with MMS. This result prompted us to investigate the involvement of 

active protein degradation in regulating the stability of BRCA1 and associated partners. We 

found that the proteasome inhibitor MG132 completely blocks downregulation of BRCA1 

(Fig. 7B). Similar results were obtained for BRCA1 following pre-treatment of HCT116 or 

HeLa cells with proteasome inhibitors prior to either MMS or UVC exposure (Supp. Fig.7). 

Next, we analyzed additional components and found that the proteasome is also required for 

downregulation of BARD1, BACH1, and Rad52 in HeLa cells treated with MMS (Fig. 7B). 

Surprisingly, Abraxas downregulation is not blocked by MG132 suggesting that a 

proteasome-independent mechanism regulates levels of this protein. To demonstrate the 

involvement of ubiquitination per se, BRCA1 immunoprecipitated from either mock- or 

MMS-treated HeLa cells was shown to be readily ubiquitinated following DNA damage (Fig. 

7C, left panel). A densitometric quantification indicated that the ubiquitin signal is increased 

by ~ 3-fold following MMS treatment. We confirmed these results in HEK293T, i.e., MMS 

induced a 3-fold increase in BRCA1 ubiquitination (Fig. 7C, right panel). In summary, our 

results indicate that proteasomal-mediated degradation of BRCA1/BARD1/BACH1 and of 

Rad52 is a normal physiological response to DNA damaging agents that do not directly 

generate DSBs, and suggest the existence of a yet-to-be characterized regulatory mechanism 

controlling the BRCA1 pathway.  
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BRCA1/BARD1 downregulation prevents their recruitment, along with Rad51, to 

chromatin following MMS treatment  

In response to IR-induced DSBs, phosphorylation of H2AX engenders a cascade of 

protein recruitment that culminates in the assembly of the BRCA1/BARD1/Rad51 HR repair 

complex at the IRIF. The primary types of DNA damage induced by UVC and MMS are 

pyrimidine dimers and alkylated bases, respectively. These agents also significantly induce 

γH2AX (Fig.6 and discussion). Thus we postulate that early BRCA1/BARD1 downregulation 

might be needed to prevent their recruitment to UV- or MMS-damaged chromatin, as this 

might otherwise interfere with mutagen specific-signaling events or -repair processes, i.e., 

nucleotide excision repair of UV-induced pyrimidine dimers or base excision repair of 

alkylated DNA bases. To investigate this possibility, we analyzed the recruitment of BRCA1, 

BARD1, and Rad51 to chromatin following inhibition of BRCA1/BARD1 downregulation 

using the proteasome inhibitor MG132. As control, we used IR treatment which is known to 

rapidly induce the assembly of BRCA1/BARD1/RAD51 on chromatin (Fig.8A). We found, in 

sharp contrast to treatment with MMS or MG132 alone, that combined treatment with MMS 

and MG132 resulted in a highly significant recruitment of BRCA1/BARD1/RAD51 proteins 

to chromatin. However, it was previously shown that proteasome inhibitors block BRCA1 and 

Rad51 recruitment to IRIF [45]. Thus, we sought to resolve this apparent discrepancy. First, 

we treated HeLa cells with MG132 and found that neither BRCA1 or Rad51 formed foci 

following IR, thus reproducing in our experimental setting, the previously published findings 

(Supp Fig.9 ). Next, we investigated the subnuclear localization of these proteins in response 

to MG132, MMS or combined treatments. As control, we used IR to induce BRCA1 or Rad51 

foci formation (Fig 8B, left panel and Supp Fig.10). We found that BRCA1 exhibited a 
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strong, but diffuse, nuclear staining following treatment with either MG132 or MG132/MMS. 

As expected, a very low BRCA1 signal was detected in cells treated with MMS only. Rad51 

staining was diffuse for all treatments except for IR, which induced its assembly at IRIF. Foci 

formation was observed for BRCA1/RAD51/γH2AX following IR, but only for γH2AX in the 

case of MMS (Fig 8B, right panel). Altogether, these results suggest that BRCA1 and Rad51 

might be loaded on the chromatin in response to MG132/MMS without forming distinct foci. 

To further demonstrate this, we permeabilized the cells post-treatment to remove soluble 

cytoplasmic and nuclear proteins [46] and conducted immunostaining as above. As a control 

for the cell permeabilization procedure, we analyzed the nuclear protein BAP1 [47] and we 

observed a substantial decrease of its nuclear staining (Supp Fig.11). We found that RAD51 

and BRCA1 signals remained high with MG132/MMS, and to a lesser extent with MG132 

alone, following cell permeabilization (Fig 8C, left panel and Supp Fig.10). In contrast, 

Rad51 signal was significantly decreased in the untreated cells and following MMS, most 

likely due to its diffusion from the nuclei. Again, foci formation for BRCA1 and Rad51 was 

not observed with MG132 or MG132/MMS, as shown above for intact cells (Fig 8C, right 

panel).  

     

We next tested whether exposure to MMS might affect pre-assembled 

BRCA1/BARD1/RAD51 at IRIF. Cells were first treated with IR in order to induce IRIF (as 

revealed by immunostaining for γH2AX/BRCA1/BARD1/RAD51), which was followed by 

treatment with MMS. This treatment resulted in a dramatic decrease of 

BRCA1/BARD1/RAD51 foci, but not of γH2AX foci (Fig.9A, top and bottom panels). As 
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expected, immunoblotting indicated that although BRCA1 and BARD1 are substantially 

downregulated, Rad51 protein levels remain unchanged (Fig.9B). 
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Discussion 

A critical role for BRCA1/BARD1 in the HR branch of DSB repair following IR 

exposure is now well established. However previous studies have reported conflicting results 

on the regulation and functionality of this heterodimer in response to genotoxic agents which 

induce (i) DNA adducts other than DSBs, and therefore also (ii) unique signaling pathways 

relative to the situation for IR (see Introduction). Here, we resolved these discrepancies by 

demonstrating that BRCA1 is actually downregulated rather than simply relocalized.  

 

Indeed, the previously described dispersion of BRCA1 from constitutive foci 

following UVC exposure [11,12], or following MMS exposure (this study), is associated with 

active degradation of the protein. However IR, which was shown to induce early dispersion of 

BRCA1 from constitutive foci prior to IRIF formation [11], does not induce BRCA1 

downregulation. Thus, distinct signaling mechanisms are ostensibly responsible for 

controlling BRCA1 relocalization and/or levels during periods of genotoxic stress depending 

upon the nature of the DNA damage. We note that during our investigation of BRCA1 

downregulation following treatment with UVC or MMS, several critical factors were taken 

into consideration that might account for discrepancies between previous studies and our own: 

(i) Total cell extracts prepared in 2% SDS, sonicated, and boiled prior to immunoblotting 

were used to exclude the possibility of selective extraction. (ii) Different antibodies 

recognizing several regions of BRCA1 were employed, thus excluding potential artifacts due 

to epitope masking that might be caused by post-translational modifications. (iii) Diverse 

human strains including primary human fibroblasts were investigated, thus controlling for 

potential cell-type specific responses. (iv) We showed that BRCA1 is downregulated 
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following exposure to relatively low mutagen doses, i.e, 50 μM of MMS or 10 J/m2 of UVC, 

where within the time frame of our analysis cell viability is not compromised and apoptosis is 

not induced. This is important because a previous study had indicated that BRCA1 is cleaved 

by caspase-3 during apoptosis, as early as 3 hrs following treatment with a very high dose of 

UV [24]. In addition BRCA1 downregulation is fully reversible, strongly arguing against any 

involvement of caspases in this early event. We also emphasize that 10 J/m2 of UVC is 

physiologically relevant as this dose induces a level of DNA photoproducts equivalent to that 

which can be obtained during 1 hr of exposure to natural sunlight [48,49].  

  

Regulation of protein stability by the ubiquitin-proteasome system is a critical 

determinant of protein function. Several lines of evidence presented here indicate that BRCA1 

is degraded via the proteasome: (i) UVC or MMS treatment induces dramatic downregulation 

of BRCA1 within 2-3 hrs, and this cannot be explained by a decline of protein levels as a 

consequence of transcription/translation arrest since complete inhibition of protein synthesis 

by cycloheximide revealed that the half-life of BRCA1 is ~ 4h ([31] and this study). In 

addition, downregulation of BRCA1 in response to MMS treatment cannot be enhanced by 

pretreatment with cycloheximide, indicating that an active degradation process predominates 

with respect to constitutive turnover of BRCA1. (ii) Importantly, two different proteasome 

inhibitors (ZL3VS [50] and MG132 [51]) were used to minimize the possibility of non-

specific effects. (iii) We established that BRCA1 is ubiquitinated following MMS treatment. 

It should be emphasized that an ubiquitination signal is also observed below that of full length 

BRCA1, as degradation occurs during the process of immunoprecipitation (Fig.7C). Moreover 

other interacting partners of BRCA1, including BARD1 and BACH1, would also be expected 
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to contribute to the ubiquitination signal, since these proteins are co-regulated in a 

proteasome-dependent manner. Building on the above firm conclusions, we decided to further 

elucidate novel aspects pertaining to the mechanism and significance of BRCA1/BARD1 

degradation following genotoxic stress.  

 

One preeminent event requiring consideration in the context of the current study is the 

rapid phosphorylation of BRCA1 by PI3K family members following genotoxic insult. Indeed 

the notion that PI3K signaling is required for transient proteasome-mediated downregulation 

of critical DNA damage responsive proteins is not without precedent. For example it was 

previously observed that the cyclin-dependent kinase inhibitor p21waf1 is downregulated by 

UVC and MMS, but not by IR, and this depends upon functional ATR kinase [52,53]. Also 

the very rapid phosphorylation of BRCA1 by ATR following UV is temporally associated 

with BRCA1 degradation observed here. Despite these considerations, we found that 

inhibition of ATR, ATM, or DNA-PK does not either block or enhance BRCA1 

downregulation, supporting the notion that PI3K-mediated BRCA1 phosphorylation, and 

degradation of the protein, represent distinct signaling processes acting to control BRCA1 

function. It is noteworthy that in addition to ATM, ATR, DNA-PK and MAPK, we also 

investigated, using specific chemical inhibitors, the potential involvement of several other 

kinases implicated in the DNA damage response including Casein Kinase 2 and Cyclin-

Dependent Kinase 2 each known to phosphorylate BRCA1 [54,55]. Using various inhibitor 

concentrations, we failed to observe any interference with BRCA1 downregulation by MMS 

(data not shown). Taken together our data strongly suggest that phosphorylation might not be 

involved in triggering BRCA1 degradation. Thus, the possible involvement of other post-
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translational modifications or signaling events in triggering BRCA1 degradation appears quite 

plausible. In this respect, our work sets the stage for further studies focused on unraveling the 

novel signaling mechanism mediating BRCA1 downregulation following UVC- or MMS-

induced DNA damage. 

 

Interestingly we found that BRCA1 variants lacking BRCT motifs or the region 

spanning aa 775-1292 were not only completely resistant to degradation, but also consistently 

exhibited stabilization following MMS treatment. This suggests that i) the aforementioned 

domains contain protein interaction motifs or sites for post-translational modifications 

(including ubiquitination sites) that induce degradation, and ii) along with the engagement of 

active degradation, a feedback process of BRCA1 stabilization might also be concomitantly 

induced by MMS, and this later event becomes effective only when the signaling responsible 

for degradation is terminated or inhibited. This feedback loop would contribute to the re-

establishment of BRCA1 protein levels at the appropriate time post-genotoxic stress. Further 

investigations are required to address the molecular mechanism underlying this dynamic 

regulation of BRCA1 stability.  

 

It appears counterintuitive that the function of a tumor suppressor is abrogated during 

periods of genotoxic stress. We postulate that the biological significance of BRCA1 

downregulation likely reflects a necessity to temporally coordinate DNA damage signaling 

and repair pathways in response to specific classes of DNA adducts. Such coordination has 

been proposed for other tumor suppressors involved in the maintenance of genomic integrity 

including the checkpoint kinase CHK1 and the DNA damage binding protein DDB2 [56-58]. 
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Of particular note the early transient, proteasome-dependent degradation of p21waf1 

mentioned above was shown to be required for efficient repair of DNA damage after UV 

irradiation [52,53]. IR is well known to directly generate DSBs leading to rapid ATM/DNA-

PK activation followed by phosphorylation of H2AX and subsequent DSB repair via non-

homologous end-joining or HR. On the other hand neither UVC nor MMS generates DSBs as 

primary lesions, although both induce replication stress resulting in a delayed formation of 

DSBs at collapsed replication forks, which in turn induces ATM-dependent phosphorylation 

of H2AX [59-61]. Interestingly, it has also been reported that alkylation base damage can 

induce γH2AX in the complete absence of replication blockage [62]. In addition, it was 

clearly shown that γH2AX is upregulated by UVC treatment in the absence of DSBs and 

moreover associates with sites of nucleotide excision repair [63]. The exact significance of 

H2AX phosphorylation under such conditions is not yet clear. However since this histone 

modification might promote the recruitment of DSB repair proteins per se, it appears 

reasonable that critical compensatory mechanisms would be engaged to prevent the initiation 

of conflicting DNA damage/repair responses, i.e., in instances where no DSBs are actually 

induced. In fact we provide evidence that BRCA1/BARD1 degradation might prevent the 

untimely association of HR repair proteins with MMS-damaged chromatin, which would 

otherwise interfere with specific signaling events induced by alkylated DNA bases or with the 

execution of base excision repair. In support of this, following MMS treatment, we observed 

downregulation of the HR proteins Rad52, BACH1 and Abraxas, which are not immediately 

required to process DNA alkylation damage. For example, Rad52 interacts with Rad51, 

associates with single-stranded DNA ends, and promotes the annealing of complementary 

DNA strands [64]. Thus, its association with DNA repair intermediates generated during the 
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processing of alkylated bases might very well compromise the efficiency of base excision 

repair. We emphasize that downregulation of components of the HR machinery during the 

initial period of MMS treatment is followed by a second phase of recovery. We note that 

unlike BRCA1 and BARD1, Rad52 downregulation by MMS is not followed by complete 

recovery at 24 hours. This might suggest that only a small portion of Rad52 is needed at the 

later stage of MMS response, time at which HR pathway is activated. Consistent with this, a 

shift in Rad52 protein mobility was observed at 12 and 24 hours likely reflecting 

phosphorylation that might modulate its function in HR. Indeed, we observed at later stages of 

MMS that typical HR foci are formed and are highly enriched in BRCA1, RPA and Rad51. 

Importantly, foci formation was also concomitant with RPA hyperphosphorylation, a maker 

for DSBs processing. Clearly, the process of repair takes place after the initial phase of 

BRCA1/BARD1 downregulation, most likely to repair DSBs generated by replication 

blocking lesions. We propose a model integrating our findings, which highlight the biphasic 

response of HR machinery to MMS (Fig.10).  

 

In conclusion we have demonstrated that BRCA1/BARD1 stability and hence function 

is tightly regulated by ubiquitination-mediated proteasomal degradation in response to UV or 

MMS exposure, in a manner entirely distinct to that observed following treatment with IR. It 

would be extremely interesting to identify the ubiquitin ligase mediating BRCA1/BARD1 

downregulation, as well as to determine how defects in this pathway affect tumor suppressor 

function.  
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Materials and Methods 

Chemicals, plasmids and antibodies 

The pharmacological kinase inhibitors U0126, SP600125, and SB202190 were from Cell 

Signaling. Nocodazole, caffeine, cycloheximide and MG132 were from Sigma-Aldrich and 

KU-55933 from Calbiochem. GFP-tagged full-length BRCA1 and BRCA1 deletion mutants 

were provided by Dr. N. Chiba [65]. ZL3VS proteasome inhibitor was a generous gift of Dr. 

B.M. Kessler [50].  

 

Cell culture and DNA damage treatments 

HeLa cervical cancer, U2OS osteosarcoma, HEK293 embryonic kidney, HCT116 colon 

carcinoma and low passage primary human foreskin fibroblasts (CCD-2056) were from 

ATCC, and ATM-deficient primary skin fibroblasts (HDSF, AG04405A) from the Coriell 

Institute. The MO59K (DNA-PK proficient) and MO59J (DNA-PK null) glioblastoma cell 

lines were provided by Dr. M.J. Allalunis-Turner [66]. All strains were cultured in DMEM 

supplemented with 10 % foetal bovine serum, L-glutamine and antibiotics. Cell monolayers 

were washed with phosphate-buffered saline (PBS), covered with PBS, and irradiated with 

UVC using a crosslinker (CL-1000, VWR) at a fluency of 5 J/m2/s and returned to culture 

medium. IR exposure was performed using a cesium-137 source (Gamma Cell; Atomic 

Energy Canada) at a dose rate of 6.3 rad/s. Methylmethanesulfonate (Sigma-Aldrich) was 

added to the culture medium at the indicated concentrations. 
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Synchronization and cell cycle analysis 

Primary fibroblasts we synchronized in G0/G1 by contact inhibition [31]. HeLa and U2OS 

cells were synchronized at the G1/S border using a thymidine double block protocol [67]. 

G2/M populations were obtained following 16 hours (hrs) of treatment with nocodazole (200 

ng/ml) used to prevent cells from cycling. G2 cells were separated from M cells by mitotic 

shake off. Cell cycle analysis was carried out as described [68] using a FACScan flow 

cytometer fitted with CellQuestPro software (BD Biosciences). 

 

shRNA knockdowns 

shRNA targeting ATR (TRC0000039615) was purchased from Sigma-Aldrich. The non-

target control shRNA was described [69]. Cells were transfected with either shRNA and 

selected in medium containing puromycin for 2 days as described [68].  

 

Immunostaining and immunoblotting 

All antibodies are described in Supplemental Table 1. Western blotting using total cell 

extracts was performed as described [68]. The band signals were directly acquired with a 

LAS-3000 LCD camera coupled to MultiGauge software (Fuji, Stamford, CT, USA). 

Immunostaining was performed as described [68] except that the secondary antibodies Alexa 

Flour 488 goat anti-mouse IgG or an Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen) were 

used. Nuclei were counterstained with DAPI. Nuclei permabilization was essentially 

conducted as previously descibed [46]. Fluorescence was visualized with a Leica DMRE 

microscope, and the data acquired using a RETIGA EX digital camera (QIMAGING) coupled 

with OpenLab 3.1.1 software (OpenLab). 
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Immunoprecipitation 

Cell extracts from control or MMS-treated cells were prepared as described [68] except that 

20 mM of N-EthylMaleimide (NEM) was added to the lysis buffer. After sonication and 

centrifugation, lysates were incubated with anti-BRCA1 or a control IgG for 5 to 6 hrs. 

Immunocomplexes were recovered following 2 hrs incubation with protein G-sepharose, 

extensively washed with the lysis buffer, and eluted with Laemmli sample buffer for 

immunoblotting.  

 

Isolation of chromatin  

Following DNA damage treatments, cells were washed with PBS and then resuspended in 

high-detergent containing buffer (50 mM Tris-HCl, pH 7.3; 5 mM EDTA; 150 mM KCl; 10 

mM NaF, 1 % Triton X-100; 1 mM phenylmethylsulfonyl fluoride (PMSF); and protease 

inhibitors cocktail (Sigma). Following 3 successive extractions for 15 minutes each with the 

same buffer, the chromatin fraction was recovered by centrifugation at 6000g/10 min. 

Chromatin and total cell extracts were then used for determination of protein concentration 

and western blotting. 
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Figure Legends 

Figure 1. Downregulation of BRCA1 protein during genotoxic stress. A) Top, BRCA1 

expression in HeLa cells treated with UVC (30 J/m2) was detected by immunoblotting after 

harvesting at the indicated times. Bottom, immunostaining of BRCA1 at 4 hrs post-treatment. 

DNA was counterstained with DAPI. B) BRCA1 levels in HeLa cells treated with IR (10 Gy) 

for the indicated times. C) BRCA1 levels in HeLa cells treated with the DNA alkylating 

agent, methylmethanesulfonate (MMS, 200 μM) for the indicated times. D) BRCA1 levels in 

various cell types treated with 200 μM MMS for the indicated times. All immunoblottings 

were conducted using total cell extracts. β-actin was detected to ensure equal protein loading.  

 

Figure 2. BRCA1 downregulation is independent of apoptosis and is reversible. A) 

Immunostaining of BRCA1 in HeLa cells treated with 200 μM MMS. Cells were harvested at 

3 and 6 hrs or changed to MMS free medium for the later times. The nuclei were 

counterstained with DAPI. B) Top left, immunoblotting of BRCA1 and apoptosis markers, 

PARP-1 and Caspase-3, in HeLa cells treated as indicated above. Bottom left, BRCA1 band 

intensity was quantified and data are expressed as percentage of untreated cells. Right, 

immunoblotting for PARP-1 and Caspase-3 following treatment with high dose of UVC (100 

J/m2). 

 

Figure 3. Downregulation of BRCA1 occurs independently of the cell cycle phases. A) 

Synchronized HeLa cells using a thymidine double block (TDB) method were treated with 

200 μM MMS for 3 hrs at various time points post-release. Cell cycle analysis (top panel) and 

immunoblotting (low panel) were conducted at the indicated time points. B) Downregulation 
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of BRCA1 during cell cycle progression in primary cells. Top, human primary fibroblasts 

were synchronized in G0/G1 by contact inhibition and were released by replating at low 

density. Bottom, following UVC (30 J/m2) treatment for the last 2 hrs, cell were harvested at 

the indicated times for immunoblotting. β-actin immunodetection was used as loading control. 

 

Figure 4. The DNA damage-activated PIKKs family members ATM, ATR and DNA-PK 

are not required for downregulation of BRCA1. A) Immunoblotting detection of BRCA1 

in HeLa cells treated with 10 Gy IR or 200 μM MMS. B) BRCA1 downregulation is not 

blocked by caffeine. Immunoblotting detection of BRCA1 in HeLa cells pre-treated with 10 

mM caffeine for 30 min prior to 200 μM MMS treatment for 6 hrs. C) The downregulation of 

BRCA1 is not prevented by the ATM inhibitor (KU-55933). Immunoblotting detection of 

BRCA1 in HeLa cells pre-treated with 10 μM KU-55933 for 30 min prior to 200 μM MMS 

treatment for 6 hrs. γH2AX and pCHK2 detection were used as controls to confirm inhibition 

of ATM and/or ATR kinases. D) BRCA1 is downregulated in ATM-deficient human 

fibroblasts. Cells were treated with 200 μM MMS treatment for 6 hrs and harvested for 

immunoblotting. E) Depletion of ATR by RNAi does not prevent BRCA1 downregulation by 

MMS. Left, immunodetection of ATR following transfection and selection. Right, ATR-

depleted cells were treated with 200 μM MMS and harvested at the indicated times for 

immunoblotting. F) BRCA1 is downregulated in DNA-PKcs deficient cells. Glioblastoma 

DNA-PKcs proficient (MO59K) or deficient (MO59J) were treated with 200 μM MMS and 

harvested at the indicated times for immunoblotting.  

 



 

 

137 

 

Figure 5. The BRCT motif, but not the ring finger domain, is required for MMS-

induced BRCA1 downregulation. A) schematic view of the deletion constructs used in this 

study. B) HeLa cells were transfected with various expression constructs for BRCA1 and 2 

days post-transfection, cells were treated with 200 μM MMS and harvested at the indicated 

times for immunoblotting to detect either endogenous BRCA1 or mutant forms using anti-

BRCA1 or anti-GFP respectively. β-actin immunodetection was used as a loading control. 

 

Figure 6. MMS induces a biphasic response of homologous recombination proteins. A) 

Immunodetection of various BRCA1-associated and DNA damage/repair proteins following 

treatment of HeLa cells with 200 μM MMS. HeLa cells were treated with 200 μM MMS and 

harvested at the indicated times for immunoblotting. The star indicates the specific protein 

band detected with a given antibody. B) Foci formation of HR proteins following MMS 

treatment. HeLa cells were treated with 200 μM MMS and harvested at the indicated times for 

immunostaining. Bottom, cells with more than 10 foci were counted and the data are 

presented as percentage of cells with foci under each condition. The values represent the 

average ± SD of three independent experiments 

 

Figure 7. The proteasome mediates BRCA1 and BARD1 downregulation following 

MMS treatment. A) Cells were incubated with 20 μg/ml of cycloheximide alone or with 200 

μM MMS (with or without cycloheximide) and harvested at the indicated times for 

immunoblotting. B) Cells were pre-treated with 20 μM proteasome inhibitor MG132 for 30 

min and then incubated with MMS in the presence of the inhibitor and harvested at 6 hrs for 

immunoblotting. C) Detection of BRCA1 ubiquitination following DNA damage in Hela cells 
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(left panel) or HEK293T cells (right panel). Following MMS treatment for 3 hrs, cell extracts 

were used for immunoprecipitation with an anti-BRCA1 antibody. A non-related polyclonal 

antibody was used as a control. The immunoprecipitates were used for immunoblotting using 

anti-BRCA1 or anti-ubiquitin antibodies. Densitometric quantification was conducted on 

BRCA1 and ubiquitin and the ratio ubiquitin/BRCA1 is shown.  

 

Figure 8. BRCA1/BARD1 downregulation prevents recruitment of these proteins along 

with Rad51 to chromatin following MMS treatment. A) HeLa cells were treated for 6 hrs 

with IR (10 Gy) or 200 μM MMS (with or without pretreatment with MG132). Chromatin 

from control or treated cells was prepared as described in material and methods and proteins 

were detected by western blotting. B) HeLa cells were treated as in panel A and harvested for 

immunostaining (left panel).  Cells with more than 10 foci were counted and the data are 

presented as percentage of cells with foci under each condition (Right panel). The values 

represent the average ± SD of three independent experiments. C) Hela cells were treated as in 

A except that a premeabilization step was added before fixation and immunostaining (left 

panel).  Cells with more than 10 foci were counted and the data are presented as percentage of 

cells with foci under each condition (Right panel). The values represent the average ± SD of 

three independent experiments. 

 

Figure 9. The DNA alkylating agent MMS induces the disassembly of 

BRCA1/BARD1/Rad51 from IRIF. A) U2OS cells were pre-treated with IR (10 Gy) for 12 

hrs and then with or without 200 μM MMS for 6 hrs and harvested for immunostaining. 

Bottom, cells with more than 10 foci were counted and the data are presented as percentage of 
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cells with foci under each condition. The values represent the average ± SD of three 

independent experiments. B) Immunoblotting detection of BRCA1, BARD1 and Rad51 in 

HeLa cells pre-treated with IR (10 Gy) for 12 hrs and then left untreated or exposed to 200 

μM MMS for 3 and 6 hrs.  

 

Figure 10. Model indicating a biphasic response of the homologous recombination 

pathway induced by the alkylating agent MMS. In response to MMS, human cells induce a 

signaling pathway that culminate in BRCA1/BARD1 downregulation. This prevents the 

unwanted assembly of the HR machinery at the early stage of the MMS-induced DNA 

damage response. At the second stage, recovery and assembly of HR proteins ensure the 

repair of DSBs generated by replication blocks. 
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Supplementary Information contains one table for the antibodies used and 11 figures  
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Supplementary Figure 1. Immunoblotting detection of BRCA1 at various times post-UV 

using additional specific antibodies. (A-B) HeLa cells were treated with UVC (30 J/m
2
) and 

harvested at the indicated times for immunodetection with anti-BRCA1 antibodies. The 

monoclonal SD118 antibody which recognizes the C-terminus (A), or the polyclonal rabbit 

specific for the middle region (Sankaran et al. 2006) (B), were used. Immunodetection of β-

actin was used as loading control. 

 

 

 

 

Supplementary Figure 2. Downregulation of BRCA1 with low dose of UVC. 

Immunoblotting detection of BRCA1 in HeLa cells following treatment with UVC (10 J/m
2
). 

Immunodetection of PARP-1 was used as loading control.  
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Supplementary Figure 3. Dose-dependent downregulation of BRCA1 following MMS 

treatment. HEK293 Cells were harvested at the indicated time points for immunoblotting 

with anti-BRCA1 and anti--actin antibodies (left panel). The band signals were directly 

acquired with a LAS-3000 LCD camera (Fuji, Stamford, CT, USA) coupled to MultiGauge 

software (Fuji). The protein levels are relative values and are expressed as a ratio BRCA1/-

actin (right panel).  
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Supplementary Figure 4. Downregulation of BRCA1 occurs in G2 phase. HeLa cells were 

synchronized in G2/M after 16 hrs exposure to nocodazole. Mitotic cells were removed by 

shake off and the purified G2 population was treated with 200 M MMS for 3 hrs at various 

time points post-removal of nocodazole. Cell cycle analysis (left panel) and immunoblotting 

(right panel) were conducted at the indicated time points.  
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Supplementary Figure 5. Immunodetection of ATM or DNA-PK in the cell lines used. 

Left, HeLa or ATM-deficient fibroblasts were used for immunodetection with anti-ATM 

antibody. Right, Immunostaining detection of DNA-PKcs in glioblastoma cell lines, proficient 

(MO59K) or deficient (MO59J). 
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Supplementary Figure 6. DNA damage-activated MAPKs are not required for 

downregulation of BRCA1. Cells were pre-treated with 20 M U0126, 30 M SP600125, or 

20 M SB202190 for 30 min
 
to inhibit signaling pathways involving ERK1/2, JNK1/2, or 

p38α/β,
 
respectively (Rouget et al. 2008). Cells were then treated with 200 M MMS and 

harvested after 3 hrs. Abrogation of MAPK signaling following MMS treatment was 

evaluated
 
by quantification of  MAPK phosphorylation using anti-phospho-ERK1/2,

 
-JNK1/2 

antibodies. The inhibition of p38α/β activity was assessed by levels of phosphorylated
 
form of 

its substrate MAPKAPK2 (MK2), which can be readily distinguished from the 

unphosphorylated
 
form by band shift using anti-MK2 antibody. β-actin immunodetection was 

used as a loading control. 
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Supplementary Figure 7. The proteasome mediates BRCA1 downregulation in response 

to DNA damage. (A) HCT116 cells were pre-treated with 20 M of the proteasome inhibitor 

MG132 for 30 min and then treated with 200 M MMS in the presence of the inhibitor, and 

then harvested at the indicated times for immunoblotting. (B) HeLa cells were pre-treated 

with 20 M of another proteasome inhibitor ZL3VS for 30 min and then treated with  30 J/m
2
 

UVC in the presence of the inhibitor and harvested at the indicated times for immunoblotting. 
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PARP-1 was used as a loading control. (C) Detection of BRCA1 ubiquitination following 

DNA damage in HeLa cells. Following MMS treatment for 3 hrs, cell extracts were used for 

immunoprecipitation with an anti-BRCA1 antibody. A non-related polyclonal antibody was 

used as a control. The immunoprecipitates were used for immunoblotting using anti-BRCA1 

or anti-ubiquitin antibodies. Densitometric quantification was conducted on BRCA1 and 

ubiquitin and the ratio ubiquitin/BRCA1 is shown. 

 

 

 

 

Supplementary Figure 8. Immunostaining for BRCA1, Rad51, RPA or γH2AX following 

MMS treatment. HeLa cells were treated with 200 M MMS and harvested for 

immunostaining.  
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Supplementary Figure 9. Immunostaining for BRCA1, Rad51 and γH2AX Following IR 

and proteasome inhibition. HeLa cells were treated for 6 hrs with IR (10 Gy) (with or 

without pretreatment with MG132) and harvested for immunostaining. 
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Supplementary Figure 10. Immunostaining for BRCA1, Rad51 and γH2AX in various 

conditions. HeLa cells were treated for 6 hrs with IR (10 Gy) or 200 M MMS (with or 

without pretreatment with MG132) and harvested for immunostaining with (top panel) or 

without (bottom panel) a permeabilization step.   
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Supplementary Figure 11. Immunostaining for BAP1 following permeabilization. HeLa 

cells were harvested for immunostaining with (botton panel) or without (top panel) a 

permeabilization step.  
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SUMMARY 

Monoubiquitination of histone H2A (H2Aub) is a critical epigenetic modification 

involved in transcriptional repression. In Drosophila, H2Aub is reversed by the deubiquitinase 

(DUB) and Polycomb group protein Calypso, which associates with Additional Sex Comb 

(ASX) and forms the Polycomb Repressive DUB (PR-DUB) complex. Here, we report that 

the tumor suppressor and mammalian ortholog of Calypso, BAP1, forms two mutually 

exclusive complexes with ASXL1 and ASXL2, two orthologs of ASX. ASXL1 and ASXL2 

use their highly conserved ASXM domain to interact with the C-terminal domain (CTD) of 

BAP1, and these factors regulate each other’s protein stability. Significantly, through 

mutational analysis, we defined two distinct functions of the ASXM, namely enhancing BAP1 

binding to ubiquitin and stimulating its DUB activity. Importantly, these functions require 

intramolecular interactions in BAP1 that generate a composite ubiquitin binding interface 

(CUBI). Gain and loss of function studies indicated that BAP1, ASXL1 and ASXL2 play 

critical roles in the coordination of cell cycle progression. Notably, BAP1 is required for 

ASXL2 protein stability and overexpression of both proteins trigger the p53/p21 DNA 

damage response and cellular senescence, and these effects are abolished by mutations of the 

CTD or ASXM interaction domains. Next, we identified cancer-derived mutations of BAP1 

and ASXL2 that inhibit H2A DUB activity by multiple mechanisms. Furthermore, we showed 

that cancer-associated inactivation of BAP1/ASXL1/2 DUB activity disrupts coordination of 

cell proliferation. Our results indicate that BAP1 and ASXL1/2 exert a tight control on cell 

cycle progression, and provide a direct mechanistic link between H2A deubiquitination and 

tumorigenesis. 
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INTRODUCTION 

Ubiquitin attachment can influence protein stability and function, and as such this 

post-translational modification exerts major roles in diverse cellular processes including cell 

cycle control, transcription and DNA repair (1-3). Ubiquitination is tightly regulated by the 

concerted action of ubiquitin E3 ligases and deubiquitinases (DUBs), thus ensuring the proper 

and timely initiation, propagation or termination of cellular signaling events (4, 5). 

The nuclear DUB BAP1 is a tumor suppressor either deleted or mutated in an 

increasing number of cancers of diverse origins (6, 7). BAP1 somatic or germinal inactivating 

mutations were found in mesothelioma, uveal melanoma, cutaneous melanocytic tumors, clear 

cell renal cell carcinoma, breast and lung cancers. Genetic ablation of BAP1 in mice is 

embryonic lethal, demonstrating the importance of this DUB in embryonic development, and 

selective inactivation of BAP1 in the adult mice induced severe defects in the myeloid cell 

lineage, recapitulating key features of the myelodysplastic syndrome (8). Recently, it was also 

shown that BAP1+/- heterozygous mice are more prone to asbestos-induced mesothelioma 

than wild type animals (9). At the molecular level, we and others recently isolated BAP1 as a 

chromatin-associated protein that assembles large multi-protein complexes containing 

transcription factors and co-factors including, the Host Cell Factor (HCF-1), the O-linked N-

acetyl-Glucosamine Transferase (OGT), the Lysine Specific Demethylase KDM1B, the 

Additional Sex Comb Like proteins ASXL1 and ASXL2 (ASXL1/2), the Forkhead Box 

transcription factors FOXK1 and FOXK2 as well as the zinc finger transcription factor Yin 

Yang 1 (YY1) (10-12). We found that BAP1 regulates the expression of genes involved in 

cell proliferation and is recruited to gene regulatory regions to activate transcription (12). 
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BAP1 is also recruited to the site of DNA double strand breaks to promote repair by 

homologous recombination (13, 14). Moreover, this DUB appears to be also finely regulated 

by post-translational modifications including phosphorylation and ubiquitination (13, 15).  

The deubiquitination of histone H2AK118 by Calypso/ASX in Drosophila (16) was 

also observed for vertebrate BAP1 in vitro and vivo (13, 15, and 16). Additionally, it was 

shown that a minimal complex containing BAP1 and the N-terminal region of ASXL1 

efficiently deubiquitinates H2A in vitro (16). The Drosophila ASX protein is an atypical 

Polycomb group (PcG) factor required for maintenance of transcriptional silencing and 

activation (17, 18). Vertebrate ASXL1/2 are ASX paralogs, and were reported to function 

with both co-repressors and co-activators, notably the Lysine-Specific Demethylase KDM1A, 

the PcG complex PRC2 and the Trithorax Group (TrxG) epigenetic regulators (19-25). 

Interestingly, similar to BAP1, ablation of ASXL1 in mice also results in myelodysplastic 

syndrome-like disease (24, 26). 

Since ASXL1/2 are also targeted by point and truncating mutations as well as 

chromosomal translocations in various cancer types (27-29), we sought to determine whether 

ASXL1/2 coordinate the H2A DUB activity of BAP1 in vivo, and the relevance of these 

factors to BAP1 tumor suppressor function.  
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RESULTS 

BAP1 assembles two mutually exclusive protein complexes with ASXL1/2. 

We initially sought to define how ASXL1/2 interact with BAP1. ASXL1/2 contain 

two uncharacterized N-terminal domains, ASXN and ASXM, and a C-terminal Plant Homeo 

Domain (PHD) finger (Fig. 1A). These factors co-purify with BAP1 (10-12), and mass 

spectrometry peptide counts suggest that they are associated with BAP1 at similar levels (Fig. 

S1A). Immunoprecipitation (IP) of ASXL2 from purified BAP1 complexes did not show 

interaction with ASXL1 (Fig. 1B), and ASXL1 and ASXL2 failed to interact following 

overexpression (Fig. 1C). BAP1 was shown to interact with the N-terminal region of ASXL1 

(1-337 a.a.), containing the ASXN and ASXM domains in addition to a linker region (16). To 

identify the domain responsible for this interaction, we conducted GST-pull down assays and 

found that in vitro translated N-terminal fragment of ASXL1/2, containing the ASXM domain 

(ASXM1: 253-391 a.a., ASXM2: 246-401 a.a. of ASXL1 and ASXL2 respectively) strongly 

interacted with GST-BAP1 (Fig. 1D). Sequence alignment of human ASXL1/2 proteins with 

Drosophila ASX indicated that the ASXM domain is highly conserved (Fig. 1A and Fig. 

S1B). Next, we found that ASXL2 lacking the BAP1-interacting domain (ASXL2
ΔASXM

), but 

not ASXL1
ΔASXM

, was less expressed following transfection (Fig. S1C). When the amounts of 

transfected plasmids were adjusted to obtain comparable expression for ASXL1/2 wild type 

or mutants, both ASXL1/2 mutants lacking their respective ASXM domain hardly interacted 

with BAP1 or formed protein complexes (Fig. 1E).  

BAP1 contains notably a UCH catalytic domain and a conserved C-terminal domain 

(CTD), in addition to an HCF-1-Binding Motif (HBM) (Fig. 1F and Fig. S2A). BAP1 
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physical interaction with ASXL1/2 was not affected by the loss of HCF-1 and OGT, two 

major subunits of the BAP1 core complex associated through BAP1 HBM (Fig. S2B). GST-

tagged fragments of BAP1 containing its C-terminal domain (CTD) interacted with ASXM 

domains of ASXL1/2 (Fig 1F, right panel). Thus, BAP1 can interact with either ASXL1 or 

ASXL2, but is unable to engage interactions with these co-factors simultaneously. To gain 

insights into the significance of BAP1/ASXL1/2 interactions, we constructed BAP1 mutants 

disrupted in the CTD region (Fig. S2A, top panel). We initially conducted transfections in 

293T cells and found that the BAP1
ΔCTD

 mutant was less expressed than the wild type form 

(Fig. S2C). We also generated BAP1 lacking most of the CTD sequence except for the 

KRKKFK which might function as a nuclear localization signal (BAP1
ΔCTD1

) (30) (Fig. S2A, 

top panel). We note that both constructs have been used and produced similar results.  Next, 

we generated HeLa cells stably expressing BAP1 or BAP1
ΔCTD1

 for complex purification. 

Silver staining of immunopurified complexes, adjusted for similar amounts of BAP1, revealed 

that BAP1 and BAP1
ΔCTD1

 complexes were quite similar (Fig. 1G). However, immunoblotting 

showed that the interaction between BAP1
ΔCTD1

 and ASXL1/2 was abolished (Fig. 1G). In 

contrast, association of BAP1 with other major components, including HCF-1 and OGT, 

remained unchanged (Fig. 1G). 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 observed that ASXL2 was displaced from 

binding BAP1 (Fig. 1H). Based on these results altogether, we therefore concluded that BAP1 

assembles mutually exclusive complexes with either ASXL1 or ASXL2. 
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BAP1 and ASXL1/2 are co-regulated and loss of BAP1 in cancer is concomitant with the 

destabilization of ASXL2. 

              To further investigate the functional relationship between BAP1 and ASXL1/2, 293T 

cells were transfected with BAP1 and increasing amounts of Myc-tagged ASXL1/2. As 

suspected from the results obtained with the expression of interaction-deficient mutants (Fig. 

S1C and Fig. S2C), BAP1 protein levels were increased by ASXL1/2 in a dose-dependent 

manner (Fig. 2A). ASXL1/2 protein levels were also increased following expression of BAP1 

(Fig. 2B). In support of these results, siRNA knockdown of either ASXL1 or ASXL2 resulted 

in a significant decrease of BAP1 protein levels (Fig. 2C, Fig. S6C). Combined knockdown of 

ASXL1/2 caused an even stronger decrease of BAP1 than depletion of individual proteins 

(Fig. 2C), indicating that ASXL1/2 are required for maintaining proper protein levels of this 

DUB. We also observed that depletion of ASXL1 resulted in a noticeable decrease of ASXL2 

protein levels, while knockdown of ASXL2 caused an increase of ASXL1 (Fig. 2C, Fig. 

S6C). Knockdown of BAP1, most notably, affected ASXL2 protein levels (Fig. 2C, Fig. 

S6C). This effect is independent of BAP1 DUB activity, as the decrease of ASXL2 protein in 

U2OS cells was prevented by re-expression of siRNA-resistant BAP1 either wild type or 

catalytically dead (C91S) (Fig. 6D). The strict dependency of ASXL2 protein levels on BAP1 

abundance suggests that ASXL2/BAP1 is an obligate complex. Consistent with this 

assumption, immunodepletion of endogenous proteins from nuclear extracts revealed that the 

majority of ASXL2 is associated with BAP1 (Fig. 2D). However, only about half the amount 

of BAP1 is in complex with ASXL2 (Fig. 2D). Significantly, ASXL2 was downregulated in 

BAP1-deficient H28 mesothelioma and H226 lung carcinoma cells, and re-expression of 

BAP1or BAP1
C91S

 restored ASXL2 protein levels in these cells, without affecting its mRNA 
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levels (Fig. 2E,F). These data suggest that BAP1/ASXL1/2 interactions are highly regulated 

and that loss of BAP1 during cancer development results in the concomitant loss of ASXL2.  

 

ASXL1/2 regulate BAP1 DUB activity in an ASXM-dependent manner. 

Several DUBs including BAP1 were shown to target H2AK119 (H2Aub) in mammals 

(2, 31). However, it is not clear what is the relative contribution of each enzyme in H2A 

deubiquitination in vivo. We conducted a siRNA screen using a library that covers the human 

DUB repertoire by analyzing the global increase of H2AubK119 with a specific antibody. 

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. 

3A). Next, to determine how ASXL1/2 regulates BAP1 DUB activity in vivo, we conducted 

RNAi-mediated knockdown of these factors. Neither ASXL1 nor ASXL2 individual 

knockdown induced noticeable global changes of H2Aub (Fig. S3A). However, combined 

knockdown of ASXL1/2 resulted in a significant increase of H2Aub, similar to the effect 

induced by BAP1 depletion (Fig. S3A). This prompted us to determine the respective 

contribution of ASXL1 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 BAP1 catalytic activity (Fig. S3B). Consistently, 

ASXL1 or ASXL2 lacking ASXM were unable to activate H2A deubiquitination (Fig. 3B). 

Based on these results, we concluded that BAP1 deubiquitinates H2A, in vivo, in an 

ASXL1/2-dependent manner. Next, we found that BAP1 also deubiquitinates K118 of H2A, a 

site that is also used by the PRC1 ubiquitin E3 ligase complex in vertebrate in addition to the 
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major site K119 (Fig. S4A). Moreover, BAP1 also deubiquitinates the histones variants 

H2AX and H2AZ, both of which are also catalyzed by the PRC1 complex (Fig. S4A). 

Interestingly, the nucleosomal structure is not prerequisite for BAP1 activity, as digestion of 

DNA with benzonase or denaturation of nucleosomes did not impact H2A deubiquitination 

(Fig. S4B,C). Furthermore, we note that BAP1 is unable to deubiquitinate H2AK13/K15 (Fig. 

S4D), sites that are ubiquitinated by the DNA damage-associated E3 Ligase RNF168 (32). On 

the other hand, using different antibodies against H2Bub K120, we did not detect changes in 

the observed immunoblot signals following BAP1 depletion in mammalian cells (Fig. S4E). 

Significantly, H28 mesothelioma BAP1-deficient cells exhibited high H2Aub levels and 

reconstitution of these cells with BAP1 induced about a 3-fold decrease in H2Aub levels in a 

catalytic activity-dependent manner, whereas no changes were detected for H2Bub (Fig. 

S4E). Finally, while a striking deubiquitination could be observed on H2A in vitro using the 

BAP1 complexes, no changes were observed for H2Bub in the same enzymatic reactions (Fig. 

S4F). 

 

The ASXM domain ensures two distinct functions of BAP1: ubiquitin binding and DUB 

activity. 

To further dissect the mechanistic of H2A deubiquitination by BAP1, we used an in 

vitro DUB assay and found that the ASXM domain of ASXL1 or ASXL2, but not GST-CTD 

used as a control, is sufficient for stimulating BAP1-mediated deubiquitination of 

nucleosomal H2A (Fig.3C). By conducting ubiquitin interaction pull down assays, we found 

that both ASXM of ASXL1 and ASXL2 strongly enhanced BAP1 binding to ubiquitin 
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(Fig.3D). Since the ASXM of ASXL1 or ASXL2 acted similarly in DUB and ubiquitin 

binding assays, we selected ASXM of ASXL2 for further studies (hereafter ASXM2). We 

generated several constructs encompassing several regions and highly conserved motifs of 

ASXM2 (Fig. 3E). 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. 3E,F). 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. 3E,F). Only the ASXM2 full length and the 246-347 a.a. 

fragment that strongly interacted with BAP1 promoted its DUB activity (Fig 3E,F). 

Unexpectedly, the 246-347 a.a., which efficiently interacted with BAP1 and activated its 

DUB activity, failed to enhance BAP1 binding to ubiquitin. Thus, stimulating BAP1 

deubiquitination and promoting its binding to ubiquitin appear to be two distinct functions of 

the ASXM2 domain. Next, we generated discrete mutations in several highly conserved 

residues of ASXM2 (Fig. 3G), and found that ASXM2 interaction with BAP1 and ubiquitin 

binding are maintained for most mutants except for the LLLL303-306AAAA hydrophobic 

stretch mutant which lost interaction with BAP1 (Fig. S1B, Fig. 3H,I). As expected, the 

LLLL303-306AAAA mutant failed to stimulate DUB activity. Interestingly, while the L286A 

and NN328-329AA mutants were essentially efficient in promoting BAP1 binding to 

ubiquitin, they were unable of promoting efficient DUB activity, once again separating 

BAP1/ASXM binding to ubiquitin from BAP1/ASXM-mediated enzymatic catalysis (Fig. 

3H,I). 
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Intramolecular interactions in BAP1 create a Composite Ubiquitin Binding Interface 

(CUBI) and enable DUB activity.  

The CTD of BAP1 is necessary and sufficient for interaction with ASXL1/2 

(Fig.1F,G). This domain contains a Coiled-Coil (CC2) domain that engages an intramolecular 

interaction with the CC1 domain that is distal to the UCH domain in order to ensure auto-

deubiquitination (15). Interestingly, recent structural studies showed that a similar 

intramolecular interaction occurs in a close family homolog of BAP1, UCH37, and that the 

corresponding domain of CTD, UCH37-like domain (ULD), establishes a direct contact with 

ubiquitin (33). Thus, we sought to investigate the requirements of these domains for ASXM-

mediated ubiquitin binding and H2A deubiquitination. Indeed, BAP1 lacking all the CTD 

sequence (BAP1
ΔCTD

) failed to deubiquitinate H2A in vitro (Fig. 4A,B) and in vivo ( Fig. 

S5A). Deletion of CC2 within the CTD (BAP1
ΔCC2

) also disrupts BAP1-mediated H2A 

deubiquitination (Fig. S5B). Moreover, deletion of CC1 abolished H2A deubiquitination 

similar to deletion of UCH or mutation of the catalytic cysteine of BAP1 (C91S) (Fig.4B). Of 

note, deletion of HBM which abrogates BAP1 binding with the major component of the 

complex, HCF-1, did not impact H2A deubiquitination (Fig. S5C). Next, we sought to 

determine the effect of these domains on ASXM2-mediated ubiquitin binding by BAP1. 

ASXM2 promoted binding to ubiquitin of both wild type and catalytic dead BAP1
C91S

 mutant 

(Fig. 4C). In contrast, ASXM2 failed to enhance ubiquitin binding of BAP1 lacking the UCH, 

the CC1 or the CTD. Thus, in concert with ASXM2, BAP1 forms a Composite Ubiquitin 

Binding Interface (hereafter CUBI) that requires multiple domains of BAP1 (Fig. 4C). 

Ubiquitin uses various interfaces, notably the L8/I44/V70 (VLI) hydrophobic patch, for 

interaction with diverse ubiquitin binding motifs contained within components of the 
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ubiquitin proteasome system (1). We generated several ubiquitin constructs containing 

mutations in critical residues and tested their ability to bind BAP1/ASXM2. Indeed, binding 

to ubiquitin lacking the hydrophobic patch VLI by BAP1/ASXM2 is completely abrogated 

(Fig. 4D, left panel). Mutation of I44, which constitutes the center of the hydrophobic 

recognition patch, also significantly reduced the binding of ubiquitin by BAP1/ASXM2 (Fig. 

4D, right panel). Finally, mutation of the polar patch D58 did not affect ubiquitin binding by 

BAP1/ASXM2 (Fig. 4D, right panel). Thus, although we could not exclude that other regions 

of ubiquitin are involved, the CUBI interacts essentially with the VLI hydrophobic patch of 

ubiquitin.  

 

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

and DUB activity toward histone H2A. 

PcG proteins are deregulated in cancer (34, 35), and BAP1 is inactivated by various 

cancer-associated mutations directly impacting its catalytic activity or cellular localization (7, 

15). However, it is not well known how the spectrum of mutations of BAP1 could disrupt 

specific functions of the subunits that compose its complexes. We sought to investigate 

whether mutations of BAP1 could result in a selective loss of its interacting partners, notably 

ASXL1/2. Thus, we analyzed the previously reported mutation landscape of BAP1 and found 

several mutations within or near its critical domains UCH (E31K, Y33D), CC1 (L230Q, 

Q253K) and CTD (K656N, K658R, D663H, R666-H669del) (Fig. 5A and Fig. S2A). We also 

included additional mutations, not found in cancer, but correspond to highly conserved amino 

acids in the vicinity of these cancer mutations (F228A, N670A). Interestingly, the Y33 and 
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F228 of BAP1 UCH correspond to V34 and F216 in tsUCH37 of the worm Trichinella 

spiralis, two residues that were shown to establish contact with the hydrophobic VLI patch of 

ubiquitin (33). The K658 and D663 residues of BAP1 CTD were also involved in ubiquitin 

binding by the tsUCH37 UDL (33). First, we co-expressed these BAP1 mutants with ASXL2 

and found that protein interaction is essentially unaffected for most mutants except for R666-

H669 mutant whose interaction with ASXL2 is strongly reduced (Fig. 5A). Significantly, 

several of these mutants, e.g., L230Q, K658R and R666-H669del were strongly affected in 

their ability to bind ubiquitin following addition of ASXM2 (Fig. 5B). Most mutants were 

greatly disrupted in their ability to stimulate BAP1-mediated H2A deubiquitination by the 

ASXM2 domain in vitro (Fig. 5B). Interestingly, the D663H mutant was efficient in binding 

ASXM2 and ubiquitin but failed to promote efficient DUB activity, again supporting the 

notion that ASXM2/BAP1 interaction ensures two separate functions, ubiquitin docking and 

deubiquitination. Since the deletion of the amino acids R666-H669 (hereafter BAP1
R666-H669

) 

abolished the interaction with ASXL2, ubiquitin binding and DUB activity, we selected this 

mutant for further biochemical and functional studies. First, we generated HeLa cells stably 

expressing Flag-HA-BAP1
R666-H669 

and conducted TAP affinity purification from total cell 

extracts. Although the BAP1
R666-H669 

mutant was less stable than the wild type form (Fig. 

S2C), silver staining indicated that their complexes were very similar, with the most 

noticeable difference being the missing ASXL2 band in the purified BAP1
R666-H669

 complexes 

(Fig. 5C, 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 

BAP1
R666-H669 

does not interact with both ASXL1/2, while interaction with HCF-1/OGT were 

not affected (Fig. 5C, right panel). Indeed, neither full length ASXL1 nor ASXL2 are capable 
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of stimulating BAP1
R666-H669 

DUB activity in vivo (Fig. S5D). This effect is direct since the 

purified BAP1
R666-H669 

complex was unable to deubiquitinate nucleosomal histone H2A or to 

bind ubiquitin in vitro (Fig. 5D). Significantly, the BAP1-null cancer cell line H226 displays 

high levels of H2Aub, and re-introduction of BAP1, but not the BAP1
R666-H669 

nor the 

BAP1
C91S

, in these cells promoted substantial H2A deubiquitination (Fig. 5E). Next, we 

selected several reported cancer-associated point mutations in ASXM2 (Fig. 5F), and found 

that almost all these mutations do not disrupt ASXM2 interaction with BAP1 or 

BAP1/ASXM2 binding to ubiquitin except the P274L mutant (Fig. 5G,H). However, three of 

these mutants (P274L, E330Q, F331L) showed significantly reduced DUB activity toward 

H2A indicating that ASXL2 is also targeted by mutations that disrupt BAP1 DUB activity 

(Fig. 5H). 

Altogether, these results indicate that several cancer-associated mechanisms target the 

interaction of BAP1 with ASXL1/2 inducing loss of ubiquitin binding and/or H2A DUB 

activity. 

 

ASXL1 and ASXL2 exert opposite effects on cell cycle progression. 

Since BAP1 is a tumor suppressor implicated in the control of cell proliferation (10, 

30), we assessed the role of its interaction with ASXL1/2 in cell cycle control. First, we 

sought to compare BAP1 complexes composition between cycling and quiescent (G0) 

primary skin fibroblasts (LF1). Since ASXL1/2 form two mutually exclusive complexes with 

BAP1, we initially hypothesized that these complexes might be differentially required to 

coordinate gene expression in proliferating versus G0 cells. LF1 cells stably expressing Flag-
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HA-BAP1 were synchronized in G0 by contact inhibition and used for immunopurification 

(Fig. 6A, Fig S6A). We observed a substantial loss of interaction between BAP1 and its 

partners including ASXL1/2, and this was concomitant with cell cycle exit (Fig. 6A). This led 

us to hypothesize that both BAP1/ASXL1/2 complexes are necessary for cell cycle 

progression. We initially noticed that ASXL2 knockdown in U2OS induced an apparent delay 

in cell proliferation (Fig. S6B). We also observed that ASXL1 knockdown in LF1 cells 

induced a medium color change, i.e., acidification that might indicate increased cell 

proliferation (Fig. S6D). To further assess the role of these complexes in regulating cell 

proliferation, we conducted cell cycle synchronization in conjunction with siRNA knockdown 

of these factors. Strikingly, we found that knockdown of ASXL1 in U2OS followed by double 

thymidine block synchronization and release resulted in a faster progression through G1/S, 

while ASXL2 knockdown delayed this progression (Fig. 6C, top panel). BAP1 knockdown 

also delayed cell cycle progression, although to a lesser extent than that of ASXL2. To further 

confirm this dual function of ASXL1/2 in regulating cell cycle progression, we conducted 

RNAi of BAP1, ASXL1 and ASXL2 followed by nocodazole treatment to block the cells in 

M, thus enabling the visualization of the progression from G1 to M. The results confirmed 

that ASXL2 knockdown causes G1/S transition delay, while ASXL1 knockdown caused a 

faster progression through the cell cycle (Fig. 6C, bottom panel). Again, BAP1 knockdown 

induced a less pronounced effect than ASXL2. Next, we asked whether ASXL1/2 and BAP1 

coordinate cell cycle progression through protein interactions. We generated U2OS cells 

stably expressing siRNA-resistant BAP1, BAP1
C91S

, BAP1
ΔCTD

 or BAP1
R666-H669 

(Fig. 6D, 

Fig. S7A), and conducted RNAi depletion of endogenous BAP1 followed by the double 

thymidine block/release protocol. We found that, while expression of BAP1 rescues the defect 
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induced by knockdown of endogenous BAP1, this was not observed with the catalytic dead 

BAP1
C91S

 or ASXL1/2-interaction deficient mutants (BAP1
R666-H669 

or BAP1
ΔCTD

) (Fig. 6E 

and Fig. S7A,B). Note the rescue of H2Aub levels by BAP1, but not by the ASXL1/2-

interaction deficient BAP1 mutant (Fig. 6D). Thus, a tight collaboration, through physical 

interaction, between ASXL1/2 and BAP1 is required for the proper control of cell cycle 

progression.  

To define how BAP1/ASXL1/ASXL2 regulates cell proliferation, we analyzed the 

protein levels of several major regulators of cell cycle including p53, p21 and pRB. The 

replication-promoting factor CDC6 was also included, since this prototypical E2F target gene 

is also regulated by HCF-1 and YY1 (36, 37), two partners of BAP1 (12). We found that 

knockdown of ASXL1 or ASXL2 induced an increase or a decrease of CDC6 protein levels, 

respectively (Fig. 6B and Fig. S6C), while BAP1 knockdown hardly affected CDC6 protein 

levels. In addition, ASXL2, but not ASXL1, depletion induced the DNA damage response as 

the levels of γH2AX and p53/p21 proteins were significantly increased (Fig. 6B and Fig. 

S6C). An increase of p21 mRNA indicative of p53 induction was also observed (Fig. S6E). 

We also noticed a substantial decrease of pRB and its phosphorylated form following ASXL2 

knockdown (Fig. 6B). Of note, knockdown of BAP1 had a less pronounced effect than that of 

ASXL2 knockdown on the p53/p21 induction. Altogether, these results are consistent with the 

observed differential roles of BAP1, ASXL1 and ASXL2 in regulating cell cycle progression. 
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Enforced expression of BAP1 and ASXL2 induce cellular senescence and the p53/p21 

tumor suppressor pathway. 

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 enquired if BAP1/ASXL1/2 might influence cellular 

senescence. Of note, PcG proteins, notably BMI1, are known to be involved in senescence 

(38-40). Therefore, we evaluated whether enforced expression of BAP1, ASXL1 or ASXL2 

trigger senescence in the normal diploid human fibroblasts IMR90 cell line model. Strikingly, 

retroviral overexpression of ASXL2, but not ASXL1, strongly induced senescence-associated 

β-galactosidase (SA-β-gal) activity and reduced cell proliferation (Fig. 7A,B). This effect is 

dependent on BAP1 as ASXL2 lacking ASXM2 failed to induce senescence or to reduce cell 

proliferation. Moreover overexpression of BAP1 induced senescence (Fig. 7A,B). 

Interestingly, overexpression of BAP1
C91S

 mutant also induced senescence with a more 

pronounced effect than the wild type form (Fig.7A,B and Fig. S8). To probe whether this 

effect is due to BAP1 ability to interact with ASXL1/2, we evaluated the effect of BAP1
ΔCTD

 

as well as BAP1
R666-H669 

on cellular senescence. Indeed, these mutations prevented BAP1 

from inducing senescence (Fig 7A,B). Similar effects were observed for the double mutants 

BAP1
C91S-R666-H669

, although only a partial rescue was noted for BAP1
C91S-ΔCTD 

(Fig. S8). 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 BAP1, BAP1
C91S

 and corresponding mutants (Fig. 

7C). We found that, although the effect of BAP1 was less pronounced than the BAP1
C91S

 

form, overexpression of this DUB induced the p53/p21 tumor suppressor pathway. 
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Overexpression of BAP1
ΔCTD

, BAP1
R666-H669

, BAP1
C91S-ΔCTD 

or BAP1
C91S-R666-H669 

did not 

upregulate p53/p21 indicating the requirement for ASXL1/2 in BAP1-mediated senescence 

(Fig. 7C). We also observed a concomitant decrease of CDC6 and pRB following 

overexpression of BAP1 or BAP1
C91S

, and these effects required interaction with ASXL1/2. 

In contrast, no significant changes were observed on p16
INK4a

 cell cycle inhibitor and the p53 

E3 ligase MDM2. 

Altogether, there results indicate that the fine balance between components of 

BAP1/ASXL1/2 complexes and their coordination of H2A deubiquitination are required for 

proper progression of cell cycle in mammals. 
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DISCUSSION 

            Although, BAP1 has emerged as the most highly mutated DUB in human 

malignancies, its mechanism of action is still not fully defined. In this study, we provided 

novel insights into the mechanism by which BAP1 deubiquitinates histone H2A K119 and 

acts as a tumor suppressor. First, we revealed that BAP1 and ASXL1/2 protein levels are 

tightly regulated by each other. Notably, BAP1 protein levels are reduced by about half 

following ASXL1 or ASXL2 depletion, and almost completely following concomitant 

depletion of ASXL1 and ASXL2. This regulation is highly conserved since deletion of 

drosophila ASX destabilizes Calypso (16). In addition, depletion or loss of BAP1 destabilizes 

ASXL2. These findings demonstrate the importance of complex assembly in coordinating 

BAP1 function. 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 origins, i.e., mesothelioma and non-small lung 

carcinoma, caused a severe reduction of ASXL2 levels. Second, we demonstrated that BAP1 

assembles two mutually exclusive complexes with either ASXL1 or ASXL2. Although 

ASXL1/2 compete for BAP1 binding, both subunits can stimulate BAP1 binding to ubiquitin 

as well as its DUB activity toward H2Aub. Third, we found that the BAP1/ASXL1/ASXL2 

axis tightly regulates cell cycle progression and impact cellular senescence. Fourth, we 

identified cancer mutations that directly abolish the BAP1 interaction with ASXL1/2 or 

selectively target ubiquitin binding and/or DUB activity of BAP1/ASXL1/2 complexes and 

hence abrogate the dynamic coordination of H2A ubiquitination as well as cell proliferation. 
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Interaction mapping studies revealed that the highly conserved ASXM/CTD domains 

govern the ASXL1/2 interaction with BAP1. Thus, ASXM-CTD interactions define an 

interaction platform distinct from OGT/HCF-1/BAP1 which uses the Kelch domain and HBM 

motif of HCF-1 and BAP1 respectively (10, 41). It is worth mentioning that since BAP1 

acquired the middle region (containing the HBM) later during evolution, 

BAP1/ASXL1/ASXL2 and BAP1/OGT/HCF-1 constitute two major regulatory axes with 

distinct but complementary and coordinated chromatin-associated functions.  

One of the salient findings of this study is the effect of ASXM in promoting BAP1 

binding to ubiquitin that appears to be independent of stimulating histone H2A 

deubiquitination by this DUB. Indeed, we isolated a region of ASXM (246-347 a.a) that 

strongly interacts with BAP1, is efficient in stimulating enzymatic activity, but unable to 

enhance binding to ubiquitin by this DUB. Conversely, we also isolated mutants of ASXM, 

including cancer mutants, that efficiently interact with and promote BAP1 binding to 

ubiquitin, but are essentially unable to stimulate DUB activity (e.g., N328A/N329A, E330Q). 

Moreover, we also isolated a BAP1 mutant (i.e., D663H) that interacts with ubiquitin in 

ASXM-dependent manner, but is inefficient in H2A deubiquitination. Separation of these two 

functions can have major functional implications for the BAP1 complexes. Binding to 

ubiquitin could facilitate the tethering of the complex to chromatin, and deubiquitination can 

take place only when other biochemical requirements are met. For instance, BAP1/ASXL1/2 

binding to H2Aub might promote the recruitment of additional factors or ensure the removal 

or addition of other histones modifications prior to H2A deubiquitination. In addition, the 

BAP1 complexes could also promote transcriptional regulation in an H2Aub-dependent, but 

catalytic activity-independent manner. For instance, both wild type and catalytic dead BAP1 
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induce senescence in an ASXL1/2-dependent manner. Although, additional studies will be 

needed to provide further insights on how BAP1/ASXL1/ASXL2 coordinate H2A 

deubiquitination on chromatin, our data strongly emphasize the existence of an important 

regulatory network governing this epigenetic modification. 

Another important result is the requirement of multiple domains in BAP1, in addition 

to the catalytic site, to generate an ASXM-inducible composite ubiquitin binding interface 

(CUBI). Whether ASXM also directly contacts ubiquitin remains to be determined. We note 

that low affinity interaction between ASXM and ubiquitin in the absence of BAP1 might not 

be observed in our ubiquitin pulldown conditions. Nonetheless, our data support a model 

whereby ASXM constitutes a versatile module that uses several determinants for interaction 

with BAP1 to stimulate ubiquitin binding and/or H2A deubiquitination. Moreover, the ASXM 

is embedded in ASXL1 and ASXL2 which are large proteins containing other conserved 

domains, e.g., ASXN and PHD, thus providing a more extensive platform for regulation of the 

complex by interacting partners and post-translational modifications.  

We also investigated the role of ASXL1/ASXL2/BAP1 in cell cycle progression. 

Using RNAi, we showed that ASXL1 negatively regulates cell cycle, while in contrast 

ASXL2 promotes cell cycle. Consistently, ASXL2 positively regulates CDC6 protein levels, 

whereas ASXL1 exerts a negative effect on CDC6 expression. Thus, although ASXL1/2 are 

paralogs, interact in a similar manner with BAP1 and promote its DUB activity, these factors 

nonetheless appear to exert different roles and even opposite functions in coordinating BAP1 

function. Of note, CDC6 is a critical DNA replication factor, possesses proto-oncogenic 

functions and its deregulated expression is associated with several cancers (42, 43). CDC6 
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was previously shown to be regulated by HCF-1 which activates or represses the expression 

of a subset of E2F targets including CDC6 (36). Moreover YY1, also endowed with dual 

transcription activating and repressive functions, interacts with HCF-1 and BAP1 and was 

also shown to regulate CDC6 (12, 37). Thus, BAP1 might assemble ASXL2 co-activator or 

ASXL1 co-repressor complexes to regulate CDC6 expression. Consistent with this 

assumption, it was shown that ASXL1 and ASXL2 act as a repressor and activator 

respectively (21, 25). Moreover, although the prevalent view is that deubiquitination of H2A 

activates transcription (2), The PR-DUB complex can repress transcription in a catalytic 

activity-dependent manner (16). Thus, it would be very interesting to further understand how 

BAP1-mediated deubiquitination of H2A by ASXL1 or ASXL2 might produce two opposite 

transcriptional outcomes.      

Knockdown of ASXL2, and to a lesser extent BAP1, also induced the p53/p21 DNA 

damage response and subsequent cell cycle attenuation. This effect might be caused by 

transcriptional deregulation of components of the replication machinery, which in turn could 

induce replication fork collapse and DNA double strand breaks. On the other hand, production 

of reactive oxygen species (ROS) that might also result from transcription deregulation of 

metabolic pathways could also generate DNA damage and activate the p53/p21 pathway. In 

support of this view, depletion of BMI1, a component of the H2A E3 ligase complex PRC1, 

was shown to induce ROS, DNA damage and the p53 response (44, 45). We also found that 

enforced expression of ASXL2, but not ASXL1, induced cell senescence in a BAP1-

dependent manner, indicating that the proper balance of BAP1 complexes and proper 

coordination of H2A deubiquitination is required for normal cell proliferation. Consistent 

with this view, overexpression of BAP1 or its catalytic dead form also induced cell 
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senescence in ASXL1/2-dependent manner. Interestingly, the cell cycle inhibitor p16
INK4a

 

does not appear to be a major determinant of BAP1-induced senescence. Thus, aside from the 

PcG factors implication in controlling the expression of the p16
INK4a

/ARF tumor suppressor 

pathway (38, 46), we observed here an upregulation of the p53/p21 tumor suppressor pathway 

concomitant with a decreased phosphorylation of pRB. Clearly, our studies provide impetus 

for further studies to delineate the exact roles of BAP1 complexes in coordinating pRB/E2F 

and p53 tumor suppressor pathways. 

Our study also shed light on the role of H2Aub deregulation in tumorigenesis. Indeed 

(i) several cancer mutations of BAP1 target the UCH/CC1/CTD/ASXM interface, critical for 

ubiquitin binding and H2A deubiquitination, indicating the importance of this modification 

for tumor suppression (Fig. 7D), (ii) BAP1 null cancer cells display high H2Aub levels and 

reintroduction of BAP1, but not ASXL1/2 interaction-deficient mutants, in these cells reduced 

its abundance, and (iii) both PcG proteins Ring1B and BMI1, two critical components of the 

PRC1 complex that catalyze H2A ubiquitination are overexpressed in cancer (47-50). 

Furthermore, BMI1 also promotes the bypass of cellular senescence and extends replicative 

lifespan (51).  It is worth mentioning that although several DUBs have been proposed to 

counteract H2Aub catalyzed by the PRC1 E3 ligase PcG complex, the BAP1 complex is the 

only known DUB whose subunits YY1, OGT and ASXL1/2 as well as BAP1 itself are PcG 

proteins (2), and we showed here that among all members of the DUB repertoire, BAP1 is a 

major DUB for H2A. Our study also adds to an emerging notion that PcG proteins regulate 

cell proliferation more dynamically than previously recognized. 
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In conclusion, we demonstrated that ASXL1/2 coordinates the DUB activity of BAP1 

toward H2A, and that this activity is abolished as a consequence of cancer mutations that 

involve multiple mechanisms that target the DUB activity of the BAP1/ASXL1/2 complexes. 

These findings have major implications not only for understanding cell cycle control, but also 

in defining the mechanisms of cancer pathogenesis and suppression. 
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Materials and Methods 

Cell culture, cell cycle synchronization and senescence studies 

Cell lines were cultured according to standard protocols. Primary skin fibroblasts (LF1) were 

synchronized in G0 by contact inhibition and U2OS cells were synchronized at the G1/S 

border using thymidine double block or nocodazole methods as described (52). pMSCV 

retroviral vectors were used to produce viruses and infect IMR90 cells. After infection and 

selection, cells were harvested for cell count or evaluated for by senescence-associated-β-

galactosidase (SA-β-gal) activity assay as described (53).  

 

siRNA DUB screen 

HeLa cells were transfected with individual siRNA pool targeting DUBs (~100 genes) using 

Lipofectamine 2000 as described (13). Three days post-transfection, cells were fixed and used 

for immunostaining with H2Aub antibody. 

 

Tandem Immuno-affinity Purification, Immunodepletion and immunoprecipitation 

The protein complex purification was done on total cell extracts from cell lines stably 

expressing Flag-HA-BAP1 or mutant forms. For immunodepletion experiments of 

endogenous proteins, HeLa nuclear extracts were incubated overnight with either anti-BAP1, 

anti-ASXL2 or control IgG. The immuno-complexes were recovered with protein G 

Sepharose beads, eluted with Laemmli buffer and subjected to immunoblotting. Co-
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immunoprecipitation (coIP) from purified complexes or cell extracts was conducted 

essentially as previously described (12).  

 

GST-pull down assays  

GST-pulldown studies were conducted using either in vitro translated S35-labeled ASXL1 or 

ASXL2 fragments incubated with GST-fused full length or deletion fragments of BAP1. 

GST-ASXM1, GST-ASXM2 (and its mutants). MBP-ASXM2 (and its mutants) were used for 

pulldown with purified His-BAP1. 

 

In vitro Deubiquitination assay 

For the purification of nucleosomes and in vitro histone DUB assay, 293T cells were 

transfected with pCDNA-Flag-H2A and harvested three days post-transfection. Chromatin 

fraction was digested with Micrococcal nuclease (MNase). The purified nucleosomes were 

used for the in vitro DUB assay with Flag-HA purified BAP1 complexes or recombinant 

BAP1 and ASXM2.  

 

Ubiquitin pull down interaction assays 

GST-ubiquitin-agarose or ubiquitin-agarose beads and corresponding mutants were incubated 

with His-BAP1 or its different mutants along with either GST-ASXM1, GST-ASXM2, MBP-

ASXM2 and the corresponding mutant forms at 4 ºC for 3 hours. Following washing, the 

associated proteins were eluted in Laemmli buffer and subjected to western blotting. 
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Immunofluorescence 

The immunostaining procedure was carried essentially as previously described (54). Briefly, 

cells were fixed in PFA and permeabilized using PBS 0.1% NP-40. Following blocking, the 

coverslips were incubated with mouse monoclonal and/or rabbit polyclonal for three hours. 

Alexa Fluor® 594 and Alexa Fluor® 488-labeled secondary antibodies were used (Life 

Technologies). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).  
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FIGURE LEGENDS 

Figure 1. BAP1 assembles mutually exclusive multi-subunit complexes with ASXL1 or 

ASXL2. 

A) Schematic representation and conservation of the major domains of ASXL1/2. The N-

terminal domains, ASXN and ASXM, and a C-terminal Plant Homeo Domain (PHD) finger 

are indicated. B) Reciprocal immunoprecipitation (Re-IP) of ASXL2 from the immuno-

purified Flag-HA-BAP1 protein complexes. C) 293T cells were transfected with 6 µg of Myc-

ASXL2 with or without 4 µg of Flag-ASXL1 expression vectors. Three days after 

transfection, cells were harvested for IP of Myc (ASXL2) and subjected to immunoblot 

analysis as indicated. D) GST-pulldown interaction assay using full length GST-BAP1 and 

methionine S
35

-labeled ASXL1 or ASXL2 N-terminal fragments. The arrows indicate the full 

length form of each in vitro translated fragments. E) Immunoprecipitation of Myc-ASXL1, 

Myc-ASXL1
ΔASXM

, Myc-ASXL2, Myc-ASXL2
ΔASXM

. 293T cells were transfected with 4 µg 

of Myc-ASXL1, 4 µg of Myc-ASXL1 ΔASXM, 4 µg of Myc-ASXL2 or 6 µg of Myc-ASXL2 

ΔASXM expression vectors along with 1 µg of BAP1 expression vector. Three days post-

transfection, cells were harvested for IP with anti-Myc antibody and subjected to immunoblot 

analysis with the indicated antibodies. F) Schematic representation of the BAP1 fragments 

used (left panel). The main domains and motifs of BAP1 are shown. UCH, Ubiquitin 

Carboxyl Hydrolase catalytic domain; CC1, Coiled-Coil 1; HBM, HCF-1-Binding Motif; 

CTD, C-Terminal Domain;  CC2 Coiled-Coil 2.  Note that the CC2 motif is contained within 

the CTD. GST-pulldown interaction assay using GST-BAP1 fragments and methionine S
35

-

labeled ASXM domains of ASXL1 or ASXL2 (right panel). The arrows indicate the full 



 

 

194 

 

length forms of each BAP1 fragments. G) Left panel, silver stain of the immunopurified Flag-

HA-BAP1 and Flag-HA-BAP1
ΔCTD1

 complexes (see Fig. S2A for description of the mutant). 

HeLa cells stably expressing BAP1 and BAP1
ΔCTD1

 were generated by retroviral infection. 

BAP1 complexes were purified with Flag and HA beads from total cell extracts. Right panel, 

western blot detection of components of the BAP1 complexes. H) 293T cells were transfected 

with Flag-BAP1 and Myc-ASXL2 expression constructs in the presence of increasing 

amounts of Myc-ASXL1 expression construct. Cells were harvested three days post-

transfection for IP of BAP1 using anti-Flag, and proteins were detected by immunoblotting. 

Overexpressed Myc-ASXL2 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. The dot and the star indicate a modified form of BAP1 and a non-

specific band respectively (panels B, C, E). 

 

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

concomitant with ASXL2 depletion. 

A) Overexpression of BAP1 with increasing amounts of Myc-ASXL1 or Myc-ASXL2 in 

293T cells. Cells were transfected as indicated and harvested three days post-transfection for 

immunoblotting on total cell extracts. Detection of YY1 was used as a loading control. B) 

Overexpression of Myc-ASXL1 or Myc-ASXL2 with increasing amounts of BAP1 in 293T 

cells. Cells were transfected and harvested as described in panel A. C) Protein expression 

following siRNA depletion of BAP1 and/or ASXL1/2 in U2OS cells. The cells were 

harvested four days post-transfection for Immunoblotting. β-Actin is used as a loading 
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control. Quantification of band intensity was conducted relative to the non-target siRNA 

control (siNT). D) Immunodepletion of BAP1 or ASXL2 from HeLa nuclear extracts. PARP1 

was used as a control, which mostly remained in the flow through fraction. E) Reconstitution 

of H28 mesothelioma and H226 non-small lung carcinoma BAP1-deficient cells with BAP1 

or BAP1
C91S

. Cells stably expressing BAP1 were generated by retroviral infection. F) mRNA 

of ASXL2 in reconstituted H226 cells with empty vector or BAP1 was quantitated by qPCR. 

The data represent two independent experiments. The dot and stars indicate a 

monoubiquitinated form of BAP1 and non-specific bands respectively (panels, A, B, C, E). 

 

Figure 3. ASXM of ASXL1/2 stimulates BAP1 DUB activity and promotes BAP1 

binding to ubiquitin. 

A) siRNA screen for DUBs that coordinate H2Aub levels. Following transfection with siRNA 

DUB library, cells were fixed and immunostained for H2Aub. The fluorescence signal was 

determined with a plate reader and the values were used to derive the Z-cores. B) 293T cells 

were transfected as indicated using 0.2 µg of Flag H2A, 1 µg of BAP1, 4 µg of Myc-ASXL1 

or 4 µg of Myc-ASXL1
 
ΔASXM expression vectors (left panel); 4 µg of Myc-ASXL2 or 6 µg 

of Myc-ASXL2 ΔASXM
 
expression vectors (right panel). Three days post-transfection, cells 

were harvested for Immunoblotting. YY1 is used as the loading control. C) In vitro 

deubiquitination assay of histone H2A using bacterial purified His-BAP1 in presence of 

increasing amounts of purified GST-CTD, GST-ASXM1 or GST-ASXM2. 

Monoubiquitinated nucleosomal Flag-H2A was purified by IP using anti-Flag beads and used 

as a substrate for the in vitro DUB reaction. The reaction was stopped at different times as 
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indicated and analysed by western blotting. D)  Bacterially purified His-BAP1 and GST-

ASXM1/2 were incubated with ubiquitin-agarose beads and the pull down was analysed by 

western blotting as indicated. E) Schematic representation of the different deletion fragments 

of ASXM2 generated for the pull down experiments. F) GST pull down interaction assay and 

in vitro DUB reactions of H2Aub using purified His-BAP1 and the bacteria-purified GST 

fragments of ASXM2. The DUB reactions were done as in (C) (left panel). Purified His-

BAP1 and the different fragments of ASXM2 were subjected to ubiquitin pull down assay 

followed by western blotting (right panel). G) Schematic representation of ASXM2 showing 

the second set of mutants generated for the in vitro assays. H) MBP-pull down interaction 

assay using bacteria-purified MBP-ASXM2 (full length and various mutant forms) and His-

BAP1. I) GST-ubiquitin pull down interaction assay and DUB reaction of nucleosomal 

H2Aub using ASXM2 fragments with His-BAP1. The dot indicates a monoubiquitinated form 

of BAP1 (panel B). 

 

Figure 4. Intramolecular interface in BAP1 is required with ASXM2 to create a 

composite ubiquitin binding interface and to stimulate DUB activity. 

A) Schematic representation of the different BAP1 mutants generated for in vitro 

experiments. B) in vitro DUB reaction of H2Aub using His-BAP1 mutants and GST-ASXM2. 

GST was used as a control. C) His-BAP1 mutants and GST-ASXM2 were subjected to 

ubiquitin pull down assays followed by western blotting. D) Ubiquitin pull down interaction 

assays using GST-Ubiquitin or its mutants and His-BAP1 with and without MBP-ASXM2 

followed by western blotting. 
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Figure 5. Multiple mechanisms of disruption of BAP1 DUB activity by cancer –

associated mutations of BAP1 and ASXL2. 

A) Schematic representation of BAP1 showing the cancer-associated mutations (Top panel). 6 

µg of Myc-ASXL2 expression construct was co-transfected in 293T with either 1 µg of Flag-

BAP1, Flag-BAP1 C91S or Flag-BAP1 mutants expression constructs. Three days post-

transfection, cells were harvested for Flag IP of BAP1 followed by western blotting with the 

indicated antibodies. B) Ubiquitin pull down interaction assays and DUB assay of H2A using 

GST-ASXM2 and bacterial His-BAP1 or its mutants presented in panel A. The DUB 

reactions and the pull down were analysed by immunoblotting as indicated. C) BAP1 

complexes were Flag-HA purified from total cell extracts of HeLa cells stably expressing 

Flag-HA-BAP1 or Flag-HA-BAP1
R666-H669 

(see Fig. S2A for description of the mutant). Left 

panel, Silver stain shows the profiles of the complexes. Right panel, western blot detection of 

the major components of BAP1 complexes. The high and low arrows indicate the position of 

ASXL2 and BAP1 respectively. D) In vitro deubiquitination assay of H2A (left panel) and 

ubiquitin pull down interaction assay (right panel) using purified BAP1 or BAP1
R666-H669 

complexes. E) H226 BAP1-null cells stably expressing BAP1, BAP1
C91S

 or BAP1
R666-H669 

was 

analyzed by western blot as indicated. F) Schematic representation of ASXM2 showing the 

cancer-associated mutants generated for the in vitro assays. G) Bacteria-purified His-BAP1 

and MBP-cancer associated mutants forms of ASXM2 were subjected to MBP pull down 

interaction assays. H) His-BAP1 and MBP-ASXM2 fragments were subjected to GST-

ubiquitin pull down as well as in vitro DUB activity of H2A. The dot indicates a 

monoubiquitinated form of BAP1 (panels C, E). 
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Figure 6. BAP1/ASXL1/ASXL2 tightly regulate cell cycle progression. 

A) LF1 cells stably expressing empty vector or Flag-HA-BAP1 were synchronized in G0 by 

contact inhibition. IP using Flag beads was performed on total cell extracts and the elutions 

were analyzed by western blot for the indicated proteins. B) Protein expression following 

siRNA depletion of BAP1, ASXL1 and ASXL2 in U2OS cells. The cells were harvested four 

days post-transfection for Immunoblotting to analyze endogenous proteins. Tubulin was used 

as a loading control. Quantification of band intensity was conducted relative to the non-target 

siRNA control (siNT). C) U2OS cells were transfected with siRNA of BAP1, ASXL1 or 

ASXL2 and synchronized at the G1/S boundary following thymidine double block and 

released for 7 hours to progress through S phase (top panel). siRNA transfected U2OS cells 

were also treated with nocodazole to block the cells in M to follow the progression of the cells 

from G1 to G2/M (bottom panel). Following release, cells were harvested at different times 

for FACS analysis. D) Protein expression levels after depletion of endogenous BAP1 using 

siRNA in U2OS cells stably expressing empty vector, siRNA-resistant BAP1, BAP1C91S or 

BAP1
R666-H669

. E) Following siRNA for endogenous BAP1, U2OS cells stably expressing 

siRNA-resistant BAP1, BAP1
C91S

 or BAP1
R666-H669 

were arrested at the G1/S boundary and 

released for 7 hours to progress through S phase and were then subjected to FACS analysis. 

The dot and star indicate a monoubiquitinated form of BAP1 and non-specific bands 

respectively (panels A, D). 
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Figure 7. ASXL2 and BAP1 overexpression induces senescence respectively in an 

ASXM- and CTD-dependent manner.  

A-B) IMR90 cells were transduced 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 β-galactosidase activity (SA-β-gal) (panel A) and cells were 

also counted every three days after selection to follow cell proliferation (panel B). Note that 

data from the SA-β-Gal assays were quantified from 100 cells counts in triplicate and 

presented as the mean percent of positive cells ± SD. C) BAP1 overexpression triggers 

cellular senescence via p53/p21 DNA damage response in ASXL1/2 dependent manner. Eight 

days post-selection the senescent cells were harvested for western blot to detect proteins 

levels as indicated. Quantification of band intensity was conducted relative to the empty 

vector transduced cells. D) Model for regulation of BAP1-mediated H2A deubiquitination by 

ASXM. An intramolecular interaction involving UCH/CC1 and CTD 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. The dot 

indicates a monoubiquitinated form of BAP1 (panel C). 
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Supporting Information 

SI Materials and Methods 

Plasmids. 

Retroviral constructs pOZ-N-Flag-HA-BAP1, pOZ-N-Flag-HA-BAP1 C91S (catalytic dead) 

and pOZ-N-Flag-HA-BAP1ΔHBM (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 (1). pCDNA3-Flag-H2A was obtained from Moshe Oren (2). pOZ-

N-Flag-HA-BAP1 ΔCTD1 and pOZ-N-Flag-HA-BAP1 ΔCC2 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-BAP1-C91S 

respectively. siRNA resistant constructs for BAP1, BAP1-C91S, BAP1 ΔCTD, BAP1R666-

H669 and expression constructs for H2A, H2AK118R, H2AK119R, H2AK118R/K119R, 

H2AK13R/K15R were generated using gene synthesis (BioBasic) and then subcloned into 

modified pENTR D-Topo plasmid (Life Technologies). Histones H2AX and H2AZ were 

cloned from U2OS total RNA by reverse transcription and inserted into pENTR D-Topo 

plasmid. Expression constructs of siRNA resistant BAP1, BAP1 C91S, BAP1 ΔCTD and 

BAP1 ΔR666-H669 were generated by recombination using LR clonase kit (Life 

Technologies) into pMSCV-Flag-HA-IRES-Puro or pDEST-Myc constructs (3). Expression 

constructs of H2AX, H2AZ, H2A and corresponding mutant forms were generated by 

recombination into pDEST-Flag. BAP1ΔUCH, BAP1ΔCC1 and BAP1ΔCTD were previously 

described (4), and were sub-cloned by PCR into pENTR. Ubiquitin constructs flanked by att-
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B and att-P recombination sites were generated by gene synthesis (Life technologies) directly 

into pMK-Rq plasmid and expression constructs were generated by recombination into 

pDEST-GST. Human ASXL1 and ASXL2 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 pENTR D-Topo BAP1 using PfuUltra High-

Fidelity DNA Polymerase. Human Myc-ASXL1 ΔASXM and ASXL2 ΔASXM 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 using LR clonase in pDEST-Myc, pDEST-Flag and pMSCV-Flag-

HA-IRES-Puro based constructs. 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 ASXM2 and deletions mutants forms of ASXM2 

(ASXM2 246-313, ASXM2 300-401, ASXM2 316-401, ASXM2 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 ASXM2 using PfuUltra High-Fidelity 

DNA Polymerase. Expression vectors of ASXM1, ASXM2 and respective mutant forms were 

generated using LR clonase in pDEST-GST and pDEST-MBP. 

 

Cell culture and cell transfection. 

Primary skin fibroblasts (LF1), BAP1-deficient human lung squamous carcinoma NCI-H226, 

BAP1-deficient human mesothelioma NCI-H28, U2OS osteosarcoma, human embryonic 

kidney HEK293T (293T), HeLa, normal Human Lung Fibroblasts (IMR90), phoenix ampho 
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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. Cervical cancer 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. U2OS 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 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_Hs01_00202201 ). Four days post-transfection, cells were 

harvested for immunoblotting or immunostaining. 

 

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 
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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 extracted using Trizol reagent (Life technologies) followed by the RNeasy kit 

(QIAGEN). Total mRNA was used for reverse transcription using the Superscript III reverse 

transcriptase and oligo-dT primers (Life Technologies). 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.  

ASXL2:       hASXL2-F: GAATCCAGGTGCGAAAAGTAC                            

                   hASXL2-R: GATGGAGACTGGAAAACGAGC                           

p21:            hp21-F: AGCATGACAGATTTCTACCA                          

                   hp21-R: CCAGGGTATGTACATGAGGA                        

GAL4:         GAL4-F: CAACTGGGAGTGTCGCTACT                                        

                   GAL4-R: AATCATGTCAAGGTCTTCTCGA                                   
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Immunoblotting and antibodies. 

Total cell extracts were prepared by lysing cells with buffer containing 25 mM Tris pH 7.3 

and 1% sodium dodecyl sulfate (SDS). Cell extracts were boiled at 95 °C for 10 min and then 

sonicated. Quantification of total proteins was conducted using the bicinchoninic acid (BCA) 

assay, and samples were diluted in Laemmli buffer. SDS-PAGE and immunoblotting were 

done according to standard procedures. The band signals were acquired with a LAS-3000 

LCD camera coupled to MultiGauge software (Fuji, Stamford, CT, USA). Anti-FOXK2 rabbit 

polyclonal antibody was previously described (4). The 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), 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 (D27C4) rabbit 

polyclonal anti-H2Bub (Lysine 120) (D11 XP), mouse monoclonal anti-RB (4H1), rabbit 

polyclonal anti-pRB (S807/811) and mouse monoclonal (HRP conjugated) anti-MBP were 

from Cell Signaling. Mouse monoclonal anti-H2Bub antibody (NRO3) was from 
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MEDIMABS. Mouse monoclonal anti-Phospho-H2AX (ser139) (clone JBW301, 05-636), 

Mouse monoclonal anti-H2Bub antibody clone 56 (05-1312), Mouse monoclonal anti-H2Aub 

antibody clone E6C5 (05-678) and mouse monoclonal anti-β-Actin (MAB1501, clone C4) 

were from Millipore. 

 

Immunodepletion and Immunoprecipitation. 

For immunodepletion experiments of endogenous proteins, ~100 µg of HeLa nuclear extracts 

was incubated overnight at 4 ºC with either 2 µg of anti-BAP1 (C4), 2 µg of anti-ASXL2 

(Bethyl) or control IgG in IP buffer (50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 

mM NaF; 1% Triton X-100; 0.1 % BSA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 

protease inhibitors cocktail (Sigma-Aldrich). The immuno-complexes were incubated next 

day for 6 hours at 4 ºC with protein G sepharose beads which were saturated with 1% BSA in 

IP buffer. Immuno-depleted complexes were then washed 2 times with the IP buffer 

supplemented with 0.1% BSA. Bound proteins were eluted with Laemmli buffer and 

subjected, along with the flow through fractions, to immunoblotting. Reciprocal 

immunoprecipitation from the purified BAP1 complexes was conducted essentially as 

described above. Briefly, the purified BAP1 complexes were incubated with the indicated 

antibodies overnight at 4 ºC. The immuno-depleted complexes were recovered next day with 

protein G sepharose beads saturated with 1% BSA. Co-immunoprecipitation following 

overexpression in 293T cells was conducted using total cell lysates. Cells were resuspended in 

50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 mM NaF; 1% Triton X-100; 1 mM 

PMSF, protease inhibitors cocktail (Sigma-Aldrich), and the lysates were clarified by 
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centrifugation at 21,000 g for 30 min. The supernatants were incubated with indicated 

antibodies overnight along with protein-G sepharose beads. Bound proteins were washed 

extensively with the same lysis buffer and eluted in Laemmli buffer for western blot analysis. 

 

Stable cell lines and protein complex purification. 

HeLa S3 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1
ΔCTD1

, or Flag-HA-

BAP1
R666-H669

, H28 cell lines stably expressing Flag-HA-BAP1 and Flag-HA-BAP1
C91S

, as 

well as H226 cell lines stably expressing Flag-HA-BAP1, Flag-HA-BAP1
C91S

 and Flag-HA- 

BAP1
R666-H669 

were generated following retroviral infection using pOZ-N-Flag-HA-IRES-

IL2R retroviral constructs and selection using anti-IL2 magnetic beads (Life Technologies) 

(1). U2OS expressing siRNA resistant Flag-HA-BAP1, Flag-HA-BAP1
C91S

, Flag-HA-BAP1 

ΔCTD
 and Flag-HA-BAP1

R666-H669 
were generated following retroviral infection using pMSCV-

Flag-HA-IRES-Puro based constructs and selection with 3 μg/ml of puromycin. Around 3 X 

10
9
 of HeLa S3 cells were used for the immunoaffinity purification of the different BAP1 

complexes. Total cell extracts obtained after resuspending cells in 50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0,5% NP-40, 50 mM NaF, 10 mM β-glycerophosphate, 1 mM Na3VO4, 1 

mM DTT, 1 mM EDTA, 1 mM PMSF and protease inhibitors cocktail (Sigma-Aldrich) were 

used for the immunopurification. The extracts were first clarified by centrifugation at 30,000 

g for 1 hour, followed by filtration through a 0,45 μm pore filter. The lysates were then 

incubated with the anti-Flag M2 resin (Sigma-Aldrich) overnight and extensively washed with 

the lysis buffer. The resin was eluted three times with 200 μg/ml of Flag peptide. The eluted 

fractions were incubated with anti-HA resin (Sigma-Aldrich) overnight, and the procedure 



 

 

214 

 

was repeated as for the previous column. The HA eluted fractions were used for silver stain, 

western blot and in vitro DUB assay. 

 

In vitro interaction assays. 

Protein interaction pull down assays were conducted essentially as previously described (1). 

Recombinant His-BAP1 fusion proteins were purified using Ni-NTA Agarose Resins (Life 

technologies). The eluted purified His proteins were obtained using 200 mM of imidazole 

elution buffer. GST-BAP1, GST-ASXM1/2 and respective deletion mutant forms and GST-

CTD were purified using glutathione agarose beads (Sigma-Aldrich). GST eluted proteins 

were obtained using 25 mM glutathione in the wash buffer. MBP-ASXM2 and corresponding 

mutant forms were purified using Amylose resin (New England Biolabs). MBP eluted 

proteins were obtained using the elution buffer (10 mM maltose, 50 mM Tris-HCl pH 7.4, 

150 mM NaCl, 5 mM EDTA, 2 mM DTT). For the GST pull down interaction assays of 

BAP1 with in vitro translated ASXL1/2, full length GST-BAP1 or its deletion fragments (2 to 

3 µg) immobilized beads were incubated with 10 µl of in vitro translated methionine-S35 

labeled (TNT® T7 Quick Coupled Transcription/Translation System, Promega) ASXL1 or 

ASXL2 fragments for 6 to 8 hours at 4 ºC in 50 mM Tris, pH 7.5; 50 mM NaCl; 0.02% 

Tween 20; 1 mM PMSF and 500 μM DTT). The beads were extensively washed with the 

same buffer, and associated proteins were eluted in Laemmli buffer and subjected to SDS-

PAGE followed by autoradiography or coomassie blue staining. For the in vitro interaction 

assays of BAP1 with purified ASXM2, around 2 µg of purified His-BAP1 was incubated with 

GST-ASXM2 or MBP-ASXM2 or its mutant forms (2 to 3 µg each) immobilized on GSH-
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agarose or Maltose-agarose beads respectively for 3 hours at 4 ºC in 50 mM Tris, pH 7.5; 150 

mM NaCl; 1% Triton; 1 mM PMSF, protease inhibitors cocktail and 2mM DTT (Buffer A). 

The beads were pre-blocked for 1 hour in the same buffer containing 1% BSA and were 

washed 6 to 8 times after pull down with the buffer cited above. The associated proteins were 

eluted in Laemmli buffer and subjected to immunoblotting.  

 

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 its different mutant forms were pre-incubated for 30 min to 1 hour with GST-ASM1 or 

GST-ASXM2 at 4 ºC in the buffer A. The mix was incubated for 3 hours with ubiquitin-

agarose beads 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 was pre-incubated for 30 min to 1 hour 

with either MBP-ASM2 or its mutant forms. The mix was then incubated for 3 hours with 

either GST-Ubiquitin immobilized beads or mutant forms. The beads were washed 6 times 

with the same buffer and the associated proteins were subjected to western blotting. 

 

Purification of the nucleosomes and in vitro DUB assay. 

293T cells were transfected with 7 µg of pCDNA-Flag-H2A using PEI in serum free media. 

Three days post-transfection, cells were harvested and chromatin fraction extraction and 

nucleosomes digestion with Micrococcal nuclease (MNase, Sigma-Aldrich) were conducted 
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as previously described with some modifications (5). Cell pellets were resuspended in 50 mM 

Tris-HCl pH 7.3, 420 mM NaCl, 1% NP-40, 1 mM MgCl2, 10 mM β-mercapto ethanol, 1 

mM PMSF, protease inhibitor cocktail (Sigma-Aldrich), and 20 mM of N-ethylmaleimide 

(NEM). The lysate was incubated on ice for 20 min. After centrifugation at 2000 g for 5 min, 

the chromatin pellet was washed twice with the same buffer followed with two washes using 

MNase buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M 

sucrose, 0.1% NP-40, 1 mM PMSF and protease inhibitor cocktail). After MNase treatment (3 

U/ml for 10 min at room temperature), the reaction was stopped with 5 mM EDTA. Following 

centrifugation at 20,000g for 10 min at 4°C, the soluble chromatin fraction was incubated 

overnight at 4°C with anti-Flag M2 beads. The beads were washed several times with 50 mM 

Tris-HCl, pH 7.3; 5 mM EDTA; 300 mM NaCl; 10 mM NaF; 1% NP-40; 1 mM PMSF; 1 

mM DTT; protease inhibitors cocktail. Bound nucleosomes were then eluted with 200 μg/ml 

of Flag peptides (Biobasic Inc.). 2 µg of pDEST-Flag-H2AK118R/K119R and pDEST-Flag-

H2AK13R/K15R were transfected in 293T cells. Three days post-transfection, cells were 

harvested and chromatin fraction extraction and purified nucleosomal H2A were obtained as 

described above. The purified nucleosomes were used for the in vitro deubiquitination assay 

using either Flag-HA purified BAP1 complexes or bacteria-purified His-BAP1 with or 

without bacteria purified GST-ASXM1/2 or MBP-ASXM2. The deubiquitination reaction 

was carried out in the reaction buffer (50 mM Tris-HCl, pH 7.3; 1 mM MgCl2; 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. Nucleososomes were pre-treated with 

benzonase (0.64 U/µl) in the DUB reaction for 30 min prior to the addition of the BAP1 

complexes. 
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Cellular senescence. 

5 x 106 Phoenix Ampho packaging cells were plated into a 10 cm petri dish, incubated 24 

hours, and then transiently transfected using Lipofectamine 2000 with 10 µg of pMSCV-Flag-

HA-IRES-Puro based constructs expressing ASXL1/2, BAP1 and corresponding deletions 

mutant form along with 1 µg of a helper plasmid containing env of 4070A MuMLV virus 

(Helper ampho). The medium was changed 24 hours after incubation. Viral soups were 

collected 48 hours and 60 hours after transfection, filtered through a 0.45 µm filter, 

supplemented with 8 µg/ml polybrene and 10% of FBS and then added twice on IMR90 cells 

at 8-12 hour intervals. Twelve hours after the last infection, cells were selected for two days 

with 2 µg/ml of puromycin (Wisent). Eight days after selection, cells were either collected in 

the buffer (25 mM Tris pH 7.3 and 1% sodium dodecyl sulfate (SDS)) for western blot 

analysis or evaluated for cellular senescence by performing senescence-associated-β-

galactosidase (SA-β-gal) activity. Briefly, at day 7 post-selection, IMR90 cells were plated at 

representative confluency overnight, and fixed in 0.5% glutaraldehyde in PBS. Washes were 

performed in PBS + 1mM MgCl2 in pH 6. Cells were then incubated with X-gal (1mg/ml) 

solution at 37
o
C for 3-6h. Percentages of senescent cells from the SA-β-Gal assays were 

quantified from 100 cells counts in triplicate and presented as the mean percent of positive 

cells ± SD. 

 

Synchronization and cell cycle analysis. 

LF1 primary skin fibroblasts stably expressing BAP1 were synchronized in G0 by contact 

inhibition as previously described (6). U2OS cells were synchronized at the G1/S border 
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using the method of thymidine (2 mM) double block as described previously (6). Cells were 

then released into new media to follow the progression during S phase. To study the 

progression of the cells through the cell cycle, cells were treated with 200 ng/ml of 

Nocodazole and followed at different times point. Cell cycle analysis was carried out as 

described (6). Briefly, cells were harvested by trypsinization and fixed with 70 % ethanol. 

Following centrifugation and resuspention in PBS, cells were treated with 100 µg/ml RNase 

A for 30 min at 37 °C and stained with 50 µg/ml propidium iodide. DNA content of cells was 

analyzed using a FACScan flow cytometer fitted with CellQuestPro software (BD 

Biosciences). 

 

Immunofluorescence. 

The immunostaining procedure was carried essentially as previously described (7). Briefly, 

cells were fixed in 3% PFA-PBS and permeabilized using PBS 0.1% NP-40. Following 

blocking with 10% FBS in PBS 0.1% NP-40, the coverslips were incubated with mouse 

monoclonal and/or rabbit polyclonal for three hours. Anti-mouse Alexa Fluor® 594, anti-

mouse Alexa Fluor® 488, Anti-rabbit Alexa Fluor® 488 or anti-rabbit Alexa Fluor® 594 

(Life Technologies) were used as secondary antibodies. Nuclei were stained with 4',6-

diamidino-2-phenylindole (DAPI). Images were acquired using BX53 OLYMPUS 

microscope U-HGLGPS, XM10 digital monochrome camera and UPlan SApo 60X/1.35 Oil 

objective. Images were processed using WCIF-ImageJ program (NIH).  
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Supplemental Figure Legends 

Figure S1. ASXM of ASXL1 and ASXL2 is critical for interaction with BAP1. 

A) BAP1 complexes contain relatively similar amounts of ASXL1/2 peptides. 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) ASXM domain of 

ASXL1/2 is highly conserved. Multiple sequence alignment between human ASXL1/2 and 

drosophila ASX showing the conservation of the ASXL family protein sequences. The 

mutants of ASXM2 used are shown. C) ASXM is required for ASXL2, but not ASXL1, 

stability. Flag-ASXL1/2 and their respective Flag-ASXL1/2 
ΔASXM

 mutants (3 µg 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 
ΔASXM 

mutants.  

 

Figure S2. Intact interaction of ASXL1/2 with the CTD domain is required for BAP1 

stability.  

 A) BAP1 sequence conservation. Multiple sequence alignment of BAP1 orthologs showing 

the conservation of BAP1 among different species. The main functional domains of BAP1 

(UCH, CTD and NLS) are indicated (top Panel). Schema of the different deletions in the CTD 

domain used to generate BAP1 mutants (bottom panel). BAP1
ΔCTD1

 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 (8). However, we later realized that this motif is dispensable for BAP1 

localization in the nucleus (4). Therefore, we generated a BAP1
ΔCTD

 which represents a 

mutant with a deletion of the CTD domain (Δ632-692 amino acids). Of note BAP1
ΔCTD

 and 
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BAP1
ΔCTD1

 acted essentially in a similar manner in respect to the functional assays conducted. 

BAP1
ΔCC2 

represents a mutant with a smaller deletion within the CTD domain (Δ635-655 

amino acids). BAP1
R666-H669 

is a cancer mutant with a deletion of the R666 to H669 amino 

acids. Bottom, comparison between BAP1 and UCH37. tsUCH37 of the worm Trichinella 

spiralis whose crystal structure was recently reported (9), was aligned with human UCH37 

and BAP1. The alignment show conserved motifs and residues in the UCH, CC1 and CTD 

domains. The mutants of BAP1 used are shown. B) HCF-1 is not required to maintain the 

interaction between BAP1 and ASXL1/2. Purification of BAP1 or BAP1
ΔHBM

 (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 BAP1
ΔHBM

 complexes due to the absence of HCF-1. The dot 

indicates a monoubiquitinated form of BAP1 (4), C) A functional CTD is required for proper 

protein stability of BAP1. Myc-BAP1, Myc-BAP1
ΔCTD

 or Myc-BAP1
R666-H669

 expression 

constructs (3 µg each) were transfected in 293T cells, which were harvested three days post-

transfection for immunoblotting. 

 

Fig S3. ASXL1/2 promote deubiquitination of H2AubK119 in vivo. 

A) Concomitant Knockdown of ASXL1 and ASXL2 induces a significant increase of the 

global level of H2AubK119. U2OS 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 
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control (siNT). B) ASXL1/2 promotes BAP1 DUB activity toward H2Aub in vivo. U2OS 

cells (top panel) or 293T cells (bottom panel) were transfected with either 0.5 µg of Myc-

BAP1 or Myc-BAP1 C91S expression constructs in the presence or absence of 4 µg of Flag-

ASXL1/2 expression constructs. Three days post-transfection, cells were harvested for 

Immunostaining using the indicated antibodies. The cells overexpressing BAP1 and 

BAP1ΔC91S 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.  

 

Figure S4. Characterization of BAP1 mediated-H2A deubiquitination. 

A) BAP1 deubiquitinates H2Aub K118 and K119 and its variant H2AX and H2AZ. Top, 

Experimental design; Bottom, 293T cells were co-transfected as indicated using 0.2 µg of 

Flag H2A wild type or the corresponding mutants (K118R, K119R, K118R/K119R, and 

K13R/K15R) or H2AX or H2AZ along with 1 µg of Flag-BAP1 and 4 µg of Myc-ASXL2. 

Three days post-transfection, cells were harvested for Immunoblotting. Tubulin is used as the 

loading control. B-C) BAP1 deubiquitinates H2A independently of the structure of the 

nucleosome. B) Flag-H2A-purified nucleosomes were treated with Benzonase  for 30 min to 

digest DNA, and histones were then incubated with the Flag-HA purified BAP1 complexes 

for indicated times (left panel). DNA was extracted from the nucleosomes (+ and – 

Benzonase) with phenol-chloroform and analyzed by agarose gel/ethidium bromide staining 
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(right panel). C) Native or pre-denatured monoubiquitinated nucleosomal Flag-H2A 

preparations were subjected to DUB activity assay using Flag-HA BAP1 complexes for the 

indicated times (left panel). Flag preparations of nucleosomes and denatured histones were 

subjected to silver stain or western blot (right panel). D) Top, Experimental design; Bottom, 

BAP1 does not deubiquitinate H2AubK13/K15. In vitro deubiquitination assay of either 

purified ubiquitinated nucleosomal H2A K13R/K15R or H2A K118R/K119R using Flag-HA 

BAP1 complexes. The reactions were carried out for the indicated times and subjected to 

immunoblotting. Note that Flag-H2A K13R/K15R or Flag-H2A K118R/K119R were co-

transfected with RNF168 in 293T cells before the purification of nucleosomes. For the Flag-

H2A K13R/K15R, only K118/K119 are available for ubiquitination. For the Flag-H2A 

K118R/K119R, only K13/K15 are available for ubiquitination.  E) BAP1 does not 

deubiquitinate H2BubK120 in vivo. U2OS cells were transfected using a NT or BAP1 siRNA 

and harvested four days post-transfection for immunoblotting. The three commercially 

available antibodies against H2BubK120 were used. Quantification of bands intensity for 

H2Aub to determine fold changes was done relative to the siNT (left panel). Reconstitution of 

H28 mesothelioma BAP1-deficient cell line with the Flag-HA-BAP1 or Flag-HA-BAPC91S. 

Cells were subjected to western blot analysis with the indicated antibodies. Quantification of 

bands intensity was done relative to the signal obtained with cells expressing the empty vector 

(pOZ-N) (right panel). F) BAP1 does not deubiquitinate H2BubK120 in vitro. Purified 

monoubiquitinated nucleosomal Flag-H2A was subjected to in vitro DUB assay using BAP1 

and BAP1C91S complexes. The reactions were stopped at different times as indicated and 

analyzed by western blotting using H2Aub and two different antibodies for H2BubK120. The 

dot indicates a monoubiquitinated form of BAP1 (panels A, B, C, D, E). 
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Figure S5. Intact CTD and CC2 domains of BAP1 are required for its proper DUB 

activity in vivo and in vitro. 

A) DUB activity of BAP1
ΔCTD

 is abolished due to the lack of interaction with ASXL1/2. 0.2 

µg of Flag-H2A expression construct was co-expressed in 293T cells with either 1 µg of Myc-

BAP1 or 1 µg of Myc-BAP1
ΔCTD

 with or without 4 µg of Myc-ASXL1 or 6 µg of Myc-

ASXL2 expression constructs. Three days post-transfection, cells were harvested for 

immunoblotting. B) CC2 domain of BAP1 is required for H2A DUB activity. In vitro 

deubiquitination assay of histone H2A using purified Flag-HA BAP1, BAP1
ΔCTD1

 or 

BAP1
ΔCC2

 complexes. C) HCF-1 is not required to promote BAP1 DUB activity. In vitro 

deubiquitination assay of histone H2A using purified Flag-HA BAP1 or BAP1
ΔHBM

 

complexes. D) R666-H669 cancer mutation of BAP1, results in the abrogation of its DUB 

activity in vivo. 0.2 µg of Flag-H2A construct was co-expressed in 293T cells with either 1 

µg of Myc-BAP1 or 1 µg of Myc-BAP1
R666-H669 

with or without 4 µg of Myc-ASXL1 or 6 µg 

of Myc-ASXL2 expression constructs. Three days post-transfection, cells were harvested for 

immunoblotting. The dot indicates monoubiquitinated band of BAP1. 

 

Figure S6. The BAP1/ASXL1/ASXL2 axis exerts positive and negative effects on cell 

proliferation.  

A) Primary skin fibroblasts (LF1) stably expressing Flag-HA-BAP1or the empty vector were 

synchronized in G0 by contact inhibition. Western blot for the replication licensing factor 

CDC6 was done to ensure that contact-inhibited cells have exited the cell cycle. Cells were 

collected every day for four days after reaching confluence. B) Proliferation and state of 
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U2OS following depletion of BAP1, ASXL1 and ASXL2. Phase contrast pictures were taken 

4 days following siRNA transfection. Note the significant effect of ASXL2 on cell 

proliferation.  C) Protein expression following siRNA depletion of BAP1, ASXL1 and 

ASXL2 in primary skin fibroblasts (LF1). The cells were harvested four days post-

transfection for Immunoblotting as indicated. β-Actin is used as a loading control. 

Quantification of band intensity was conducted relative to the non-target siRNA control 

(siNT). The star indicates a non-specific band. D) Depletion of ASXL1 in LF1 cells results in 

culture medium (acidic pH) color change. Decrease of medium pH reflects active proliferation 

and metabolism. E) BAP1 and ASXL2 regulate p21 expression. mRNA was isolated from 

U2OS cells following siRNA depletion of BAP1, ASXL1 and ASXL2. cDNAs were 

quantitated by qRT-PCR. The mRNA levels were normalized to Gal4 that was transcribed in 

vitro and combined with total RNA as an internal control. 

 

Figure S7. Regulation of cell cycle by BAP1 is disrupted following deletion of its CTD. 

A) Protein expression levels after depletion of endogenous BAP1 using siRNA in U2OS cells 

stably expressing empty vector, siRNA-resistant BAP1 or BAP1
ΔCTD

. B) ΔCTD mutation 

disrupts BAP1 function in regulating cell proliferation. Following siRNA knockdown of 

endogenous BAP1, U2OS cells stably expressing BAP1 or its mutant forms were arrested at 

the G1/S boundary and released for 7 hours to progress through S phase and were then 

subjected to FACS analysis.  
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Figure S8. BAP1C91S induces cellular senescence in an ASXL1/2 dependent manner. 

A-B) IMR90 cells were infected with retroviral expression vectors for BAP1, BAP1
C91S

 and 

its respective mutant forms. Eight days post-selection the cells were fixed for staining of 

senescence-associated β-galactosidase activity assay (SA-β-gal) (A), and cells were also 

counted every three days after selection to follow cell proliferation (B). Note that data from 

the SA-β-Gal assays were quantified from 100 cells counts in triplicate and presented as the 

mean percent of positive cells ± SD. 
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Figure S2 
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Chapter 4: Discussion 

 
4.1 Understanding the mechanism and importance of BRCA1 degradation 

following genotoxic stress 

In Chapter 2, we showed that BRCA1 is downregulated, through proteasomal 

degradation, following exposure to the DNA helix distorting agent UV or the DNA alkylating 

agent Methyl Methanesulfonate (MMS), two DNA damaging agents that do not directly 

generate DSBs. This downregulation is reversible and is independent of major kinases 

involved in the DDR, ATM, ATR or DNA-PK. Furthermore, our model proposes that BRCA1 

downregulation prevents the untimely recruitment of BRCA1 and associated factors to DNA 

damage sites that are not DSBs, thus coordinating the DNA damage/repair response. 

However, many questions were left still unanswered about the mechanism and importance of 

BRCA1 degradation following genotoxic stress. 

 

4.1.1 What post-translational modifications (PTMs) of BRCA1 are required for its 

timely downregulation? 

We clearly showed that phosphorylation through the PI3 kinase related kinases, is not 

involved in BRCA1 degradation. But we cannot rule out other phosphorylation events, since 

BRCA1 is also known to be phosphorylated by cyclin-dependent kinases, Akt and Aurora-

A
191

. In fact, Aurora-A was shown to interact directly with BRCA1 through the a.a. 1314-

1863 region to phosphorylate BRCA1 on S308 for proper G2 to M cell cycle transition
192

. 

This is interesting since we showed that BRCA1 ΔBRCT (a.a. 1527-1863) is not 

downregulated following exposure to MMS compared to endogenous BRCA1 (Chapter 2, 
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Figure 5). A conundrum to a potential involvement of Aurora-A in mediating BRCA1 

degradation is that the BRCA1 ΔMid1 (a.a. 305-770), containing the S308 phosphorylation 

site, is properly degraded after MMS treatment. However, Aurora-A (in a phosphorylation-

independent manner) and/or other kinases could potentially be involved in BRCA1 

downregulation directly or indirectly through phosphorylation of BRCA1 interacting proteins. 

Therefore, the role of BRCA1 phosphorylation in mediating its degradation requires 

additional investigations. 

 

Another post-translational modification known to affect BRCA1 and that could be 

involved in its degradation is sumoylation. Small ubiquitin-like modifier (SUMO) proteins are 

analogous to ubiquitin, as they are attached to target proteins through a similar enzymatic 

cascade and are involved in numerous cellular processes, including the DNA damage 

response
193,194

. The protein inhibitor of activated signal transducer and activator of 

transcription (PIAS) family of SUMO E3 ligases are involved in BRCA1 (as well as 53BP1) 

sumoylation, which increases ligase activity and is required for BRCA1 recruitment 

downstream of RNF8 to DNA DSB sites
195,196

. In addition, RNF4, a SUMO-targeted ubiquitin 

ligase, has also been shown to play a role in DNA DSB repair and signaling
197

. The RNF4 

protein has four N-terminal SUMO-interacting motifs (SIMs) and a C-terminal RING domain 

which promotes ubiquitination of previously sumoylated proteins
198

. While sumoylation is not 

known for signalling for proteasomal degradation, RNF4 has been shown to target sumoylated 

PML to the proteasome following arsenic exposure
198,199

. Furthermore, it was shown that 

RNF4-deficiency leads to sustained IR-induced DNA damage signaling. In fact, lentiviral 

knockdown of RNF4 led to an increase in sumoylated BRCA1 levels. Therefore, it was 
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suggested that sumoylation targets BRCA1 for proteasome degradation
197

. Interestingly, 

BRCA1 was found in a screen for ubiquitin/SUMO conjugates affected by proteasome 

inhibition
200

. Hence, it is possible that following treatment with UV or MMS, BRCA1 is 

sumoylated which signals for its ubiquitination and proteasomal degradation. This hypothesis 

would also required further elucidation of the possible crosstalk between ubiquitination and 

sumoylation in BRCA1 downregulation after genotoxic stress. 

 

In a more general perspective, it would be very interesting and informative to search 

and map for novel BRCA1 PTMs, with or without treatment of various genotoxic agents, by 

mass spectrometry (MS). Progress in MS-based proteomics over the last decade now allow 

for a more comprehensive study of PTMs
201

. While phosphorylation and ubiquitination are 

the most studied BRCA1 PTMs, less is known about BRCA1 acetylation, methylation and 

sumoylation. In fact, BRCA1 has been shown to be methylated by PRMT1 at arginine 

residues
202

. Moreover, the BRCA1 504-802 region was found to be highly methylated. 

Furthermore, while no direct link between BRCA1 and acetylation has been found, BACH1 

was shown to be acetylated, which was required for its role in the DNA damage response
203

. 

Elucidating BRCA1 PTMs will lead to a better understanding of the different signaling 

pathways that regulate this tumor suppressor. In addition, it would then be possible to mutate 

residues affected by PTMs and study how they modulate BRCA1 function in different cellular 

processes.   

 

4.1.2 Identification of the ubiquitin ligase responsible for BRCA1 downregulation 
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We showed that BRCA1 is reversibly ubiquitinated and degraded by the proteasome 

following MMS treatment (Chapter 2, Figure 7). However, as our model illustrates (Chapter 

2, Figure 10), the identity of the E3 ligase(s) and/or DUB(s) regulating BRCA1 degradation 

are still unknown. We did some preliminary experiments that have not been fully validated 

yet to identify these proteins.   

 

First, we wanted to elucidate the ubiquitin ligase(s) involved in BRCA1 degradation. It 

is important to keep in mind that we showed that BRCA1 lacking its RING domain is still 

degraded following genotoxic stress, meaning that BRCA1 ligase activity is not required for 

its degradation. Since we did not have access to a high throughput screening system and that 

E3 ligases are very abundants (more than 600), we decided to utilize the protein complex 

purification technique that is widely used in our lab
152

, with the aim of isolating potential E3 

ligases that target BRCA1. We generated a Flag-HA tagged BRCA1 expressed in the pcDNA 

vector, which allows for constitutive high-level expression. Since BRCA1 is known to be 

significantly more stable when bound to BARD1, we co-transfected 293T kidney cells with 

both Flag-HA BRCA1 and an untagged BARD1 to stabilize BRCA1. We initially used 

untreated transfected cells to purify the BRCA1 complexes. After conducting sequential anti-

Flag and anti-HA columns, we loaded the final elutions for silver stain to validate that very 

low or non-specific binding of proteins is observed for the non-transfected cells (compare 

mock and Flag-HA BRCA1 lanes in Figure 11A). We also validated our purification by 

western blotting for known BRCA1-interacting proteins such as Abraxas, RAP80, BACH1 

and NBS1 (Figure 11B). We then purified the BRCA1 protein complex from cells treated 

with 200 μM MMS for 1 hour and analysed the eluted proteins by mass spectrometry in order 
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to determine whether we could isolate novel BRCA1 interacting proteins including ubiquitin 

ligases (and also DUBs). The mass spectrometry analysis revealed the presence of ubiquitin 

ligases in our MMS-treated BRCA1 protein. The interaction between BRCA1 and these 

potential interacting proteins was not further validated by immunoprecipitation experiments.  

 

One of the ubiquitin ligases found in our BRCA1 complex was DDB1 (DNA-damage 

binding protein 1), which functions as an adaptor protein in the CUL4 (cullin 4) ubiquitin 

ligase complex along with DDB2. Importantly, the CUL4-DDB1-DDB2 complex is known to 

act in the DNA damage response to UV
26,204

. Interestingly, DDB1 has been shown to link 

CUL4 to the replication licensing factor CDT1 following UV irradiation, which leads to 

CDT1 polyubquitination signaling and its proteasomal degradation
205

. Furthermore, the CUL4 

ligase has also been shown to be responsible for polyubiquitination of the p53 tumor 

suppressor following UV exposure leading to its proteasomal degradation
206,207

. Since we 

observed BRCA1 proteasomal degradation following exposure to genotoxic agents such as 

UV and MMS, it would be really interesting to further explore the involvement of DDB1 and 

CUL4 in mediating BRCA1 ubiquitination. In addition, CUL4 has been shown to be 

overexpressed in primary breast cancers
208

.  

 

While purification of the BRCA1 protein complex did identify a few potential E3 

ligases that might regulate BRCA1 following genotoxic stress, it would be informative to 

perform an RNAi screen of E3 ubiquitin ligases affecting BRCA1 protein levels. Since 

ubiquitination is often a transient modification, our BRCA1 complex purification could have 

missed some very interesting interacting partners. Clearly much more work still needs to be 
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done to elucidate the ubiquitin ligase(s) required for BRCA1 degradation following genotoxic 

stress. 

4.1.3 Identification of the DUB(s) required for BRCA1 recovery following MMS 

exposure 

We then wanted to identify the DUB(s) regulating BRCA1 recovery from MMS 

exposure. We conducted a DUB RNAi screen, similar to the screen already done by our lab 

(Annex 1, Figure 1)
147

 to identify regulators of BRCA1 stability following treatment with 

MMS. Briefly, U2OS cells were transfected with siRNA pools targeting known human DUBs. 

Three days after transfection, we treated cells with 200 μM MMS for 6 hours followed by 

recovery in MMS-free media for another 20 hours (similar experiment as in Chapter 2, Figure 

2A). We then observed BRCA1 foci formation after recovery from MMS exposure. The 

depletion of a DUB positively affecting BRCA1 recovery following MMS exposure would 

result in a reduced formation of BRCA1 foci during the recovery phase. The depletion of a 

negative regulator would lead to more pronounced BRCA1 foci formation after MMS 

exposure. This experiment was insightful as we did find a significant number of regulators of 

BRCA1 stability, but we still haven’t confirmed the results of the screen. However, BAP1 is 

one DUB that would clearly be interesting to test as a BRCA1 regulator following MMS 

exposure since we have already shown that BAP1 affects BRCA1 function
147

. 

 

The importance of elucidating the ligase(s) and DUB(s) regulating BRCA1 

degradation following genotoxic is evident since these enzymes could represent novel breast 

and ovarian cancer biomarkers. While cancers associated with BRCA1 usually involves 

mutations in BRCA1 that renders the protein absent or functionally inactive, it is not 
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impossible to hypothesize that in some cancers BRCA1 is not mutated but that the proteins 

regulating it are mutated thereby leading to abnormal BRCA1 protein levels and/or 

localization resulting in genomic instability and cancer. 

 

Figure 11. Purification of the BRCA1 protein complex. A) BRCA1 protein complex from 

non-treated cells. 293T were transfected with a mock plasmid or a plasmid for Flag-HA 

BRCA1 expression in combination with a plasmid expressing non-tagged BARD1. Following 

sequencial Flag and HA purification steps, final elutions were loaded for Silver stain. B) 

Western blotting of known BRCA1 interacting proteins to validate BRCA1 protein complex 

from elutions used in A. BRCA1-A complex (Abraxas, Rap80), BRCA1-B (BACH1) and 

MRN complex (NBS1) are specifically present in the BRCA1 protein complex. 
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4.2 How does the BAP1/ASXL1/ASXL2 axis control gene expression? 

In Chapter 3, we showed that BAP1 tumor suppressor function requires interaction 

with ASXL1/2. BAP1 forms mutually exclusive complexes with ASXL1 and ASXL2. 

Interestingly, both factors were able to promote BAP1 DUB activity towards H2Aub. 

Furthermore, both were absent in the protein complex from BAP1
R666-H669

, a cancer mutation 

that inhibits BAP1 binding Ub and H2Aub DUB activity. However, ASXL1 and ASXL2 had 

opposite affects on cell cycle progression. In addition, knockdown of ASXL1 and ASLX2 

respectively increased or decreased the protein levels of the replication-promoting factor 

CDC6. Moreover, only ASXL2 overexpression had an affect on cellular senescence. In sum, 

the proper coordination of the BAP1/ASXL1/ASXL2 axis is required for histone H2A 

deubiquitination and disuption of this interaction leads to cell cycle progression defects and 

cancer development. But it still remains unclear how BAP1 and ASXL1/2 control gene 

expression through regulation of H2A ubiquitination. Our lab showed that BAP1 depletion 

both negatively and positively affected the expression of genes including cell cycle associated 

genes
152

. But how BAP1 could act as both an activator and repressor is still unknown. A 

possible explanation would be that BAP1 forms multiple sub-complexes and that the 

composition of these complexes determines the switch between gene activation and repression 

through modulation of H2A ubiquitination. This hypothesis is supported by the fact that 

BAP1 interacts in a mutually exclusive manner with ASXL1 and ASXL2, transcription co-

factors that have been suggested to play opposing roles in gene expression
174

. 

 

ASXL1 is known to act as a corepressor of gene transcription and occupies promoter 

regions in association with the repressive mark methylated H3K9. Furthermore, ASXL1 has 
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been shown to directly interact with the H3 demethylase LSD1
173

, which is capable of both 

activating
209

 and repressing
210

 transcription by respectively removing methyl groups from 

H3K9 and H3K4.  ASXL2, on the other hand, is associated with transcriptional coactivation 

where it is found on promoter regions with the methyltransferase MLL1 and the histone 

marks H3K9ac and H3K4me
174

. Interestingly, HCF-1, the major stoichiometric interacting 

protein found in the BAP1 complex, has been shown to recruit MLL1 to E2F gene promoters 

during the G1-to-S transition
158

. In addition, HCF-1, contrary to ASXL1, has been shown to 

recruit LSD1 to activate gene expresion
211

. Moreover, HCF-1 and another transcription factor 

in the BAP1 complex, YY1, can both act as activators or repressors of gene expression. 

Therefore, in the BAP1 complex there are many proteins that can act as repressors and/or 

activators of transcription. What determines with which proteins BAP1 will interact with in a 

given biological context is still unknown, but ASXL1 and ASXL2 could play a major role in 

this decision. It would interesting and necessary to further study through ChIP and ChIP-seq 

experiments: 1) Which promoters BAP1 occupies with ASXL1 and ASXL2. 2) Determine the 

presence or absence of H2Aub at promoters occupied by BAP1. 3) Determine the global 

landscape of transcription factors and co-factors found at a BAP1 target gene promoter.  This 

would give insight into which BAP1 sub-complexes are formed at specific promoters and if 

they act as activitors or repressors of gene expression. 

 

We performed some preliminary ChIP experiments to answer the questions involving 

BAP1 sub-complexes at gene promoter regions, which suggest that ASXL1 and ASXL2 

might indeed act as opposing co-factors interacting with BAP1. Much more research must be 

done to fully elucidate how BAP1 forms different sub-complexes and how these complexes 
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control gene expression. How BAP1 functions as a DUB during transcription is of major 

importance to better understanding how this factor acts as a tumor suppressor. 

 

4.3 Involvement of post-translational modifications in regulating BAP1 

interaction with ASXL1/2 

BAP1 has been shown to be phosphorylated following ionizing radiation
147,148

. 

However, not much is known about other post-translational modifications regulating BAP1, 

ASXL1 or ASXL2. Our lab showed that BAP1 interacts with the O-linked N-

acetylglucosamine transferase (OGT) protein
152

. OGT is a highly conserved enzyme that 

regulates protein function by attaching a single N-acetylglucosamine (O-GlcNAc) to 

serine/threonine (S/T) residues
212,213

. Furthermore, our lab
214

 and others
215,216

 have shown that 

OGT regulates HCF-1 proteolytic cleavage and function in gene expression. In addition, it has 

been suggested that a crosstalk between phosphorylation and glycosylation exists to regulate 

transcription following cellular stress
212

. Therefore, it would be important to study how 

phosphorylation and glycosylation (and/or their crosstalk) might regulate the BAP1 protein 

complex and its role in gene expression.    

 

 Our lab has also showed that BAP1 interacts with and is multi-monoubiquitinated by 

the ubiquitin-conjugating enzyme UBE2O
152,217

. Moreover, BAP1 possesses 

autodeubiquitination capacity that counteracts UBE2O activity, which is required for its 

tumor suppression function. Interestingly, during adipogenesis UBE2O was shown to 

ubiquitinate BAP1 promoting the cytoplasmic localization of BAP1 and differentiation. Since 
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ASXL1 and ASXL2 are suggested to play opposing roles in adipogenesis
174

, it would be 

interesting to study the effect of BAP1 ubiquitination/autodeubiquitination in regulating its 

interactions with ASXL1 and ASXL2, and how this modification could impact BAP1 target 

gene expression.  

 

In addition, as already discussed for BRCA1, it would also be interesting to search for 

novel BAP1, ASXL1 and ASXL2 PTMs by MS and how they affect the BAP1 protein 

complex. Furthermore, purification of the ASXL1 and ASXL2 protein complexes could lead 

to a better understanding of the composition of different BAP1 sub-complexes, by 

determining novel interacting partners for ASXL1 and ASXL2. Moreover, there are many 

other proteins found in the BAP1 complex, such as the forkhead transcription factors FOXK1 

and FOXK2 and the histone H3K4 demethylase KDM1B, which could have an impact on the 

interaction between BAP1 and ASXL1/2. It is clear that we have only begun to scratch the 

surface of BAP1 and its interacting partners. Elucidating how BAP1 is regulated will lead to a 

better understanding of its role as a tumor suppressor and this will in turn help establish 

improved diagnostic and therapeutic strategies to treat cancer.   
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Conclusion 

In this thesis we discussed the biochemical and functional characterization of two 

related tumor suppressors, BRCA1 and BAP1. We showed that BRCA1 is downregulated in a 

ubiquitin-mediated manner following genotoxic stress to coordinate the DNA damage 

response. In addition, we showed that BAP1 forms mutually exclusive complexes with the 

PcG proteins ASXL1 and ASXL2, which are required for its histone H2A DUB and tumor 

suppression activities. However, much is still unknown about the roles of BRCA1 and BAP1 

in tumorigenesis.  

 

While cancer was long thought as being a genetic-based disease, recently it has been 

shown that mutations in epigenetic regulators occur at high frequency in cancer cells
218

. 

Therefore it is now accepted that both genetic and epigenetic mechanisms play a role in 

establishing hallmarks of cancer
219,220

. In fact, mutation of epigenetic control genes, such as 

BAP1, are widespread
187,220

. Furthermore, epigenetic silencing of DNA repair genes, such as 

BRCA1, lead to increased mutation rate and concomitant loss of genomic stability
221

. It will 

be interesting to further study how BRCA1 and BAP1 influence the relationship between the 

cancer genome and epigenome, and how this could translate into better diagnostic, prognostic 

and treatment of cancer patients.  
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The Ubiquitin Carboxyl Hydrolase BAP1 Forms a Ternary Complex with 
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ABSTRACT 

The candidate tumor suppressor BAP1 is a deubiquitinating enzyme (DUB) involved 

in the regulation of cell proliferation, although the molecular mechanisms governing its 

function remain poorly defined. BAP1 was recently shown to interact with, and deubiquitinate 

the transcriptional regulator Host Cell Factor-1 (HCF-1). Here, we show that BAP1 assembles 

multi-protein complexes containing numerous transcription factors and cofactors including 

HCF-1 and the transcription factor Yin Yang 1 (YY1). Through its coiled coil motif, BAP1 

directly interacts with the zinc fingers of YY1. Moreover, HCF-1 interacts with the middle 

region of YY1 encompassing the glycine-lysine-rich domain and is essential for the formation 

of a ternary complex with YY1 and BAP1 in vivo. BAP1 activates transcription in an 

enzymatic activity-dependent manner and regulates the expression of a variety of genes 

involved in numerous cellular processes. We further show that BAP1 and HCF-1 are recruited 

by YY1 to the promoter of cox7c gene, which encodes a mitochondrial protein used here as a 

model of BAP1-activated gene expression. Our findings (i) establish a direct link between 

BAP1 and transcriptional control of genes regulating cell growth and proliferation and (ii) 

shed light on a novel mechanism of transcription regulation involving ubiquitin signaling. 
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INTRODUCTION 

Post-translational modification of proteins with ubiquitin plays a central role in a wide 

variety of biological processes in eukaryotic cells (44, 64). Depending on the nature of the 

modification (e.g. poly- vs. mono-ubiquitination), modified substrates can be either degraded 

by the proteasome or regulated at the level of their activity and function (4, 45). 

Ubiquitination is reversible and a significant repertoire of proteases, termed deubiquitinating 

enzymes (DUBs), are emerging as critical regulators of ubiquitin signaling (40, 46). 

 

BAP1 (BRCA1-Associated Protein1) was originally isolated as a nuclear DUB that 

interacts with, and enhances the growth suppressive effect of, the tumor suppressor BRCA1 

(19). BAP1 also acts in a BRCA1-independent manner, as its overexpression in cells lacking 

BRCA1 was shown to inhibit cell proliferation and tumor growth (60). Interestingly, recent 

studies indicate that RNAi-mediated depletion of BAP1 can also exert an inhibitory effect on 

cell proliferation (31, 36, 41). Although the exact molecular mechanisms are largely 

unknown, the above data suggest that BAP1 controls cell cycle progression. In further support 

of this notion, homozygous inactivating mutations in BAP1 have been found in subsets of 

lung carcinoma and breast cancer cell lines suggesting that this DUB is a tumor suppressor 

(19, 67). 

 

BAP1 is a member of the UCH family including UCH-L1, UCH-L3 and UCH-L5 

(UCH37), all of which possess a conserved catalytic domain containing an invariant histidine, 

cysteine, and aspartic acid catalytic triad (20). Although UCH family members were initially 

associated with the maturation and turnover of ubiquitin, these enzymes possess isopeptidase 

activity and thus might selectively regulate protein stability or activity (32, 35, 41). 

Remarkably BAP1 possesses a large C-terminal domain, not present in other UCH members, 

which is predicted to play an important role in regulating and coordinating its DUB activity 

through selective association with potential substrates or regulatory components. 

 

Host cell factor 1 (HCF-1) is a chromatin-associated protein initially identified as part 

of a multi-protein complex comprising the viral co-activator VP16 and the POU domain 
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transcription factor Oct-1 (23). During herpes simplex virus infection, this complex is 

recruited to the enhancer/promoter of the immediate early gene to activate viral gene 

expression (23). HCF-1 was further shown to interact, often through a tetrapeptide sequence 

termed the HCF-1 binding motif (HBM), with specific members of diverse classes of 

transcription factors including E2F1, Krox20, Sp1, and GABP. This suggests a crucial role for 

HCF-1 in regulating the expression of a plethora of genes involved in diverse cellular 

processes (7, 10, 16, 22, 28-30, 34, 58, 62). HCF-1 also associates with chromatin modifying 

enzymes, most notably methyltransferases (Set1, MLL1, MLL5), acetyltransferases (hMOF) 

and deacetylases (HDAC1, HDAC2) (8, 11, 39, 58, 68, 72). Most recently HCF-1 was shown 

to recruit LSD1 to demethylate the repressive mark histone H3 lysine 9, and to promote the 

trimethylation of histone H3 lysine 4 by Set1, a mark associated with active genes (26). 

Although HCF-1 has been mostly associated with transcription activation, this regulator is 

also involved in transcription repression (6, 58, 68). It is thought that sequence-specific DNA-

binding transcription factors are responsible for the differential recruitment of distinct HCF-1 

complexes to either positively or negatively regulate target gene expression. For instance 

HCF-1 was shown to regulate the G1/S transition of cell cycle through specific interaction 

with either E2F4 or E2F1 which, respectively, represses or activates E2F target genes (58). 

Despite the above findings, the manner in which HCF-1 is selectively recruited to coordinate 

the assembly of diverse chromatin modifying complexes that tightly regulate gene expression 

remains an area of active investigation. 

 

BAP1 was recently shown to interact, through a NHNY sequence (HBM) located in its 

middle region, with the kelch motif of HCF-1; moreover this interaction appears to be 

required for cell proliferation (31, 36). Ectopic expression studies indicate that BAP1 can 

deubiquitinate HCF-1 (31, 36), although the significance of this event remains to be 

elucidated. Additional proteins identified by virtue of their co-purification with BAP1 have 

also been recently reported, most of which are involved in regulation of chromatin-associated 

processes particularly transcription (31, 54). These include the forkhead transcription factors 

FOXK1 and FOXK2, the histone acetyltransferase HAT1, the human homolog of additional 

sex combs ASXL1 and ASXL2, the histone lysine demethylase KDM1B (LSD2), and the 
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ubiquitin conjugating E2 enzyme UBE20. Interestingly, very recently, the drosophila 

polycomb group protein Calypso was found to be the orthologue of BAP1. Calypso associates 

with ASX to form the transcription complex PR-DUB that in turn deubiquitinates histone 

H2A and regulates hox gene expression (47). However it should be noted that the association 

of human BAP1 with several additional partners as described above suggests a substantially 

more complex network of functional interactions.  

 

Here, we establish that mammalian BAP1 is assembled into high molecular weight 

multi-protein complexes containing transcription factors and cofactors including HCF-1. We 

reveal novel BAP1-interacting partners including the transcription factor Yin Yang 1 (YY1), a 

zinc finger protein that possesses dual functionality by either activating or repressing gene 

expression depending upon its association with specific transcription co-activators or co-

repressors at specific target gene promoters (see reviews (13, 51)). We show that BAP1 

directly interacts with YY1, and HCF-1 is required for this interaction in vivo. Finally, in 

providing a model for BAP1-mediated control of gene expression, we demonstrate that this 

DUB is a direct co-activator of cox7c, a nuclear gene encoding a component of the 

mitochondrial respiratory chain. Our data provide novel molecular insight into the 

involvement of deubiquitination in the control of gene expression. 
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MATERIALS AND METHODS 

Plasmids and Antibodies  

Retroviral constructs that express N-terminal Flag-HA-tagged wildtype or mutant 

forms of human BAP1 were generated by subcloning the cDNA into the POZ-N plasmid 

provided by Y. Nakatani (38). The catalytically inactive BAP1, POZ-BAP1 (C91S) was 

generated by site-directed mutagenesis. The BAP1 mutant deleted in the NHNY sequence 

corresponding the HCF-1 binding domain (ΔHBD) was generated by PCR-based subcloning 

of 2 fragments ligated in frame into POZ-N. The Gal4-BAP1 and Gal4-BAP1 catalytically 

inactive (C91S) constructs were generated by PCR amplification of the Gal4 DNA binding 

sequence and ligation in frame into pCDNA.3 BAP1. The Gal4-BAP1 ΔHBM was generated 

by subcloning BAP1 ΔHBM in frame into pCDNA.3 containing Gal4 DNA binding 

sequence. shRNAs for hBAP1 (#1 and #2) and hHCF-1 were generated as previously 

described (57). The targeted sequences of these shRNAs are listed in the supplemental 

information. The constructs used to produce recombinant full length GST-YY1 and various 

deletion fragments have been described (25). Constructs to produce recombinant full length 

GST-BAP1 and various deleted forms were obtained by PCR-amplification of various 

fragments, which were cloned into pGEX4T1. The construct for producing recombinant 

human His-tagged YY1 has been described (56). A construct to produce recombinant human 

His-tagged BAP1 was generated by subcloning BAP1 cDNA into pET30a+. The shRNA 

construct for YY1 and non-target sequence have been described (56). The pCGN-HCF-1 

vector (65) was used for subcloning HCF-1 into the pcDNA.3/HA vector.  

 

Monoclonal anti-BAP1 (C4) and anti-YY1 (H10), polyclonal anti-BAP1 (H300) and 

anti-TFIID (N12) were from Santa Cruz. Monoclonal anti-HCF-1 (M2) (66) and polyclonal 

anti-HCF-1 (N18) (14) have been used. Polyclonal anti-HCF-1 (A301-400A) was from Bethyl 

laboratories. Monoclonal anti-RNA Polymerase II (H14) was from Covance. Polyclonal anti-

Histone H3 (06-755), polyclonal anti-Histone H3 trimethylated at lysine 27 (H3 K27 me3) 

(17-622) and monoclonal anti-βactin (MAB1501) were from Millipore. The antibodies used 

as controls for IP and ChIP were the polyclonal anti-GFP (FL), anti-HA (Y-11) and rabbit 

IgG (sc-2027), and were from Santa Cruz.  
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Cell culture, RNAi and immunoblotting 

HeLa cervical cancer, U2OS osteosarcoma and PhenixA virus-producing cells were 

cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal 

bovine serum and penicillin/streptomycin. Cells were transfected with either a non-targeting 

control or BAP1 RNA interference (RNAi) plasmid using Lipofectamine 2000 (Invitrogen). 

For transient RNAi experiments, shRNA vectors were mixed with the pBABE puromycin 

resistance-encoding vector, and transfected cells were selected by adding 2 µg/ml of 

puromycin for 2 days as described (1). U2OS cells with stable depletion of BAP1 were 

generated by co-transfection of RNAi vectors with pCDNA.3 neomycin resistance-encoding 

vector, and independent clones were isolated following G418 selection (1.5 mg/ml) and tested 

for BAP1 knockdown by western blotting. The siRNA smart pools for human HCF-1, BAP1 

and a non-target control were from Dharmacon (Thermo Scientific) and were transfected into 

HeLa or U2OS cells using Lipofectamine 2000. 

 

Total cell extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 7.3; 5 mM 

EDTA; 50 mM KCl; 0.1% NP-40; 1 mM phenylmethylsulfonyl fluoride (PMSF); 1 mM 

dithiothreitol and protease inhibitors cocktail (Sigma)), and protein concentration determined 

by Bradford assay. SDS-PAGE and western blotting were conducted according to standard 

procedures. 

 

Purification of BAP1-associated proteins and co-immunoprecipitation  

HeLa and U2OS cell lines stably expressing Flag-HA-BAP1 (WT, C91S or ΔHBD) 

were generated following retroviral transduction and 4 rounds of selection using magnetic 

beads coupled to IL2 receptor antibody as previously described (38). HeLa (~9 X 10
9
 cells) or 

U2OS (~0.5 X 10
9
 cells) were used for purification of BAP1-associated proteins, essentially 

as previously described (38). Standard co-immunoprecipitations using appropriate antibodies 

were conducted as previously described (56).  

 

Immunodepletion was conducted on HeLa nuclear extracts (~100 μg of proteins) by 

overnight incubation at 4 ºC with 2 μg of anti-HCF-1 or anti-BAP1 polyclonal antibody in IP 
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buffer (50 mM Tris, pH 7.3; 150 mM NaCl; 5 mM EDTA; 10 mM NaF; 1% Triton X-100; 1 

mM PMSF and protease inhibitors cocktail (Sigma)). The anti-HA (Y-11) polyclonal 

antibody was used as control. The immuno-complexes were incubated for 7 hours at 4 ºC with 

protein G agarose beads (Sigma) which were saturated with 1% BSA in IP buffer. After 

centrifugation, the flow through and bead fractions were collected. The immuno-complexes 

were washed once with the IP buffer supplemented with 1% BSA. Bound proteins were eluted 

from the beads with Laemmli buffer and subjected, along with the flow through fractions, to 

western blotting. 

 

Preparation of chromatin fractions and digestion with Micrococcal nuclease (MNase) 

were conducted as previously described (15). Briefly, the nuclear pellet was resuspended in 

20 mM Tris-HCl  (pH 7.5), 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% 

Triton X-100, and protease inhibitor cocktail. Following MNase treatment (3 U/ml for 10 

min), the reaction was ended with 5 mM each EGTA and EDTA. The samples were then 

centrifuged at 13,000 g for 10 min at 4°C to obtain the soluble chromatin fraction. 

 

Glycerol gradient and gel filtration analysis 

Molecular mass separation of native BAP1 complexes from nuclear extract was 

conduced using a 10-40 % glycerol gradient prepared in 20 mM Tris-HCl, pH 7.9; 100 mM 

KCl; 5 mM MgCl2; 1 mM PMSF; 0.1% NP40 and 10 mM 2-mercaptoethanol. The samples 

were centrifuged for 12 h at 50,000 RPM (SW55Ti rotor, Beckman,) at 4 ºC. Individual 

fractions were then collected from top to bottom and analyzed by western blotting. The CtBP 

co-repressor complex estimated to have a molecular mass of 1.3-1.5 MDa was used as 

reference (52).  

 

Gel filtration analysis of purified BAP1 complexes was conducted using a Superose6 

HR gel exclusion chromatography column. Eluted fractions were analysed by silver staining 

and western blotting. The native molecular weight markers used for column calibration were 

thyroglobulin (669 KDa), ferritin (440 KDa), catalase (232 KDa), lactate dehydrogenase (140 

KDa) and albumin (66 KDa) (obtained from GE Healthcare). 
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Deubiquitination assay on Ub-AMC 

Deubiquitination assay on Ub-AMC was conducted as previously described (32)  with 

the following modifications.  Purified BAP1 complexes (WT, C91S and ΔHBM) and 

recombinant His-BAP1 were adjusted to the same amount of BAP1 protein (125 ng; 1.5 

pmol) and incubated individually with 37.5 pmol of Ub-AMC (Boston Biochem) in 100 μl of 

assay buffer (50 mM Tris pH 7.3, 0.25 mM EDTA, 10% DMSO and 1 mM DTT) for 1200 

sec. Fluorescence was measured using a fluorimeter (Cytofluor, PerSeptive Biosystems) at 

excitation and emission wavelengths of 380 nm and 460 nm, respectively. 

 

In vitro interaction assays 

Recombinant GST fusion proteins were purified using glutathione agarose beads 

(Sigma) and 2 to 3 μg of beads containing bound proteins were incubated with 10 μl of in 

vitro translated methionine-S35 labeled HCF-1 (TNT® T7 Quick Coupled 

Transcription/Translation System, Promega), 1 μg His-YY1, or 1 μg His-BAP1 for 6 to 8 

hours at 4 ºC in 50 mM Tris, pH 7.5; 50 mM NaCl; 0.02% Tween 20; 1 mM PMSF and 500 

μM dithiothreitol). The beads were extensively washed with the same buffer, and bound 

proteins eluted in Laemmli buffer and subjected to autoradiography or western blotting.  

 

Immunofluorescence 

Cells were fixed for 20 min using 3 % paraformaldehyde prepared in phosphate-

buffered saline (PBS). Cells were then permeabilized with 0.5% NP-40 in PBS for 20 min and 

washed with PBS containing 0.1% NP-40. Cells were further incubated in blocking solution 

(PBS containing 0.1% NP-40 and 10% FBS) and stained with a monoclonal anti-BAP1 

antibody. Anti-mouse Alexa Fluor® 594 (Invitrogen) was used as secondary antibody. Nuclei 

were stained with 4',6-diamidino-2-phenylindole (DAPI). Z-stacks were acquired using Leica 

DMRE microscope, HCX PL APO 63X/ 1.32-0.6 OIL CS objective and Retiga Ex 

(Qimaging) camera and deconvoluted with the Openlab 3.1.1 program. RGB profiles were 

generated by WCIF-ImageJ program (NIH). 
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Cell synchronization and cell cycle analysis 

U2OS cells were synchronized at the G1/S border using a thymidine double block 

protocol (17). The DNA content of cells was analyzed essentially as described (1). Briefly, 

cells were harvested by trypsinization and fixed with 70 % ethanol. After one wash with PBS, 

cells were treated with 100 µg/ml RNase A (Sigma-Aldrich) for 30 min at 37°C, stained with 

50 µg/ml propidium iodide (Sigma-Aldrich), and analyzed using a FACScan flow cytometer 

equipped with Cellquest software (Becton Dickinson).  

 

Genome-wide gene expression analysis and qRT-PCR analysis of individual mRNAs 

U2OS cells, transfected with a non-target control shRNA or shRNAs targeting BAP1, 

were selected with puromycin containing medium and then synchronized at the G1/S border 

to allow comparative analysis of gene expression. RNA was prepared using Trizol reagent 

(Invitrogen) and the RNeasy kit (QIAGEN). The generation of cDNA and biotinylated cRNA 

and hybridization to Human genome Hu133 plus 2.0 arrays (Affymetrix; containing 47,000 

transcripts and transcripts variants) were conducted following the One-Cycle target Labeling 

Protocol of the GeneChip ® Expression Analysis Technical Manual from Affymetrix 

(Genome Québec Innovation Centre, Montréal, Canada). Gene expression levels from 

shControl and shRNAs were subjected to comparative analysis using the expression analysis 

software Flex Array V1.1. A functional analysis of genes deregulated following BAP1 

depletion was conducted using Ingenuity Pathways Analysis Version 8.5 (3). The gene 

expression data for both shRNAs are deposited in the Gene Expression Omnibus (GEO) 

NCBI database. 

 

Levels of individual mRNAs in BAP1 depleted cells were determined by RT-PCR. 

Total mRNA (prepared as described above) was used for reverse transcription using the 

Superscript III reverse transcriptase and oligo(dT)12-18 primers (Invitrogen). The obtained 

cDNAs were subjected to PCR amplification with the primer sets described in Supplemental 

Information. The mRNA levels were normalized to GAPDH expression. 
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Chromatin immunoprecipitation analysis 

Chromatin immunoprecipitation (ChIP) experiments were conducted essentially as 

previously described (2) with the following modifications. U2OS cells (5 X 10
6
) were cross-

linked with 1% formaldehyde in PBS at room temperature for 10 min with prior incubation in 

1.5 mM EGS (ethylene glycolbis [succnimidyl succinate]; Sigma-Aldrich) in PBS for 30 min 

at room temperature as described (42, 73). Following quenching with glycine (125 mM) for 5 

min, cells were scraped in cold PBS. The cells were first washed with buffer A (50 mM Tris-

HCl, pH 8.0; 0.1% NP40; 2 mM EDTA; 10% glycerol; 1 mM PMSF and protease inhibitors 

cocktail (Sigma)) and then sonicated in Buffer B (50 mM Tris-HCL, pH 8.0; 1% SDS; 10 mM 

EDTA; 1 mM PMSF and protease inhibitors cocktail) to generate 300-600 bp fragments. 

After centrifugation and pre-clearing for 1 hour, the suspension was incubated overnight with 

polyclonal anti-HCF-1, anti-BAP1, anti-YY1 or a non-relevant antibody used as control. 

Immunocomplexes were recovered with protein A agarose beads (Millipore) and the DNA 

was purified after decrosslinking with phenol-chloroform extraction. Real time PCR was 

conducted using SYBR green reaction and detection kit (Invitrogen) on an iCycler iQ 

apparatus (Bio-Rad). Quantification was conducted using the 2–  CT method, where   CT is 

calculated as follows: (ChIP CT– input CT of the control antibody) – (ChIP CT – input CT of 

the target antibody). The results are shown as a ratio of target gene promoter versus reference 

gene promoter. The amplification efficiency of all primer sets was verified before qPCR 

analysis. All experiments were done at least 3 times and the data shown are results of a 

representative experiment. The primer sets used are described in the Supplemental 

Information. 

 

Luciferase reporter assays 

HeLa cells were transfected with various amounts of Gal4-BAP1, Gal4-BAP (C91S), 

BAP1 or Gal4 expression plasmids along with 500 ng Gal4-TK-Luciferase or 500 ng TK-

luciferase reporter plasmids. pEGFP-N2 construct (10 ng) was also included to ensure equal 

transfection efficiency between the different conditions. Luciferase activity was measured 2 

days post-transfection using a luciferase assay (Promega). 
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RESULTS 

BAP1 is assembled into high molecular weight multi-protein complexes and interacts 

with the transcription factor YY1.  

HeLa nuclear extracts were prepared wherein nearly all nuclear BAP1 protein was 

recovered (Figure 1A, top panel). Glycerol density gradient fractionation of these extracts 

showed that most of the endogenous protein is detected as a peak in the high molecular 

weight fractions (~ 1.3 to1.8 MDa), suggesting that BAP1 is assembled into multi-protein 

complexes (Figure 1A, bottom panel). To identify these potential complexes, we generated a 

stable HeLa cell line expressing Flag-HA-BAP1 and conducted a large-scale double 

immunopurification of the protein using anti-Flag and anti-HA columns. Silver stain of the 

eluted material revealed that several polypeptides co-purify with BAP1 (Figure 1B). These 

proteins are specific since no apparent protein bands were detected in the HA elution from the 

mock purification. Of note, most of the proteins co-purifying with BAP1 were readily 

detectable following the anti-Flag purification step. Nonetheless, to ensure high specificity, 

the HA-eluted material was used for mass spectrometry analysis to identify BAP1-interacting 

partners. Several recently reported as well as novel BAP1-interacting proteins were recovered 

(Figure 1B). As reflected by the protein sequence coverage and the number of identified 

peptides for each protein, the most abundant polypeptides identified include the 

transcriptional regulator HCF-1, the forkhead transcription factors FOXK1 and FOXK2, the 

O-linked N-acetyl glucosamine transferase (OGT), the human homolog of additional sex 

combs ASXL1 and ASXL2, the ETS-related transcription factors ELF-1 and ELF-2, and the 

E2 enzyme UBE20. Less abundant BAP1-interacting proteins comprise specific transcription 

factors and cofactors such as YY1, ZNF131, PRDM10, and the histone H3 K4 demethylase 

KDM1B. To validate these results, we also established a U2OS osteosarcoma cell line stably 

expressing Flag-HA-BAP1. Using this model cell type, we found that, although a small-scale 

cell preparation was used, most of the major BAP1-associated proteins were recovered 

following purification. These include HCF-1, OGT, ASXL1/ASXL2, FOXK1/FOXK2, and 

KDM1B. 
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Stoichiometric amounts of HCF-1 co-purify with BAP1, as a large number of peptides 

were obtained following mass spectrometry analysis and the intensities of the silver stained 

bands were similar for the two proteins (Figure 1B). Since the majority of endogenous BAP1 

protein migrates within a high molecular weight fraction (Figure 1A), we reasoned that all of 

the cellular BAP1 might be complexed with HCF-1. In fact, nearly all BAP1 protein could be 

immunodepleted from nuclear extracts using an excess of HCF-1 antibody (Figure 1C, top 

panel). As expected, virtually all HCF-1 protein was recovered in the bead fraction. As 

negative control, the nuclear protein PARP1 was shown to remain in the extracts. Next, we 

immunodepleted BAP1 using a specific antibody and observed that although nearly all BAP1 

was recovered, only a minor fraction of HCF-1 was depleted (Figure 1C, bottom panel). This 

indicates that (i) HCF-1 is highly abundant relative to BAP1, and (ii) essentially all cellular 

BAP1 is complexed with HCF-1. Thus, HCF-1 could be a major scaffold protein for BAP1 

and might play a critical role in coordinating the association of this DUB with other partners 

to form specific transcription regulatory complexes. 

 

To provide insight into the potential role of BAP1 as a gene-specific transcription 

regulator, we focused in this study on characterizing the interaction of BAP1/HCF-1 with 

YY1. The anti-HA eluted material was fractionated using size exclusion chromatography, 

which revealed that BAP1 is assembled into ~1.3-1.8 MDa multi-protein complexes (Figure 

1D). These complexes contain the transcription factor YY1 and HCF-1, and very likely 

additional components. Next, the anti-Flag purified BAP1 material was used as input for 

immunoprecipitation using anti-HCF-1 antibody, and both YY1 and BAP1 were co-

immunoprecipitated (Figure 1E). These results strongly suggest the existence of at least one 

complex simultaneously containing BAP1, HCF-1 and YY1. Moreover, the interactions of 

endogenous YY1 with HCF-1 and BAP1 were also confirmed (Figure 1F).  

 

 

The DUB activity is not required for BAP1 complexes formation. 

It was recently shown that BAP1 can disassemble K48 ubiquitin chains on HCF-1 

suggesting that this DUB might regulate the stability of HCF-1 and possibly other substrates 
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(31, 36). In addition, ubiquitin peptides were detected following mass spectrometry analysis 

of BAP1-associated proteins suggesting that some polypeptides were ubiquitinated (data not 

shown). Thus, we first tested whether loss of BAP1 function affects the stability of YY1. 

Knockdown of BAP1 using two shRNAs resulted in its substantial depletion, whereas no 

significant changes were observed in steady state levels of YY1 or HCF-1 (Figure 2A, left 

panel). These results were confirmed using a pool of 4 different siRNAs targeting BAP1 

(Figure 2A, right panel). Next, we sought to determine whether DUB activity is required for 

assembly of BAP1 complexes. For this purpose, a stable cell line expressing BAP1 mutated in 

the catalytic cysteine (C91S) was generated. As BAP1 wildtype or C91S are not highly 

expressed, we did not observe a significant difference in cell proliferation between these two 

conditions (data not shown). Importantly, the purified complexes containing either BAP1, or 

its catalytically inactive form, are essentially indistinguishable (Figure 2B, left panel). These 

results were confirmed by immunoblotting for some of the associated components i.e., YY1 

and HCF-1 (Figure 2B, right panel).  

 

BAP1 directly interacts with YY1 in vitro and HCF-1 is required for complex formation 

in vivo. 

To provide further insight into YY1 interaction with HCF-1/BAP1, we generated 

recombinant proteins including various deletion mutants and conducted in vitro GST 

pulldown assays. We found that BAP1 directly interacts with YY1. The C-terminus region of 

BAP1 (aa 599-729), encompassing the coiled coil domain, is necessary and sufficient for this 

interaction (Figure 3A, top right panel). We used smaller GST-BAP1 deletion fragments 

within the 599-729 aa region and identified the coiled coil domain as the interacting motif 

(Figure 3A, bottom right panel). Thus, BAP1 could simultaneously bind YY1 and HCF-1. 

Next, we demonstrated that in vitro translated full length 35S Met-HCF-1 interacts directly 

with YY1 and the central region of the latter (aa 142-260), which contains the GA/GK rich 

domain, is required for this interaction (Figure 3B, bottom left panel). Finally, we determined 

that the zinc fingers region of YY1 (aa 313-414) is necessary and sufficient for interaction 

with BAP1 (Figure 3B, bottom right panel). Taken together the above data indicate that 
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BAP1, HCF-1 and YY1 interact using non-overlapping domains, and thus can form a ternary 

complex involving binary binding for each protein.  

 

To further characterize these interactions in vivo, a stable cell line expressing BAP1 

lacking the HBM was generated and used for the double immunopurification of BAP1-

associated proteins. Silver staining of the eluted proteins reveals that while some polypeptide 

bands appear similar between wildtype and mutant, several other bands were absent or 

substantially reduced in the elution of the mutant BAP1 (Figure 4A, left panel). As expected, 

HCF-1 was not detected in the elution of the mutant BAP1 (31, 36) (Figure 4A, right panel). 

Significantly, BAP1 interaction with YY1 was dramatically reduced between the wildtype 

and the mutant lacking HBM, suggesting that HCF-1 is required for optimal interaction 

between YY1 and BAP1 in vivo. Of note neither YY1 nor HCF-1 levels were changed upon 

expression of BAP1 lacking HBM. Next, we depleted HCF-1 using shRNA and 

immunopurified BAP1. As expected, substantially reduced levels of HCF-1 were observed 

following the BAP1 purification (Figure 4B), and the interaction of BAP1 with YY1 was 

again reduced. Altogether, these data indicate that BAP1, HCF-1, and YY1 form a ternary 

complex in vivo, strongly suggesting a functional link between these proteins. We then sought 

to determine whether the DUB activity of BAP1 is modulated by its interacting partners using 

similar amounts of  BAP1, either recombinant or assembled into complexes, i.e., WT, ΔHBM 

and C91S (Figure 4C, left panel). Deubiquitination assays toward the substrate ubiquitin-

AMC (Figure 4C, right panel) were conducted. As expected, no activity could be detected for 

the catalytic inactive BAP1 used as control. However recombinant BAP1 and BAP1 

complexes (wildype or ΔHBM) exhibited similar DUB activities.  

 

BAP1 is associated with transcriptionally active chromatin. 

Most of the BAP1-interacting proteins are known to be involved in chromatin-

associated processes suggesting a role for BAP1 in regulating gene expression. BAP1 was 

shown to associate with chromatin (31). In our study, we found that this protein is mostly 

excluded from heterochromatic regions as indicated by the nearly mutually exclusive staining 

between BAP1 and the highly packed chromatin, i.e., regions strongly stained with DAPI 
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(Figure 5A). Thus, we set out to determine whether BAP1 is associated with transcriptionally 

active regions by isolating the chromatin fraction and conducting short-term incubations with 

micrococcal nuclease (MNase) to release accessible nucleosomes. Nearly all BAP1 was 

recovered in the soluble fraction (Figure 5B). As expected, the basal transcription factor 

TFIID and RNA pol II were also recovered predominantly in the soluble fraction. HCF-1 and 

YY1 were found in this fraction as well, but to a lesser extent than BAP1 or RNA pol II. 

Histone H3 was only partially recovered indicating that a fraction less accessible to MNase, 

the heterochromatin, remained in the pellet. Consistent with this, histone H3 trimethylated at 

lysine 27, which is associated with transcriptional repression and compacted chromatin (49), 

was found predominantly in the pellet. These results suggest that BAP1 is associated with 

actively transcribed regions where it might form complexes with HCF-1, YY1 and other 

regulators to control gene expression. Although, BAP1/HCF-1 and YY1 were found on 

chromatin, the possibility remained that these proteins coexist in different complexes. To 

determine whether BAP1/HCF-1/YY1 indeed form a complex on chromatin, we 

immunopurified BAP1 from the chromatin fraction following digestion with MNase. We 

found that BAP1 immunoprecipitated both HCF-1 and YY1 from this fraction (Figure 5C, 

right panel). Of note, MNase digestion was nearly complete as indicated by the release of 

mononucleosomes (Figure 5C, left panel).  

 

 

BAP1 is a transcriptional co-activator and regulates the expression of genes involved in 

numerous cellular processes. 

To elucidate the role of BAP1 in transcription regulation, a well-established 

transcription reporter assay was used (24). This consists of targeting a protein of interest, 

fused in frame with the GAL4 DNA binding domain, to the luciferase reporter driven by a 

promoter containing GAL4 binding sites and the thymidine kinase promoter (Figure 6A). A 

fusion between the DNA binding domain of Gal4 (1-147aa) and BAP1 was generated and 

expressed in HeLa cells by transient transfection (Figure 6B, bottom panel). Gal4-BAP1 

activated transcription of the reporter gene by 3 to 4 fold (Figure 6B, top panel). This effect 

was not observed following expression of BAP1 alone, the Gal4 domain alone, or Gal4-BAP1 
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along with a thymidine kinase reporter lacking Gal4 binding sites. Altogether, these results 

suggest that transcription activation by Gal4-BAP1 requires DNA binding and is not an 

indirect effect. A Gal4-BAP1 mutant lacking the HBM, expressed at the same levels as the 

wildtype (Figure 6C, right panel),  also activated transcription although less efficiently than 

the wildtype form (Figure 6C, left panel). Importantly, a Gal4-BAP1 catalytic inactive mutant 

(C91S) was unable to activate transcription suggesting that BAP1 regulates gene expression 

in a DUB activity-dependent manner (Figure 6D, top panel). We note that although BAP1 

C91S was expressed at lower levels than the wildtype for the same quantity of transfected 

DNA (Figure 6D, bottom panel), no reporter activation was observed with C91S over a wide 

range of plasmid concentrations.  

 

In order to identify potential BAP1 target genes, global mRNA expression profiling 

using microarrays was conducted following BAP1 depletion in U2OS cells using two shRNA 

constructs and a non-targeting shRNA as a control. The gene expression data for both 

shRNAs are deposited in the Gene Expression Omnibus (GEO) NCBI database. Using the 

cut-off of two-fold difference relative to the control, we found that BAP1 depletion resulted in 

significantly elevated or decreased expression of about 249 genes (137 up-regulated and 112 

down-regulated). Among these genes, several are associated with cell cycle progression, DNA 

damage signaling/repair, as well as survival and metabolism, suggesting that BAP1 

participates in a diverse cellular processes (Figure 7A and Table 1). Interestingly, several E2F 

target genes including skp2, p107, cdc2, cdc25a were downregulated. The effect of BAP1 

knockdown on the expression of some of these genes and others was further validated by RT-

PCR (Figure 7B).  

 

BAP1 is recruited by YY1 to regulate cox7c gene expression. 

It is not known whether BAP1 assembles complexes that can be recruited to specific 

promoters to activate transcription. In light of our data, we reasoned that BAP1 might be 

recruited by YY1 to regulate gene expression. To investigate this possibility, we selected 

cox7c, one of the most downregulated genes based on our microarrays data. cox7c encodes a 

subunit of the holoenzyme that mediates the terminal step of the mitochondrial electron 
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transport chain. The bovine cox7c promoter has been shown to contain two YY1 binding 

sites, mutations in which abrogate most of the promoter activity (50). These sites are highly 

conserved in mouse and human (Figure 8A). First, we confirmed that COX7C protein levels 

were also downregulated following BAP1 depletion in U2OS and HeLa cells (Figures 8B). 

Moreover, similar results were obtained following knockdown of HCF-1 (Figures 8B). 

Interestingly, depletion of YY1 induces a significant increase of COX7C expression in both 

HeLa and U2OS cells (Figure 8B). To determine whether BAP1 regulates cox7c expression in 

a DUB activity-dependent manner, we transducded U2OS cells with retroviral particles to 

overexpress either BAP1 or C91S mutant (Figure 8C). BAP1 C91S significantly inhibited the 

expression of COX7C protein, an effect not observed with the wildtype form. Of note, BAP1 

C91S is a bona fide dominant negative mutant since it competes with wildtype BAP1 for 

assembly of the same multi-protein complexes (Figure 2B). To further characterize the role of 

the BAP1/HCF-1/YY1 complex in regulating gene expression, we conducted ChIP assays and 

found that these proteins are all enriched on the promoter region of cox7c, but not on the α-

globin promoter (Figure 8D, left panel). Moreover, YY1 depletion by shRNA significantly 

decreased the enrichment of BAP1 and HCF-1 on the cox7c promoter indicating an essential 

role of YY1 in targeting BAP1/HCF-1 to specific gene regulatory regions (Figure 8D, left 

panel). Of note, shRNA-mediated depletion of YY1 did not affect either HCF-1 or BAP1 

levels (Figure 8D, right panel). 
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DISCUSSION  

In this study, we identified novel BAP1-interacting proteins and showed that nearly all 

cellular BAP1 forms high molecular weight multi-protein complexes with several 

transcription factors and cofactors. The associated partners are likely to play critical roles in 

targeting BAP1 to potential substrates, thereby regulating its function. Based on the relative 

abundance of BAP1-associated proteins purified from HeLa or U2OS cells, and on data from 

other studies (31, 36, 54), it appears that HCF-1, ASXL1 and/or ASXL2, OGT, FOXK1 

and/or FOXK2 might form a BAP1 core complex. This minimal complex may selectively 

associate with additional regulators or transcription factors to form specific functional 

complexes in a cell type- and/or promoter-dependent manner. Indeed. sub-stoichiometric 

levels of several transcription factors co-purified with BAP1. These factors are involved in a 

wide range of cellular processes, suggesting that BAP1 might exert a much broader role in 

regulating cell function than previously appreciated. Consistent with this notion, BAP1 

depletion by RNAi induced profound changes in the expression of genes mediating and/or 

controlling numerous cellular pathways. Further studies will be needed to investigate how 

BAP1, via selective interactions with specific transcription factors and cofactors, regulates 

specific biological responses.  

 

We provided strong evidence that BAP1 is a transcriptional co-activator: i) BAP1 

associates with transcriptionally active chromatin. ii) BAP1 acts as an activator, in a DUB 

activity-dependent manner when targeted to a promoter using the Gal4 system. iii) Genome 

wide expression analysis reveals a considerable number of genes downregulated following 

BAP1 depletion. iv) BAP1 directly occupies the cox7c promoter, and depletion of BAP1 

results in downregulation of this gene. It is also possible that BAP1 possesses dual co-

activator/co-repressor functions, depending upon its association with specific transcription 

factors and cofactors on the regulatory elements of target genes. In agreement with this latter 

hypothesis, some BAP1-interacting proteins including HCF-1, YY1, OGT and ASXL are 

known to interact with both co-activators and co-repressors (5, 9, 12, 43, 53, 68, 70, 71). In 

addition, a significant number of genes were up-regulated following depletion of BAP1. This 

suggests that BAP1 might exert a repressive effect on their promoters although these genes 
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could constitute indirect targets, i.e., their up-regulation results from secondary changes 

induced by BAP1 depletion.  

 

Using YY1 as a model for sequence-specific transcription factors that interact with 

BAP1/HCF-1, we demonstrated that these three proteins form a ternary complex in vivo 

which can associate with chromatin. Moreover, we found that BAP1 and HCF-1 are recruited 

by YY1 to co-activate cox7c, a gene previously reported to depend on YY1 binding sites for 

transcriptional activation (50). While depletion of BAP1 or HCF-1 reduces expression of 

cox7c, in contrast depletion of YY1 induces an increase in expression of this gene. These 

results suggest that YY1 possesses a dual function of both repressor and activator of cox7c, 

depending on its association with the HCF-1/BAP1 co-activator complex. A similar 

repression/activation mechanism by YY1 has been previously shown for the murine beta 

interferon promoter (37, 63). Consistent with this model, YY1 interacts with HCF-1 through 

the central region containing a GA/GK rich domain, previously shown to be involved in 

interactions with HDACs (70). This suggests that the association of YY1 with HCF-1/BAP1 

is mutually exclusive with respect to its interaction with HDAC co-repressive complexes. 

With respect to cox7c expression, it is well-known that nuclear-encoded mitochondrial genes 

including components of the cytochrome C oxidase complex are not constitutively expressed, 

but rather subject to tight regulation by several transcription factors and cofactors depending 

on the state of cell growth, energy balance and other tissues-specific needs (18). Therefore, 

such genes are expected to oscillate between activation and repression states. 

  

It is not clear at the present time whether BAP1 might regulate all YY1 target genes. It 

is possible that it might regulate only a subset of these targets, perhaps those on which YY1 

acts as an activator only or on which it might exert dual activator/repressor function. Other 

transcription factors might dictate the specificity via interaction with YY1. Indeed YY1 is 

well known to interact with numerous transcription factors such as SP1, C-myc, and E2Fs (25, 

48, 74). HCF-1, via additional interactions, might also contribute to the selectivity of 

recruitment of BAP1 to specific YY1-target genes. In this respect it is not surprising that 

Gal4-BAP1 lacking HBM is only slightly impaired in transcription activation, suggesting that 
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the interaction between HCF-1 and BAP1 might be mostly involved in recruitment of the 

latter to specific promoters.  

 

Precisely how the assembled BAP1/HCF-1/YY1 complex acts to induce activation of 

cox7c or other target genes remains to be established. Nonetheless, the data suggest that the 

molecular mechanism involves ubiquitin signaling and deubiquitination of specific substrates 

on target promoters. BAP1 might be continuously needed to prevent degradation of HCF-1 

(31, 36). Although the stability of the total cellular pool of HCF-1 is not significantly affected 

by BAP1 depletion, it is nonetheless possible that BAP1 stabilizes HCF-1 only on specific 

promoters following recruitment by YY1 or other transcription factors. Consistent with this, a 

BAP1 catalytic inactive mutant exerts a dominant negative effect on cox7c expression. It is 

also plausible that HCF-1 association with BAP1 and YY1 targets the DUB activity to 

deubiquitinate histones, specific transcription factors, or components of the general 

transcription machinery. Consistent with this, the drosophila BAP1 Calyposo deubiquitinates 

H2A, a histone mark associated with gene repression (47). However, Calyposo does not 

possess HBM and thus the mammalian BAP1 appears to selectively associate with HCF-1 and 

numerous other proteins not found with Calypso. In addition, in contrast to Calypso whose 

activity on ubiquitin AMC is very low when not associated with ASX, the recombinant 

mammalian BAP1 appears to have the same activity as complexed BAP1. We note that 

although BAP1 partners do not affect its DUB activity on ubiquitin-AMC, this does not 

exclude the possibility of their effect in the context of a physiological substrate in vivo. 

 

Our results also shed light on the biological function of BAP1. This DUB was 

previously shown to be required for proper cell cycle progression, particularly the G1/S 

transition (31, 41), Moreover we observed similar effects in U2OS (data not shown), the cell 

type used here for global gene expression analysis. We also provided molecular insight 

linking BAP1 to the control of cell cycle genes including subsets of E2F targets. In addition 

HCF-1 is known to be required for normal G1/S transition, and was recently shown to play a 

major role in regulating the expression of E2F target genes by promoting histone H3 K4 

trimethylation (21, 58). Thus, BAP1 might play a pivotal role in regulating the G1/S transition 
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under normal and possibly stress conditions. Supporting this view, BAP1 is phosphorylated 

on an ATM/ATR consensus motif in response to DNA damage (33, 55), suggesting that these 

critical DNA damage-responsive checkpoint kinases might regulate BAP1 DUB activity and 

thus its function in controlling expression of cell cycle genes. 

 

BAP1 might also participate in transcriptional regulatory programs that coordinate cell 

growth with cell cycle. For instance, in addition to cox7c, the expression of several 

mitochondrial and general metabolism genes are shown here to be deregulated upon BAP1 

knockdown. Interestingly, recent bioinformatics and genome-wide promoter occupancy 

studies indicated that YY1 binding sites are enriched in the promoter regions of nuclear genes 

that encode mitochondrial proteins (59, 69). Moreover, NRF1, a major regulator of 

mitochondrial respiration, co-purifies with BAP1 (Figure 1B); and both YY1 and NRF1 

binding sites are frequently found in close proximity in a large number of promoters of genes 

encoding mitochondrial proteins (59, 69). Furthermore HCF-1 has been found to interact with, 

and increase the transcriptional activity of, peroxisome proliferator-activated receptor gamma 

co-activator-1 (PGC-1), a major transcriptional regulator of mitochondrial biogenesis (27, 61). 

Thus BAP1 might play an important role in dynamically controlling transcriptional responses 

that coordinate mitochondrial function. Such responses in turn could constitute targets of 

stress signaling pathways (e.g., induced by DNA damage) that orchestrate adaptative 

metabolic responses.  

 

In summary, our work indicates that BAP1 associates with several transcription factors 

and co-factors and is a gene-specific transcription regulator. As such, our findings establish a 

framework for further studies to (i) delineate the exact role of BAP1 in regulating the 

expression of genes involved in cell cycle progression, and (ii) define how deregulation of 

BAP1 function contributes to tumorigenesis. 
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FIGURE LEGENDS 

Figure 1. BAP1 assembles high molecular weight multi-protein complexes containing 

YY1 transcription factor.  

(A) Top panel, extraction of cellular BAP1 protein. HeLa nuclei isolated with hypotonic 

buffer were extracted with 300 mM of KCl for 30 min to obtain the nuclear extract and the 

chromatin/nuclear matrix pellet fractions. The nuclear pellet was washed once. All fractions 

were resuspended in the same volume and used for to the immunodetection of BAP1. TFIID 

was detected as a marker for the transcriptional machinery and Histone H3 as a marker for 

chromatin.WCE, whole cell extract. Bottom panel, endogenous BAP1 migrates in high 

molecular weight fractions. HeLa nuclear extract was fractionated using glycerol density 

gradient ultracentrifugation. Fractions collected from the top to the bottom were subsequently 

used for immunodetection of BAP1. The gradient was calibrated with the previously purified 

CtBP complex whose estimated molecular weight is ~1.3-1.5 MDa. (B) Purification of BAP1-

associated proteins. A HeLa cell line stably expressing Flag-HA-BAP1 was used for 

sequential double immunopurification using anti-Flag antibody and anti-HA antibody 

columns. The Flag- or HA-eluted proteins were separated by SDS-PAGE and detected by 

silver staining. The mock purification was conducted using a stable cell line generated with 

the empty vector. Several regions were cut from the gel and the polypeptides were identified 

by mass spectrometry. (C) Immunodepletion of HCF-1 (top panel) or BAP1 (bottom panel) 

from nuclear extracts using an excess of anti-HCF-1 or anti-BAP1 polyclonal antibodies. A 

non-relevant anti-HA polyclonal antibody was used as a control IgG. BAP1 and HCF-1 were 

immunodetected in the beads and the flow through fractions. The nuclear protein PARP1 was 

detected as a negative control. (D) BAP1 forms high molecular weight multi-protein 

complexes. Fractionation of the BAP1 purified material using a Superose6 HR gel filtration 

column. The eluted complexes were detected with silver stain. BAP1, HCF-1 and YY1 were 

detected by immunoblotting. (E) Reciprocal immunoprecipitation. The Flag purified BAP1 

material was used as input for additional immunoprecipitations using a polyclonal antibody 

against HCF-1 or a non-relevant anti-GFP antibody (IgG control). The immunocomplexes 

were extensively washed and YY1, HCF-1 and BAP1 were detected by immunoblotting. (F) 

Interaction of endogenous HCF-1, BAP1 and YY1. HeLa nuclear extract was used for 
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immunoprecipitation using a polyclonal antibody against YY1 (top panel), a polyclonal 

antibody against HCF-1 (bottom panel) or a non-relevant anti-GFP antibody (IgG control). 

The immunocomplexes were washed and YY1, HCF-1 and BAP1 were detected by 

immunoblotting. 

 

Figure 2. The DUB activity is not required for the assembly of BAP1 complexes or YY1 

stability. 

(A) Depletion of BAP1 does not affect the steady-state levels of YY1 and HCF-1. Left panel, 

HeLa cells were transfected with either non-targeting control or BAP1 shRNA plasmids along 

with the pBABE puromycin resistance-encoding vector, and transfected cells were selected by 

adding puromycin for 2 days prior to harvesting for western blotting using the indicated 

antibodies. Right panel, the siRNA smart pools for human BAP1, or a non-target control, 

were transfected into U2OS cells and expressed for 3 days prior to harvesting for western 

blotting using the indicated antibodies. (B) BAP1 catalytic activity is not required for BAP1 

complexes formation. A HeLa cell line stably expressing Flag-HA-BAP1 catalytic inactive 

mutant (C91S) was used along with the wildtype control cells for double immuno-purification 

of BAP1 complexes. Silver staining was conducted on fractions from two elutions (E1 and 

E2) with HA peptide (left panel). Immunoblotting was conducted for YY1, HCF-1 and BAP1 

(right panel). 

 

Figure 3. HCF-1 is required for ternary complex formation with YY1 and BAP1. 

(A) Interaction in vitro between YY1 and BAP1 mutants. Various GST deletion fragments of 

BAP1 bound to GSH beads were incubated with His-YY1 for 8 hours and, following 

extensive washes, the bead-associated complexes were analyzed by coomassie blue staining 

for GST-BAP1 fragments and western blotting for YY1. HBM, HCF-1 Binding Motif; CC, 

coiled-coil domain. (B) Interaction in vitro between HCF-1 or BAP1 and various YY1 

mutants. Bottom left panel, interaction in vitro between YY1 and HCF-1. Various GST 

deletion fragments of YY1 bound to GSH beads were incubated with in vitro translated 35S 

labeled-HCF-1 for 8 hours and following purification, HCF-1 was analyzed by 

autoradiography. Bottom right panel, identification of the YY1 domain required for 
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interaction with BAP1. Various GST deletion fragments of YY1 were incubated with His-

BAP1 for 8 hours and the bead-associated complexes were analyzed by coomassie blue 

staining and western blotting for BAP1.  

 

Figure 4. HCF-1 is required for ternary complex formation with BAP1 and YY1 in vivo. 

(A) HCF-1 is required for proper assembly of BAP1 complexes. A HeLa cell line stably 

expressing Flag-HA-BAP1 lacking the HBM was used for immunopurification using anti-

Flag and anti-HA antibodies. The eluted material was used for SDS-PAGE and silver stain 

(left panel). Immunoblotting detection of BAP1, HCF-1 and YY1 (right panel). The BAP1 

wildtype (WT) was used as a control. (B) Depletion of HCF-1 destabilizes BAP1 interaction 

with YY1. A HeLa cell line stably expressing Flag-HA-BAP1 was transfected with either a 

non-targeting control or HCF-1 shRNA plasmid along with the pBABE puromycin resistance-

encoding vector, and transfected cells were selected by adding puromycin for 2 days prior 

harvesting for double immunopurification of BAP1. The eluted proteins were detected by 

western blotting using the indicated antibodies. (C) Cleavage of Ub-AMC by various BAP1 

complexes (WT, C91S and ∆HBM) and recombinant BAP1. Left panel, equal quantities of 

BAP1 were used for deubiquitination reactions with 37.5 pmol of Ub-AMC. Right panel, 

release of AMC was monitored by fluorescence spectroscopy (Excitation: 380 nm and 

Emission: 460 nm). All experiments were repeated at least 3 times and the data are presented 

as mean ± SD. a.u., arbitrary units. 

 

Figure 5. A BAP1/HCF-1/YY1 complex is associated with euchromatin regions.  

(A) Immunolocalization of BAP1 in U2OS cells, indicating that this DUB is mostly excluded 

from heterochromatic regions. To ensure the specificity of immunostaining, U2OS cells were 

transiently transfected with siRNA against BAP1 and at three days post-transfection cells 

were used for immunostaining employing a BAP1 monoclonal antibody. Following Z-stacks 

image acquisition, RGB profiles were generated by WCIF-ImageJ program (NIH). Although 

most of the cells are depeleted of BAP1, some were not transfected and show normal BAP1 

expression. In the image shown, the cell delimited with the discontinuous line has been 

RNAi-depleted for BAP1. The other cell shown in the image presumably did not receive the 
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siRNA and expresses normal levels of BAP1.  The intensity of fluorescence signals for BAP1 

(red) and DNA (blue) at the indicated bars are shown in relative units (bottom right panel). 

(B) BAP1 as well as other components of the BAP1 complexes are associated with 

euchromatin. The chromatin/nuclear matrix fraction was treated with micrococcal nuclease 

(MNase) to release nucleosomes. Proteins were detected in the soluble and pellet fractions by 

immunoblotting or coomassie blue staining. (C) Purification of BAP1/HCF-1/YY1 from 

chromatin fraction. Chromatin fraction of HeLa cells stably expressing Flag-HA-BAP1 was 

digested with MNase (3U/ml) for 10 min. Following centrifugation at 13,000 g/10 min, an 

aliquot was used for phenol-chloroform extraction of DNA and agarose gel analysis (left 

panel). Immunopurification of BAP1 was conducted with the prepared chromatin fraction. 

The eluted proteins were detected using BAP1, YY1 and HCF-1 antibodies (right panel).  

 

Figure 6. BAP1 activates transcription in a DUB-activity dependent manner. 

(A) Schematic representation of the Gal4 transcription system. A transcription reporter assay 

was conducted by targeting BAP1 to the Gal4-TK-luciferase using Gal4-BAP1 fusion protein. 

This consists of targeting a protein of interest, fused in frame to the GAL4 DNA binding 

domain, to the luciferase reporter driven by a promoter containing GAL4 binding sites and the 

thymidine kinase proximal promoter. (B) Gal4-BAP1 activates transcription. HeLa cells were 

transfected with 100 ng of Gal4-BAP1, BAP1 or Gal4 expression plasmids along with 500 ng 

Gal4-TK-Luciferase or 500 ng TK-Luciferase reporter plasmids. Equal expression of various 

BAP1 constructs was confirmed by western blotting using anti-BAP1 (bottom panel) and 

luciferase activity was measured (top panel) at 2 days post-transfection. (C) HCF-1 is 

essentially dispensable for Gal4-BAP1 transcriptional activity. The Gal4 reporter assay was 

conducted using 500 ng Gal4-TK-Luciferase and equal amount of Gal4-BAP1 WT and Gal4-

BAP1 ∆HBM. The expression of BAP1 constructs was monitored by western blotting (right 

panel) and luciferase activity was measured (left panel) at 2 days post-transfection. (D) The 

BAP1 catalytic activity is required for transcription activation. The Gal4 reporter assay was 

conducted using 500 ng Gal4-TK-Luciferase and various amounts of Gal4-BAP1 WT or the 

catalytic inactive mutant (C91S). The expression of BAP1 constructs was monitored by 

western blotting (bottom panel) and luciferase activity was measured (top panel) at 2 days 
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post-transfection. All experiments were repeated at least 3 times and the results shown are 

from a representative experiment. Data are presented as mean ± SD. 

 

Figure 7. BAP1 regulates the expression of genes involved in numerous cellular 

processes. 

(A) Functional analysis of genes deregulated following BAP1 depletion. The bar chart was 

generated by Ingenuity Pathways Analysis Version 8.5 using 1244 genes deregulated for both 

shBAP1s (Fold change: less than 0.7 and more than 1.5). The p value is calculated using the 

Fisher Exact Test. The smaller the p-value the less likely that the association is random. The 

line denotes the cutoff for significance (p value of 0.05).  (B) RT-PCR analysis of selected 

genes. U2OS cells were transfected with either a non-targeting control or BAP1 shRNA 

plasmids along with the pBABE puromycin resistance-encoding vector, and transfected cells 

were selected by adding puromycin for 24 hours prior to synchronization at the G1/S border 

by the method of double thymidine block. mRNA quantification was conducted by real time 

RT-PCR analysis. All experiments were repeated at least 3 times and the data are presented as 

mean ± SD. 

  

Figure 8. YY1 recruits BAP1 to co-activate cox7c expression. 

(A) Alignment of cox7c promoter sequences from various mammalian species, Homo 

Sapiens, NC000005.9; Bos Taurus, NC007305.3; Mus Musculus NC000079.5. The YY1 

binding sites are framed. The TSS is underlined. (B) Expression of COX7C following 

depletion of BAP1, HCF-1 or YY1. COX7C protein levels following transfection with BAP1 

(left panel), HCF-1 (middle panel), YY1 (right panel) or non-target control shRNAs in U2OS 

or HeLa cells. Following transfection and selection with puromycin for 2 days, cells were 

harvested for immunoblotting. (C) Downregulation of COX7C following expression of 

catalytic inactive BAP1. U2OS cells were transduced with retroviral particles to overexpress 

either BAP1 or its catalytic inactive form (C91S). Following 3 days, cells were harvested for 

western blotting using the indicated antibodies. (D) cox7c promoter occupancy by YY1, 

BAP1, and HCF-1. YY1 shRNA was expressed in U2OS cells by transfection and selection 

with puromycin for 2 days before harvesting for ChIP (left panel) or western blotting (right 
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panel). ChIP was conducted using polyclonal antibodies against BAP1, HCF-1 or YY1. An 

IgG was used as control. The enrichment of factors was calculated versus β-globin promoter 

used as a control. All experiments were repeated at least 3 times and the results shown are 

from a representative experiment. Data are presented as mean ± SD. (E) Model representing 

the recruitment of BAP1 and HCF-1 to the cox7c promoter by the transcription factor YY1. 
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SUMMARY 

The cellular response to highly genotoxic DNA double-strand breaks (DSBs) involves 

the exquisite coordination of multiple signaling and repair factors. Here, we conducted a 

functional RNAi screen and identified BAP1 as a DUB required for efficient assembly of the 

homologous recombination (HR) factors BRCA1 and RAD51 at ionizing radiation (IR)-

induced foci (IRIF). BAP1 is a chromatin-associated protein frequently inactivated in cancers 

of various tissues. To further investigate the role of BAP1 in DSB repair, we used a gene 

targeting approach to knock out this DUB in chicken DT40 cells. We demonstrate that BAP1-

deficient cells are (i) sensitive to IR and other agents that induce DSBs, (ii) defective in HR-

mediated immunoglobulin gene conversion and (iii) exhibit an increased frequency of 

chromosomal breaks following IR treatment. We also show that BAP1 is recruited to 

chromatin in the proximity of a single site-specific I-SceI-induced DSB. Finally, we identified 

six IR-induced phosphorylation sites in BAP1 and demonstrated that mutation of these 

residues inhibits BAP1 recruitment to DSB site. We also found that both BAP1 catalytic 

activity and its phosphorylation are critical for promoting DNA repair and cellular recovery 

from DNA damage. Our data reveal a novel role for BAP1 in DSB repair by HR, thereby 

providing a possible molecular basis for its tumor suppressor function. 

 

 

 

Significance Statement 

BAP1 is a deubiquitinase of histone H2A involved in chromatin remodeling. Several 

studies identified BAP1 as major tumor suppressor inactivated in various cancers. 

Nonetheless, the manner in which BAP1 protects against cancer development remains 

enigmatic. We now demonstrate that BAP1 is recruited to double strand DNA break sites and 

promotes error-free repair of these lesions. We also provide the first evidence that 

phosphorylation coordinates the function of BAP1 in promoting cellular recovery from DNA 

damage. Thus, our study represents a significant advance in the field of ubiquitin signaling in 

the context of cancer development. 
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INTRODUCTION  

Following induction of DSBs, a convoluted ubiquitin-mediated signaling cascade 

culminates in the assembly of multiple repair proteins at the site of DNA damage (1). These 

early ubiquitin signaling events involve, most notably, the recruitment of the RING finger E3 

ligases RNF8/RNF168. RNF168 catalyzes K63-linked ubiquitin chains formation on histones 

H2A/H2AX, which is required for the recruitment of key downstream factors including 

53BP1, BRCA1, and RAD51 (2). 53BP1 and BRCA1/RAD51 promote, in a cell cycle-

dependent manner, DSB repair via non-homologous end joining (NHEJ) and homologous 

recombination (HR) respectively (3). In parallel, another ubiquitin signaling pathway, 

involving the Polycomb group complex PRC1, also contributes to coordinate the DSB 

response. PRC1 catalyzes the monoubiquitination of H2A on K119 residue (H2Aub), a 

critical chromatin modification involved in regulating gene expression and DNA 

damage/repair responses (4). It was proposed that H2Aub promotes silencing of transcription 

in chromatin regions flanking the DSBs, thus facilitating DNA repair (5, 6). 

 

Several deubiquitinases (DUBs) have also been linked to DSB signaling and growing 

evidence suggests that deubiquitination might exert an extensive control on the recruitment 

and/or disassembly of proteins at the site of DNA damage. For instance, BRCC36, a K63 

chain-specific DUB, regulates the recruitment of repair proteins by modulating the level of 

ubiquitin chains (7, 8). POH1/rpn11/PSMD14, a regulatory subunit of the 19S proteasome, 

deconjugates ubiquitin chains at DSB sites and promotes the recruitment of RAD51 (9). USP3 

and OTUB1 have also been reported to be important for DSB signaling and repair (10, 11). 

 

The DUB BAP1 is a tumor suppressor inactivated in various types of cancer (12). 

BAP1 forms multi-protein complexes with several chromatin associated-proteins notably the 

host cell factor 1 (HCF-1) and regulates transcription (13). The Drosophila BAP1, Calypso 

was shown to deubiquitinate H2Aub (14). Thus BAP1 might be involved in the DNA damage 

response by coordinating H2A ubiquitination. Notably, proteomic studies revealed BAP1 

among phosphorylated proteins during DNA damage (15). Nonetheless, the role of BAP1 in 

DNA damage response, and more generally the mechanism of tumor suppression exerted by 
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this DUB, remains unclear. In the current study, we identify BAP1 as a novel regulator of 

DSB repair, which in turn may elucidate the molecular underpinnings of its to date poorly 

understood tumor suppressor function. 
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RESULTS  

A DUB RNAi screen reveals novel regulators of HR proteins assembly at IRIF.  

We sought to identify novel DUBs required for the recruitment or the dispersion of 

repair proteins at IRIF. A human DUB RNAi library was used to screen for DUBs whose 

depletion affect the number of RAD51 or BRCA1 foci at DSB sites (Fig. 1A). A twenty-four 

hours time point post-IR was selected for our studies, time at which 50-60 % of cells still 

exhibit DSB foci, thus facilitating detection of any potential increase or decrease of foci 

formation (Fig. 1B). Several DUBs were identified in this manner as associated with either 

increased, or more often decreased, RAD51 and/or BRCA1 foci (Fig. 1C, Table S1). As a 

proof of validity, we also identified BRCC36, USP3 and PSMD14, which have been 

previously reported to regulate DSB signaling by impacting RAD51 and/or BRCA1 foci 

formation (9, 10, 16). The novel DUB candidates whose knockdown induced a decrease in 

BRCA1/RAD51 foci formation include BAP1, DUB3, STAMBP, STAMBPL1 and COPS5 

(Fig. 1C). We also identified candidate DUBs whose knockdown result in increased 

BRCA1/RAD51 foci formation, notably ZRANB1 (Fig. 1C). Immunostainings of BRCA1 

and RAD51 foci following depletion of the known DSB regulator PSMD14 and the novel 

candidate BAP1 are shown (Fig. 1D). 

 

BAP1 promotes the recruitment of HR proteins at IRIF. 

We focused on further characterization of BAP1 in the DNA damage signaling/repair 

processes. We used two additional shRNA constructs targeting BAP1 and found that in each 

case both BRCA1 and RAD51 foci were significantly reduced (Fig. S1A). Next, we 

monitored the dynamics of IRIF formation for several key proteins in BAP1-depleted cells. 

Primary human fibroblasts (LF1) were transfected either with control or BAP1 siRNA 

constructs, irradiated and analyzed at different time points post-damage (Fig. 2A,B and Fig. 

S1B). Relative to control cells, the majority of BAP1-depleted cells exhibited less than 10 

BRCA1 and RAD51 foci per cell at all time points, although γH2AX focus formation was 

similar. It is known that 53BP1 inhibits BRCA1-mediated HR and promotes NHEJ during the 

G1 phase (17). However, cell cycle analysis did not reveal any substantial accumulation of 

cells in the G1 phase (Fig. S2A). In addition, we did not observe any significant increase in 
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53BP1 foci either prior to, or post, IR treatment (Fig. 2A,B). Consistent with these results, 

staining for foci containing auto-phosphorylated DNA-PK, a kinase required for NHEJ (18), 

did not reveal significant differences between BAP1-depleted and control cells (Fig. 2A,B). 

Interestingly, constitutive BRCA1 foci, that are distinct from IRIF, were also reduced in 

BAP1-depleted cells indicating that this DUB might be involved in coordinating BRCA1 

association with chromatin under normal growth conditions. Of note, BRCA1/RAD51 protein 

expression were not significantly different following BAP1 depletion (Fig. 2C). We note that 

IR-induced accumulation of the p53 tumor suppressor was essentially similar in control vs. 

BAP1-depleted cells (Fig. S2B). As expected, BAP1-depleted cells manifested a global 

increase of H2Aub (Fig. 2C and Fig. S2C).  

 

BAP1 does not distinctly accumulate at IRIF (Fig. S1A), but might be transiently and 

dynamically recruited to DSBs. To assess the potential recruitment of BAP1 to DNA breaks, 

we fractionated cellular extracts from untreated vs. IR-treated cells and observed a consistent 

increase of BAP1 in the chromatin fraction in response to IR (Fig. 2D). As expected, 

accumulation of RAD51 and BRCA1 on chromatin was readily observed. Of note, no obvious 

change of global H2Aub was observed in the chromatin fractions suggesting that DNA 

damage-induced H2A ubiquitination marginally contribute to the global H2Aub signal. We 

further probed whether BAP1 is indeed recruited to DSB sites by chromatin 

immunoprecipitation (ChIP) (Fig. 2E). Real-time PCR quantification of immunoprecipitated 

chromatin by BAP1 in the vicinity of a unique DSB created by I-SceI in vivo indicated that 

BAP1 is enriched near the DSB site. Importantly, at the break site, H2Aub levels were 

inversely correlated with BAP1 recruitment. In contrast, no recruitment of BAP1 was detected 

distal to the break, where high levels of H2Aub were observed.  

 

BAP1 KO DT40 cells are sensitive to DSB-inducing agents and defective in HR-

mediated sIgM gene conversion. 

 To further investigate the function of BAP1 in HR, we generated a conditional BAP1 

KO chicken B lymphoma DT40 cells (Fig. 3A). BAP1 is highly conserved between human 

and chicken (Fig. S3A). Southern blot analysis indicated that both alleles were ablated (Fig. 
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3B). Targeting of one allele included an expression cassette with the human BAP1 cDNA 

flanked by two loxP sites allowing Cre-mediated excision. The DT40 Cre-1 cell line used for 

the KO generation stably expresses a tamoxifen inducible Cre recombinase (19). Thus, 

following tamoxifen treatment, >95% of the cells lose BAP1 expression (Fig. S3B). To obtain 

cell populations that are completely BAP1-deficient, we isolated two single cell KO clones 

with complete absence of BAP1 expression (Fig. 3C). BAP1-deficient DT40 cells show, as 

expected, a global increase of H2Aub (Fig. 3C). Cell proliferation was also delayed in BAP1 

KO cells (Fig. S4). 

 

To assess the role of BAP1 in DSB repair, we conducted survival assays with BAP1 

KO DT40 cells treated with DNA damaging agents that induce DSBs. Since BAP1 KO cells 

proliferate slower than WT cells (Fig. S4), cell numbers were adjusted before treatment to 

compensate for any potential bias that could be introduced as a consequence of unequal cell 

proliferation. We observed that the BAP1-/- cells are more sensitive to IR than WT cells (Fig. 

3D). BAP1 KO sensitivity to IR is accompanied by an elevated level of chromosome 

aberrations (Fig. 3E, S5). HR-deficient cells, such as cancer cells harboring inactivating 

mutations in BRCA1 or BRCA2, are hypersensitive to poly (ADP-ribose) polymerase (PARP) 

inhibition (20). We analyzed the response of BAP1 -/- cells to the PARP inhibitor, Olaparib. 

Indeed, BAP1 -/- cells are strikingly sensitive to PARP inhibition relative to BAP1 +/+ and 

+/- cells (Fig. 3D). The high sensitivity of BAP1 KO cells to IR and Olaparib is consistent 

with the recently reported sensitivity of renal carcinoma-derived BAP1-deficient cells to 

DSB-inducing agents (21). 

 

 In order to confirm a role for BAP1 in HR, we took advantage of the fact that DT40 

cells constitutively diversify their immunoglobulin loci by gene conversion (22). The DT40 

Cre-1 cell line harbors a frameshift in the rearranged V segment of the Ig light chain gene 

(IgL), which results in a surface IgM negative (sIgM-) phenotype. This frameshift can be 

repaired by HR-based gene conversion in a fraction of the cells, leading to the re-expression 

of sIgM (Fig. 3F). Thus, the proportion of sIgM+ revertants in the population can be used to 

quantify gene conversion efficiency. sIgM- cells were sorted and expanded to allow gene 
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reversion for the same number of population doublings. While approximately 8 % of BAP1 

+/+ cells reverted, both BAP1 -/- clones were relatively defective (1 % and 0.5 %) whereas 

BAP1 +/- cells showed an intermediate phenotype (5 %) (Fig. 3F).  

 

Phosphorylation of BAP1 following IR treatment promotes DNA repair and cellular 

recovery from DNA damage. 

In global proteomics studies, BAP1 was reported to be phosphorylated on S592 

(ATM/ATR SQ motif) following IR treatment (15). We conducted a large-scale 

immunopurification of BAP1 post-IR from HeLa cells followed by mass spectrometry 

analysis. We identified another SQ phosphosite (S276) and novel IR-induced phosphorylation 

sites two of which are conserved between human and chicken (Fig 4A. Fig. S6A-C). 

  

Using an anti-pSQ(G) antibody, expected to recognize S592, we found that mutation 

of S592, indeed abolished the phosphorylation of BAP1 on this site (Fig S7A). Next, using 

this antibody, we found that inhibition of ATM with caffeine or KU-55933 resulted in 

decreased phosphorylation of BAP1 S592 (Fig 4B). However, ATR inhibition only resulted in 

a slight decrease of the S592 phosphorylation signal, while ATR-mediated CHK1 

phosphorylation was abrogated (Fig. S7B). Using DNA-PK-deficient cells, we found that this 

kinase is not responsible for phosphorylation of BAP1 S592 following IR (Fig. S7C). Of note, 

HCF-1 is not required for BAP1 phosphorylation by ATM since the S592 phosphorylation 

signal on BAP1 lacking HBM is not decreased following IR treatment (Fig. S7D). CDKs are 

involved in DSB repair (23, 24), and might in concert with ATM, phosphorylate BAP1 in 

order to coordinate its function. Using chemical inhibitors in conjunction with the anti-

pSQ(G) antibody, we did not observe a requirement of CDKs for BAP1 phosphorylation by 

ATM (Fig.S7E). Using the PRO-Q phosphostain, we found that the global phosphorylation 

state of BAP1 did not significantly change following IR treatment or CDK inhibition (Fig. 

S7E), likely due to the high level of constitutive phosphorylation of BAP1.  

 

Next, we found that the stable components of the BAP1 complexes are unaffected by 

IR treatment (Fig. 4C and Fig. S6D). We then used an activity-directed ubiquitin probe that 
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binds to the catalytic site of cysteine protease DUBs, and found that the probe labeled purified 

BAP1 from untreated and IR-treated cells with similar efficiency (Fig. 4D, top panel). Similar 

results were observed for endogenous BAP1 in HeLa or U2OS cells (Fig. S6E). Next, we 

evaluated BAP1 DUB activity toward H2A using purified nucleosomes incubated with BAP1 

complexes isolated from untreated vs. IR-treated cells (Fig. 4D, bottom panel) and no 

significant difference was observed. Therefore, we sought to determine the importance of the 

IR-specific phosphosites of BAP1 for its DNA damage function in vivo. We generated a set 

of BAP1 phospho-mutants including the conserved residues S/T273/A and S276A, the SQ 

sites (S276A/S592A, SQ-MUT), and all IR-phosphorylated residues of BAP1 (6 phosphosites 

converted to alanines, P-MUT). These mutants were used, along with the BAP1 ΔHBM, and 

the BAP1 catalytically dead (C91S), to stably reconstitute the BAP1-deficient lung carcinoma 

cell line H226 (Fig. 5A). As previously shown (25), expression of BAP1 WT, but not the 

catalytic dead mutant, induced a delay in H226 cell proliferation (Fig. 5B). BAP1-deficient in 

interaction with HCF-1 did not affect cell proliferation. Interestingly, the BAP1 P-MUT also 

failed to reduce cell proliferation. To further determine the sensitivity of these cells to IR, 

clonogenic survival assay was performed. To exclude any potential bias that can be 

introduced by the unequal cell proliferation of the BAP1 stable cell lines, survival rates were 

normalized to untreated cells. Thus, although H226 cells expressing BAP1 WT proliferate 

relatively slowly, they were more resistant to IR compared to H226 cells expressing the empty 

vector. The BAP1 C91S, BAP1 ΔHBM and BAP1 P-MUT were the most sensitive to IR (Fig. 

5C). Based on the above, we concluded that phosphorylation of BAP1 on multiple sites as 

well as catalytic activity are required for promoting cell survival following IR. Of note, no 

overt apoptosis is induced following IR treatment of H226 expressing the WT or mutant 

forms of BAP1 (Fig. S8B). Next, we conducted ChIP analysis and found that while the 

recruitment of BAP1 SQ-MUT to the site of DSB was partially decreased, the recruitment 

BAP1 P-MUT, was totally abolished (Fig. 5D). Of note, similar to the WT BAP1, the P-MUT 

assembled protein complexes (Fig S7F, G) and efficiently deubiquitinated nucleosomal H2A 

in vitro (Fig S7H). To directly analyze DSB repair, we determined the levels of γH2AX in 

H226 stably expressing BAP1 WT or mutants following IR treatment (Fig. 5E). We found 

that the WT BAP1, but not the C91S or the P-MUT reduced both the constitutive and IR-
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induced accumulation γH2AX. BAP1, but not the C91S mutant, promoted a strong 

deubiquitination of H2A. Interestingly, while expression of BAP1 P-MUT also significantly 

promoted deubiquitination of H2A, the remaining levels of H2Aub were consistently twice 

higher in cells expressing the BAP1 P-MUT than the cells expressing the WT form (Fig. 5E). 
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DISCUSSION 

We report the identification of DUB candidates that might play important roles in the 

cellular response to DSBs. Notably, STAMBP and COPS5 appear to be interesting 

candidates. These DUBs are zinc-dependent metalloproteases of the JAMM/MPN+ family 

which have intrinsic specificity toward K63-linked ubiquitin chains (26). Since K63 chains 

are highly involved in the DSB response, it is possible that these DUBs regulate DSB repair. 

Notably, we also identify BAP1 as a novel regulator of HR. Consistently, BAP1 KO 

phenocopies BRCA1 KO and RAD51 KO in DT40 cells, being both hypersensitive to DSB-

inducing agents accompanied with high levels of chromosome breaks (27, 28). We emphasize 

that BAP1 heterozygous clones also exhibit chromosomal defects and decreased HR-mediated 

sIgM reversion. This suggests that BAP1 dosage is critical, which may reflect the fact that all 

nuclear BAP1 is contained within multi-protein complexes (13). Indeed, BAP1 heterozygous 

mutations are found in human tumors (29). 

 

Several mechanisms, not necessarily mutually exclusive, might explain how BAP1 

regulates HR proteins. First BAP1 depletion decreases the assembly of constitutive BRCA1 

foci, which are associated with replication of heterochromatin (30). Thus, it is plausible that 

BAP1 depletion affects the expression of genes involved in BRCA1 recruitment on 

chromatin. It is also possible that the effects of BAP1 on the recruitment of HR proteins might 

be directly linked to its previously reported interaction with BRCA1/BARD1 (31, 32). 

Although our studies failed to reveal BRCA1/BARD1 as stable components of the BAP1 

complexes (13), and BAP1 exerts BRCA1-independent effects on cell proliferation (25), it is 

possible that BRCA1 interaction with BAP1 is transient and associated with DNA damage-

dependent and -independent events. Thus, the implication of BAP1 in HR revealed herein 

provides impetus for future studies to determine the exact significance of the interaction 

between BAP1 and BRCA1/BARD1. 

 

On the other hand, to facilitate DNA repair, transcription appears to be blocked at 

DSB by PRC1-mediated H2A ubiquitination (5). Accordingly, DUBs that remove H2Aub at 

DSBs are expected to inhibit HR. However, we observed the opposite effect, i.e., the H2A 
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DUB BAP1 promotes HR. In fact, the BAP1 complex might act in concert with the PRC1 

complex to promote dynamic ubiquitination/deubiquitination of H2A thereby ensuring the 

proper dosage of this modification at the site of DSB. Based on our ChIP analysis for BAP1 

and H2Aub near the DSB site, it is possible that BAP1 deubiquitinates H2A in the proximity 

of the DSB site to increase chromatin accessibility at this specific region to allow, e.g., DNA 

resection during HR. Thus, BAP1 depletion causing an increase of H2Aub might interfere 

with specific chromatin and/or histone modifications events at DSBs, which might explain the 

observed defect in HR. Moreover, it is possible that more than one H2A DUB is involved in 

the signaling at DSBs. Some DUBs might assist in chromatin organization to promote DNA 

repair, whereas others could play a role in foci resolution. Consistent with this model, it was 

reported that another H2A DUB, USP16, regulates the level of this histone modification to 

control the derepression of transcription at DSB sites (6). 

 

In support of BAP1 function in the cellular response to DSBs, we showed that its 

phosphorylation is required for promoting survival after IR. Since BAP1 phosphorylation 

does not directly impact intrinsic BAP1 DUB activity, it is possible that it rather promotes 

BAP1 interaction with other factors to facilitate the recruitment to DSBs where it regulates 

H2Aub levels. Indeed, the residual levels of H2Aub are consistently higher in H226 cells 

expressing the BAP1 P-MUT than the WT form, probably reflecting an inability of the mutant 

to deubiquitinate the small pool of H2Aub associated with DSBs. We also note that several 

sites of BAP1 are phosphorylated following IR treatment, including SQ and non-SQ sites 

indicating that BAP1 is phosphorylated by multiple DNA damage-responsive kinases. Thus, 

BAP1 involvement in the DNA damage response might be more complex than anticipated. 

Indeed, the use of BAP1 P-MUT to reconstitute BAP1-deficient H226 cells indicated that the 

decrease of cell proliferation following re-introduction of WT BAP1 depends on its 

phosphorylation, even in the absence of exogenously inflicted DNA damage. The effect of 

BAP1 phosphorylation on cell proliferation likely reflects a role of this DUB in DNA 

damage-induced checkpoint responses. In fact, normally growing H226 cells have elevated 

levels of γH2AX and a severe genomic instability (Fig. S8C,D), indicative of high rates of 

spontaneous DNA damage in these BAP1-deficient cells. These cancer cells must necessarily 
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harbor defects in DNA damage checkpoints that allow them to proliferate under such genomic 

instability. Therefore, the expression of BAP1 WT in H226 cells might re-activate certain 

DNA damage checkpoints thus causing decreased cell proliferation.  

 

In summary, we provide strong evidence indicating that BAP1 is a DNA damage 

signaling and repair enzyme (Fig. 5F). Loss of BAP1 is expected to decrease HR, an error free 

repair mechanism. Under such conditions, cells might become much more reliant on NHEJ, 

an error-prone repair mechanism, resulting in the net accumulation of mutations and 

chromosomal aberrations that cause genomic instability. Moreover, as a consequence of 

BAP1 inactivation, defects in checkpoint(s) signaling could promote the survival of cells 

harboring damaged DNA, thus driving neoplastic transformation. 
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MATERIALS AND METHODS 

RNAi, gene targeting and phenotypic analysis. 

Cells were transfected with siRNA or shRNA targeting DUBs or non-target control 

and harvested as indicated. The DT40 Cre-1 cell line was used to generate the BAP1 KO. 

Clonogenic survival assay, cytogenetic analysis, sIgM gene conversion assay, preparation of 

cell extracts and chromatin fraction for western blotting were done as described in the SI text. 

 

Immunofluorescence and flow cytometry analysis. 

Cells were immunostained as previously described (33). Flow cytometry 

determination of DNA content, BAP1, phospho histone H3 serine 10, and BrdU incorporation 

were conducted using LSRII flow cytometer and data were processed with FlowJo V887 

software.  

 

Chromatin immunoprecipitation on I-SceI-induced double strand break (DSB). 

Induction of a single DSB following I-SceI expression, ChIP experiments and real-

time PCR were done as described in the SI text. 

 

Purification of BAP1 complexes and identification of phosphorylation sites. 

HeLa S3 cells expressing stably Flag-HA-BAP1 or the empty vector were treated with 

IR and used for immunopurification and Mass spectrometry. Additional details are provided 

in the SI text. 

 

Deubiquitination assays. 

Ubiquitin-Vinyl Methyl Ester (Ub-VME) probe labeling and In vitro H2Aub 

deubiquitination assay were done as described in the SI text.  

 

 

 

 



 

 

321 

 

Acknowledgements. This work was supported by grants from the Cancer Research Society to 

EBA, the Canadian Institutes of Health Research (CIHR) to JYM, the Canadian Cancer 

Society Research Institute (grant #700348) to JMDN, and the Natural Sciences and 

Engineering Research Council of Canada to ED. EBA is a scholar of the CIHR and Le Fonds 

de la Recherche en Santé du Québec (FRSQ). JYM is a FRSQ National investigator. JMDN is 

supported by a Canada research chair tier 2. HY was supported by a PhD scholarship from the 

Cole foundation and the CIHR. We want to thank Huib Ovaa for kindly providing us the DUB 

probe and Sylvie Lavallée for cytogenetic analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

322 

 

REFERENCES 

 

1. HARPER JW & ELLEDGE SJ (2007) THE DNA DAMAGE RESPONSE: TEN 

YEARS AFTER. MOL CELL 28(5):739-745. 

2. PRICE BD & D'ANDREA AD (2013) CHROMATIN REMODELING AT DNA 

DOUBLE-STRAND BREAKS. CELL 152(6):1344-1354. 

3. CHAPMAN JR, TAYLOR MR, & BOULTON SJ (2012) PLAYING THE END 

GAME: DNA DOUBLE-STRAND BREAK REPAIR PATHWAY CHOICE. MOL CELL 

47(4):497-510. 

4. ZHOU W, WANG X, & ROSENFELD MG (2009) HISTONE H2A 

UBIQUITINATION IN TRANSCRIPTIONAL REGULATION AND DNA DAMAGE 

REPAIR. INT J BIOCHEM CELL BIOL 41(1):12-15. 

5. CHAGRAOUI J, HEBERT J, GIRARD S, & SAUVAGEAU G (2011) AN 

ANTICLASTOGENIC FUNCTION FOR THE POLYCOMB GROUP GENE BMI1. PROC 

NATL ACAD SCI U S A 108(13):5284-5289. 

6. SHANBHAG NM, RAFALSKA-METCALF IU, BALANE-BOLIVAR C, JANICKI 

SM, & GREENBERG RA (2010) ATM-DEPENDENT CHROMATIN CHANGES 

SILENCE TRANSCRIPTION IN CIS TO DNA DOUBLE-STRAND BREAKS. CELL 

141(6):970-981. 

7. SHAO G, ET AL. (2009) THE RAP80-BRCC36 DE-UBIQUITINATING ENZYME 

COMPLEX ANTAGONIZES RNF8-UBC13-DEPENDENT UBIQUITINATION EVENTS 

AT DNA DOUBLE STRAND BREAKS. PROC NATL ACAD SCI U S A 106(9):3166-

3171. 

8. COOPER EM, ET AL. (2009) K63-SPECIFIC DEUBIQUITINATION BY TWO 

JAMM/MPN+ COMPLEXES: BRISC-ASSOCIATED BRCC36 AND PROTEASOMAL 

POH1. EMBO J. 

9. BUTLER LR, ET AL. (2012) THE PROTEASOMAL DE-UBIQUITINATING 

ENZYME POH1 PROMOTES THE DOUBLE-STRAND DNA BREAK RESPONSE. 

EMBO J 31(19):3918-3934. 



 

 

323 

 

10. NICASSIO F, ET AL. (2007) HUMAN USP3 IS A CHROMATIN MODIFIER 

REQUIRED FOR S PHASE PROGRESSION AND GENOME STABILITY. CURR BIOL 

17(22):1972-1977. 

11. NAKADA S, ET AL. (2010) NON-CANONICAL INHIBITION OF DNA 

DAMAGE-DEPENDENT UBIQUITINATION BY OTUB1. NATURE 466(7309):941-946. 

12. CARBONE M, ET AL. (2013) BAP1 AND CANCER. NAT REV CANCER 

13(3):153-159. 

13. YU H, ET AL. (2010) THE UBIQUITIN CARBOXYL HYDROLASE BAP1 

FORMS A TERNARY COMPLEX WITH YY1 AND HCF-1 AND IS A CRITICAL 

REGULATOR OF GENE EXPRESSION. MOL CELL BIOL. 30, 5071-5085.  

14. SCHEUERMANN JC, ET AL. (2010) HISTONE H2A DEUBIQUITINASE 

ACTIVITY OF THE POLYCOMB REPRESSIVE COMPLEX PR-DUB. NATURE 

465(7295):243-247. 

15. STOKES MP, ET AL. (2007) PROFILING OF UV-INDUCED ATM/ATR 

SIGNALING PATHWAYS. PROC NATL ACAD SCI U S A 104(50):19855-19860. 

16. CHEN X, ARCIERO CA, WANG C, BROCCOLI D, & GODWIN AK (2006) 

BRCC36 IS ESSENTIAL FOR IONIZING RADIATION-INDUCED BRCA1 

PHOSPHORYLATION AND NUCLEAR FOCI FORMATION. CANCER RES 

66(10):5039-5046. 

17. ESCRIBANO-DIAZ C, ET AL. (2013) A CELL CYCLE-DEPENDENT 

REGULATORY CIRCUIT COMPOSED OF 53BP1-RIF1 AND BRCA1-CTIP CONTROLS 

DNA REPAIR PATHWAY CHOICE. MOL CELL 49(5):872-883. 

18. CHEN BP, ET AL. (2005) CELL CYCLE DEPENDENCE OF DNA-DEPENDENT 

PROTEIN KINASE PHOSPHORYLATION IN RESPONSE TO DNA DOUBLE STRAND 

BREAKS. J BIOL CHEM 280(15):14709-14715. 

19. ARAKAWA H, LODYGIN D, & BUERSTEDDE JM (2001) MUTANT LOXP 

VECTORS FOR SELECTABLE MARKER RECYCLE AND CONDITIONAL KNOCK-

OUTS. BMC BIOTECHNOL 1:7. 



 

 

324 

 

20. BRYANT HE, ET AL. (2005) SPECIFIC KILLING OF BRCA2-DEFICIENT 

TUMOURS WITH INHIBITORS OF POLY(ADP-RIBOSE) POLYMERASE. NATURE 

434(7035):913-917. 

21. PENA-LLOPIS S, ET AL. (2012) BAP1 LOSS DEFINES A NEW CLASS OF 

RENAL CELL CARCINOMA. NAT GENET 44(7):751-759. 

22. WINDING P & BERCHTOLD MW (2001) THE CHICKEN B CELL LINE DT40: A 

NOVEL TOOL FOR GENE DISRUPTION EXPERIMENTS. J IMMUNOL METHODS 

249(1-2):1-16. 

23. HUERTAS P, CORTES-LEDESMA F, SARTORI AA, AGUILERA A, & JACKSON 

SP (2008) CDK TARGETS SAE2 TO CONTROL DNA-END RESECTION AND 

HOMOLOGOUS RECOMBINATION. NATURE 455(7213):689-692. 

24. JOHNSON N, ET AL. (2009) CDK1 PARTICIPATES IN BRCA1-DEPENDENT S 

PHASE CHECKPOINT CONTROL IN RESPONSE TO DNA DAMAGE. MOL CELL 

35(3):327-339. 

25. VENTII KH, ET AL. (2008) BRCA1-ASSOCIATED PROTEIN-1 IS A TUMOR 

SUPPRESSOR THAT REQUIRES DEUBIQUITINATING ACTIVITY AND NUCLEAR 

LOCALIZATION. CANCER RES 68(17):6953-6962. 

26. KOMANDER D, CLAGUE MJ, & URBE S (2009) BREAKING THE CHAINS: 

STRUCTURE AND FUNCTION OF THE DEUBIQUITINASES. NAT REV MOL CELL 

BIOL 10(8):550-563. 

27. VANDENBERG CJ, ET AL. (2003) BRCA1-INDEPENDENT UBIQUITINATION 

OF FANCD2. MOL CELL 12(1):247-254. 

28. SONODA E, ET AL. (1998) RAD51-DEFICIENT VERTEBRATE CELLS 

ACCUMULATE CHROMOSOMAL BREAKS PRIOR TO CELL DEATH. EMBO J 

17(2):598-608. 

29. DEY A, ET AL. (2012) LOSS OF THE TUMOR SUPPRESSOR BAP1 CAUSES 

MYELOID TRANSFORMATION. SCIENCE 337(6101):1541-1546. 

30. PAGEAU GJ & LAWRENCE JB (2006) BRCA1 FOCI IN NORMAL S-PHASE 

NUCLEI ARE LINKED TO INTERPHASE CENTROMERES AND REPLICATION OF 

PERICENTRIC HETEROCHROMATIN. J CELL BIOL 175(5):693-701. 



 

 

325 

 

31. JENSEN DE, ET AL. (1998) BAP1: A NOVEL UBIQUITIN HYDROLASE WHICH 

BINDS TO THE BRCA1 RING FINGER AND ENHANCES BRCA1-MEDIATED CELL 

GROWTH SUPPRESSION. ONCOGENE 16(9):1097-1112. 

32. NISHIKAWA H, ET AL. (2009) BRCA1-ASSOCIATED PROTEIN 1 INTERFERES 

WITH BRCA1/BARD1 RING HETERODIMER ACTIVITY. CANCER RES 69(1):111-119. 

33. HAMMOND-MARTEL I, ET AL. (2010) PI 3 KINASE RELATED KINASES-

INDEPENDENT PROTEOLYSIS OF BRCA1 REGULATES RAD51 RECRUITMENT 

DURING GENOTOXIC STRESS IN HUMAN CELLS. PLOS ONE 5(11):E14027. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

326 

 

FIGURE LEGENDS 

 

Figure 1. DUB screen identifies novel regulators of HR protein assembly at IRIF.  

A) Schematic representation of DUB loss-of-function screen for IRIF regulators. U2OS cells 

were transfected with individual siRNA pool targeting DUBs, exposed to IR and collected for 

staining. B) Graphs represent the percentage of cells with more than 10 foci of BRCA1 or 

RAD51. Dashed red line shows the percentage of cells with protein foci for the control 

sample. C) Venn diagrams showing DUBs associated with reduced or increased percentage of 

cells with foci. DUBs having the same phenotype with both BRCA1 and RAD51 foci are 

indicated. D) Representative staining of BRCA1 and RAD51 foci in PSMD14- and BAP1- 

depleted cells. 

 

Figure 2. BAP1 promotes IRIF formation and is recruited to the site of double strand 

breaks (DSBs).  

LF1 cells were transfected with either control or BAP1 siRNA. Three days following 

transfection, control and BAP1 RNAi cells were combined (1:1) and treated with IR (7.5 Gy). 

Cells were fixed and stained for IRIF proteins in BAP1-depleted cells. Representative staining 

of cells at 12 hours post-IR treatment are shown in A) and the data are presented as mean ± 

SD in B). Dashed white line encircles cells with effectively reduced BAP1 expression. 

Statistical analysis was performed using Student’s t-test, *P < 0.05, **P < 0.01. C) Protein 

levels of BRCA1, RAD51 and other proteins were determined by western blotting. D) BAP1 

is recruited to chromatin after DNA damage. HeLa cells were treated with IR (15 Gy) and 

chromatin was isolated and analyzed for the indicated proteins. E) BAP1 is recruited at the 

proximity of a single DSB in MCF7 cells carrying an I-SceI site. Top, schematic 

representation of the DSB created by I-SceI and the position of the primers used for the ChIP 

assay. Bottom, enrichment of endogenous BAP1 and H2Aub on regions at proximity to the 

DSB was determined by ChIP and calculated as percentage of the input. Experiments were 

repeated 2 times independently and real-time PCR was performed 3 times for each 

experiment. Data are presented as mean ± SEM. 
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Figure 3. BAP1 KO DT40 cells are sensitive to DNA damaging agents and defective in 

HR-mediated gene conversion at sIgM locus.  

A) Schematic for the strategy used to generate BAP1 KO in DT40 cells. B) Southern blot 

confirming BAP1 targeted alleles. C) DT40 BAP1 KO clones 1 and 2, isolated after Cre-

mediated excision of BAP1. D) Clonogenic survival of BAP1 KO DT40 cells treated with IR 

or Olaparib. Statistical analysis was performed using Student’s t-test, **P < 0.01. E) BAP1 

KO DT40 cells have increased chromosome breaks after DNA damage. Cells were treated 

with IR (2 Gy) and fixed after 3.5 hours. Three independent experiments were done and 

chromosome aberrations (isochromatid/ chromatid gaps and breaks and radial figures) were 

scored in 100 cells for each experiment. Results are reported as total aberrations per cell. F) 

Left, schema representing the mechanism of sIgM reversion in DT40 cells by gene 

conversion. Right, sIgM- cells, isolated by flow cytometry, were expanded for 90 generations 

and the proportion of sIgM+ revertant cells of each sub-population was determined. The 

experiment was done 2 times independently and the graph compiles the results of both 

experiments with medians indicated by horizontal lines. Statistical analysis was performed 

using Student’s t-test, **P < 0.01. 

 

Figure 4. BAP1 is phosphorylated following DNA damage on multiple sites.  

A) Schematic representation of BAP1 showing its main domains and motifs: ubiquitin C-

terminal hydrolase (UCH), HCF-1 binding motif (HBM), C-Terminal Domain (CTD) and 

nuclear localization signal (NLS) along with the identified phosphorylation sites. B) ATM is 

required for phosphorylation of BAP1. HeLa cells expressing Flag-HA-BAP1 were incubated 

with ATM inhibitors and then treated with IR (7.5 Gy). Immunoprecipitated BAP1 was 

subjected to immunoblotting or PRO-Q stain. C) BAP1 complexes were purified at 3 hours 

post-IR and subjected to silver staining (left) and western blot analysis (right). D) Top, 

purified BAP1 complexes were incubated with or without the Ub-VME probe for 2 hours and 

analyzed by western blot. Bottom, in vitro deubiquitination assay of nucleosomal H2Aub 

using purified BAP1 complexes. Flag-HA-BAP1 complexes were isolated at different times 

post-IR and incubated with nucleosomes for 4 hours.  
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Figure 5. Phosphorylation of BAP1 following IR promotes cellular recovery from DNA 

damage.  

A) Generation of H226 cells stably expressing BAP1 WT and mutants. B) Effects of BAP1 

WT and mutant forms on H226 cells proliferation. The same number of cells was seeded and 

allowed for colony formation visualized by crystal violet staining. Experiment was done at 

least three times. C) H226 cell lines were treated with IR (20 Gy) and surviving colonies were 

quantified by crystal violet staining and normalized to the untreated controls. Experiment was 

done 3 times and data are presented as mean ± SD. Statistical analysis was performed using 

Student’s t-test, **P < 0.01. D) ChIP analysis of the recruitment of phosphorylation-deficient 

mutants of BAP1 at the proximity of DSB in MCF7 cells carrying an I-SceI site. Experiment 

was repeated 2 times independently and real-time PCR was performed 3 times for each 

experiment. Data are presented as mean ± SEM. E) H226 BAP1-deficient cells that express 

BAP1 WT or mutant forms were treated with IR (15 Gy) and harvested for western blotting. 

F) Model for the role of BAP1 in the DSB response. BAP1 is phosphorylated after DNA 

damage, thus promoting its recruitment to the DSB site for H2A deubiquitination allowing the 

recruitment of downstream DSB signaling and repair proteins.  
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SUPPLEMENTAL MATERIALS AND METHODS 

 

Cell culture, plasmids, antibodies and chemicals 

Primary human lung fibroblasts LF1, BAP1-deficient human lung squamous carcinoma NCI-

H226, cervical cancer HeLa, osteosarcoma U2OS, breast cancer MCF7 carrying an I-SceI 

cassette and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS) and penicillin/streptomycin (Pen/Strep) in 

5% CO2 at 37oC. Chicken bursa lymphoma DT40 Cre-1 (1) were cultured in Roswell Park 

Memorial Institute (RPMI) medium supplemented with 10% FBS, 1% chicken serum, 100 

μM β-mercaptoethanol and Pen/Strep in 5% CO2 at 40 oC. Cervical cancer HeLa S3 cells 

used for complex purification were cultured in Minimum Essential Media (MEM) 

supplemented with 5% FBS/ Pen/Strep in 5% CO2 at 37 oC. 

  

Cloning of human BAP1 WT and C91S were described (2). BAP1 mutant in phosphorylation 

sites (P-MUT: T273A, S276A, S571A, S583A, S592A and S597A) was generated using gene 

synthesis (BioBasic). Other mutants of BAP1 were generated by site directed mutagenesis. 

BAP1 (WT and mutants) were then subcloned into pENTR D-Topo plasmid (Life 

Technologies) and recombined into pMSCV-Flag/HA-IRES-Puro. The targeted sequences of 

shBAP1 #1 and #2 are GGCTGAGATTGCAAACTATGAG and 

GGTTTCAGCCCTGAGAGCAAAG respectively (2). pCDNA.3 Flag-H2A plasmid was 

described (3).  

 

Monoclonal anti-BAP1 (C4), polyclonal anti-BAP1 (H300), monoclonal anti-BRCA1 (D9), 

polyclonal anti-RAD51 (D92), polyclonal anti-53BP1 (H300), polyclonal anti-YY1 (H414), 

monoclonal anti-p53 (DO.1), polyclonal anti-OGT (H300) antibodies were purchased from 

Santa Cruz. Polyclonal anti-ubiquityl-histone H2A lysine 119 (#8240), polyclonal anti-

phospho histone H3 serine 10 (#3377), Anti-pSQ (#6966), pCHK1 S345 (#2348) and normal 

rabbit IgG (2729) are from Cell Signaling.  Monoclonal anti-phospho-H2A.X serine 139 (05-

636) and monoclonal anti-β-actin (C4) antibodies were purchased from Millipore. Polyclonal 

anti-HCF-1 (A301-400A) and polyclonal anti-ASXL2 (A302-037A) were purchased from 
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Bethyl laboratories. Monoclonal anti-p21 (556431) was purchased from BD Pharmingen. 

Monoclonal anti-Flag (M2) was purchased from Sigma and monoclonal anti-HA (HA11) was 

purchased from Covance. Polyclonal anti-phospho DNA-PK S2056 (ab18192) is from 

Abcam. Mouse polyclonal anti-FOXK1 antibody was kindly provided by Dr. Xiao-Hua Li 

(Southwestern University of Texas). Fluorophore-coupled secondary antibodies anti-

mouse/anti-rabbit Alexa Fluor 488 and Alexa Fluor 596 were purchased from Life 

Technologies. The PI3-Kinase inhibitor caffeine (4), was purchased from Sigma-Aldrich. The 

ATM inhibitor KU-55933 (5), was purchased from Selleck Chemicals. The ATR inhibitor 

VE-821 (6), was purchased from Selleck Chemicals. The CDK1 inhibitor RO-3306 (7), was 

purchased from Calbiochem. The CDK1, CDK2 and CDK5 inhibitor Roscovitine (8), was 

purchased from Cell Signaling. The CDK2 inhibitor Purvalanol A (9) and GW8510 (10), were 

purchased from Abcam and Sigma-Aldrich respectively. The CDK2, CDK1 and and CDK4 

inhibitor SU9516 (11), was purchased from Tocris Bioscience 

 

siDUB screen 

U2OS cells were transfected with individual siRNA pool (consisting of 4 pooled siRNA 

oligonucleotides) targeting DUBs (ON-TARGETplus® SMARTpool® siRNA Library - 

Human Deubiquitinating Enzymes) or the non-target control from Dharmacon (G-104705, 

Lot 10138) using Lipofectamine 2000 (Life Technologies). Three days post-transfection, cells 

were exposed to 5 Gy of ionizing radiation (IR) and collected 24 hours later for 

immunostaining.  Approximately 100 cells were counted for each condition and cells with 

more than 10 DNA damage foci were considered as positives.   

 

RNAi and immunoblotting 

For siRNA experiments, we used ON-TARGETplus® SMARTpool® siRNA against human 

BAP1 and non-target control (Dharmacon, Thermo Scientific). Transfections of siRNA or 

shRNA constructs were done using Lipofectamine 2000 (Life Technologies).  

 

Total cell extracts were prepared in lysis buffer (25 mM Tris-HCl, 1% SDS) and protein 

concentration was determined by bicinchoninic acid (BCA) assay. SDS-PAGE and western 
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blotting were conducted according to standard procedures. The band signals were acquired 

using the LAS-3000 LCD camera coupled to the MultiGauge software (Fuji, Standford, CT) 

 

BAP1 gene targeting 

The DT40 Cre-1 cell line harboring the fusion protein of Cre and the hormone-binding 

domain of the mutated estrogen receptor (Mer) (1) was used to generate the BAP1 conditional 

KO. Gene targeting and southern blotting were done essentially as previously described (12). 

The targeting constructs were assembled in pBluescript II. The first BAP1 allele was targeted 

with a puromycin resistance cassette. The second allele was replaced by an insert flanked with 

two loxP sites that contained the human BAP1 gene under the chicken beta-actin promoter 

and a blasticidin S resistance cassette. Antibiotic resistance cassettes were previously 

described (1). Positive clones were screened by southern blot on BglII digested genomic DNA 

with probes generated by PCR with the following primers: TCCCGCTCAACTGAAGTTCT 

and CCACAAATGCTCTGAGTGGA. To excise the human BAP1 gene from the conditional 

BAP1 KO cells, cells were treated with 50 nM of 4-hydroxytamoxifen for 4 days. Cells were 

then sub-cloned to isolate BAP1 constitutive KO clones. 

 

Clonogenic survival assay 

DT40 cells were seeded on plates containing DMEM with 1.5% methylcellulose, 10% FBS, 

1% chicken serum, 100 μM β-mercaptoethanol and Pen/Strep. For the IR treatment, the cells 

were exposed to a cesium-137 source (Gamma Cell; Atomic Energy Canada) at the indicated 

doses prior seeding. For the Olaparib treatment, cells were seeded in the methylcellulose 

media containing the indicated concentrations of Olaparib (Selleck chemical). Cells were 

incubated at 40 oC for 20-30 days to allow colony formation. 

 

H226 stable cell lines expressing Flag-HA-BAP1 WT, C91S or P-MUT were treated with 

indicated doses of IR and incubated for 5-7 days. The surviving colonies were washed with 

phosphate-buffered saline (PBS) and fixed with 3 % paraformaldehyde for 20 minutes. Cells 

were then stained with 0.2 % crystal violet for 10 minutes followed by several washes with 

PBS. Retained staining was then extracted with 10 % acetic acid and the optical density (OD) 
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of the extracted dye was determined by spectrophotometry at 540 nm. The population survival 

rate is determined by the average ratio between the OD of the treated sample and the 

untreated control sample. 

 

Chromosome aberrations analysis 

DT40 cells were treated with 2 Gy of IR and fixed after 3.5 hours. To enrich cells in 

metaphase, cells were treated with 100 ng/mL of colcemid for 2 hours prior fixation, 

metaphase spreading and Giemsa staining. Analysis was performed on 100 metaphases of 

each population. Chromosome abnormalities (isochromatid/ chromatid gaps and breaks and 

radial figures) were scored.  

 

sIgM phenotype conversion assay 

After 20 min incubation with anti-chicken IgM-FITC (Bethyl #A30-102F, 1:800) in 

phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA), DT40 cells 

were sorted by flow cytometry to obtain homogeneous sIgM negative (sIgM-) populations. 

Multiple cell populations were cultured in 24-well plates (100 000 cells per well) for 90 

doubling times (splitting 1:2 every 1 or 2 days). Their sIgM phenotype is determined by flow 

cytometry with the same staining procedure used for cell sorting.  

 

Immunofluorescence 

Cells were immunostained as previously described (2). The nuclei were stained with 4',6-

diamidino-2-phenylindole (DAPI). Images were acquired using the Zeiss Axio Imager Z.2 

microscope, Zeiss Acroplan/N-Acroplan 40X/0.65 -0.17 objective and AxioCAM MRm 

camera.  

 

Flow cytometry analysis 

DNA content of cells was analyzed essentially as described (13). Briefly, cells were harvested 

by trypsinization and fixed with 70 % ethanol. After PBS wash, cells were treated with 100 

µg/ml RNase A for 30 min at 37 °C and stained with 50 µg/ml propidium iodide. 
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DT40 cells intracellular staining for anti-BAP1 (monoclonal) and anti-phospho histone H3 

serine 10 was done as follows. Around 1X106 cells were fixed with 70 % of ethanol, blocked 

with 1 % BSA in PBS and incubated with the indicated primary antibody for 1.5 hours 

followed by incubation with Alexa Fluor 488-coupled secondary antibody for 1 hour. 

Between the antibodies incubation, cells were washed with PBS and PBS containing 1 % 

BSA. DNA was co-stained as described above. 

 

BrdU incorporation in DT40 cells was determined using 1X106 fixed cells following 

incubation with 20 μM of BrdU for 30 min. DNA of the fixed cells was denatured using HCl 

4N/ Triton 0.5 % for 30 min and neutralized by 100 mM Borax pH 8.5. Cells were then 

blocked with 1 % BSA in PBS followed by incubation with anti-BrdU antibody coupled to 

Alexa 488 (clone MoBU-1, 1:200, Life Technologies) for 1 hour. DNA was co-stained as 

described above. 

 

Cells were analyzed using a LSRII flow cytometer (Becton Dickinson) and data were 

processed with FlowJo V887 software (Tree Star, Inc.).  

 

Chromatin immunoprecipitation on I-SceI-induced double strand break (DSB) 

Induction of a single DSB following I-SceI expression, ChIP experiments and real-time PCR 

were done essentially as previously described (14). Polyclonal anti-BAP1 (H300), polyclonal 

anti-ubiquitinated histone H2A lysine 119 (DC27C4) and normal rabbit IgG (2729) were used 

for ChIP experiments. Primers for ChIP experiments were described earlier (15). ChIP on 

ectopically expressed Flag-HA-BAP1 or mutants was conducted using anti-Flag antibody. 

First BAP1 constructs were transfected using X-tremeGENE 9 (Roche, #06365779001), then 

electroporated 24 hours later with the  pCAG-ISCEI plasmid before harvesting. Values were 

calculated as percentage of the input relative to the IgG control, which is set to 1.   

 

Chromatin fractionation 

Chromatin fraction was obtained as previously described (16). Briefly, HeLa cells were 

treated with 15 Gy of IR and fractionated with 50 mM Tris-HCl pH 7.3, 50 mM NaCl, 0.5% 
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Triton, 5 mM EDTA, 50 mM NaF, 10 mM beta-glycerophosphate, 1 mM Na3VO4, 10 mM 2-

mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and anti-protease cocktail 

(Sigma). The pellet fraction (the chromatin) was washed several times with the fractionation 

buffer before sonication. Proteins were quantified and used for western blotting. 

 

Purification of BAP1-associated proteins following DNA damage and identification of 

phosphorylation sites 

Around 3 X 10
9
 HeLa S3 cells expressing stably Flag-HA-BAP1 or the empty vector (2) were 

treated with 10 Gy of IR. Total extracts were prepared 3 hours post-treatment by lysing cells 

with 50 mM Tris-HCl pH 7.3, 50 mM NaCl, 0.5% NP-40, 50 mM NaF, 10 mM beta-

glycerophosphate, 1 mM Na3VO4, 10 mM 2-mercaptoethanol, 1 mM PMSF and anti-protease 

cocktail (Sigma). Lysates were clarified by centrifugation at 20 000g for 30 min and filtration 

through 0.45 μM filter. Tandem purification (Flag-HA) was done essentially as previously 

described (17). Mass spectrometry analysis was provided by the Taplin facility at Harvard 

Medical School (Boston). PRO-Q Diamond phosphoprotein gel stain was purchased from 

Life Technologies. The polyacrylamide gel was fixed and stained according to the 

manufacturer’s protocol.   

 

Ub-VME hybridization assay 

Ubiquitin-Vinyl Methyl Ester (Ub-VME) probe purification and hybridization assay was done 

as previously described (18). Purified BAP1 complexes or total cell extract were incubated 

with Ub-VME for 2 hours at room temperature. Reactions were stopped by adding Laemmli 

buffer and analysed by western blotting.  

 

In vitro ubH2A deubiquitination assay 

Native nucleosomes were isolated from HEK293T cells transfected with pCDNA.3 Flag-

H2A. As previously described with some modifications, soluble chromatin fraction was 

obtained by nucleosomes digestion with micrococcal nuclease (MNase, Sigma) (19). Cells 

were lysed in 420 buffer (50 mM Tris-HCl pH 7.3, 420 mM NaCl, 1% NP-40, 1 mM PMSF, 

protease inhibitor cocktail (Sigma), and 20 mM of N-ethylmaleimide (NEM) to block any 
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DUB activity associated with chromatin. After centrifugation, the chromatin pellet was 

washed twice with the same buffer followed by two washes using MNase buffer (20 mM Tris-

HCl pH 7.3, 100 mM KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% NP-40, 1 mM 

PMSF and protease inhibitor cocktail). Chromatin was then treated with 3 U/ml MNase for 10 

min at room temperature and the reaction was stopped with 5 mM EDTA. Following high-

speed centrifugation, the soluble chromatin fraction was incubated overnight at 4 °C with Flag 

M2 agarose beads (Sigma). Beads were then washed several times with EB 300 buffer (50 

mM Tris-HCl pH 7.3; 5 mM EDTA; 300 mM NaCl; 10 mM NaF; 1% NP-40; 1 mM PMSF; 1 

mM dithiothreitol (DTT); protease inhibitors cocktail (Sigma)) containing 20 mM NEM, 

followed by several washes with EB 300 buffer without NEM. Beads bound nucleosomes 

were then eluted with Flag peptides (0.2 μg/ml). The isolated nucleosomes were used for the 

in vitro deubiquitination assay with Flag-HA BAP1 complexes purified at different times 

post-IR treatment (5 Gy). The DUB reaction was carried in (50 mM Tris-HCl, pH 7.3; 1mM 

MgCl2; 50 mM NaCl; 1 mM DTT) for 4 hours at 37°C, stopped by adding 2X Laemmli 

buffer and analyzed by western blotting. 
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SUPPLEMENTAL FIGURES 

 

Figure S1. A) BAP1 depletion using shRNA constructs impairs IRIF formation. U2OS cells 

were transfected with two different shRNA constructs against BAP1 (shBAP1 #1 and 

shBAP1 #2) and treated with IR (7.5 Gy). 16 hours post-treatment, cells were fixed for 

immunostaining of the indicated proteins. Representative images of the experiment are 

shown. White dashed lines encircle the BAP1-depleted cells. B) BAP1 promotes homologous 

recombination foci (BRCA1 and RAD51) formation after DNA damage. Original images of 

Figure 2A are shown. Human fibroblast LF1 cells transfected with control or BAP1 siRNA 

constructs were combined (1:1) and treated with IR (7.5 Gy). Cells were fixed at different 

time points post-IR (0h, 6h, 12h and 24h) and subjected to immunostaining of the indicated 

proteins. BAP1-depleted cells were identified by decreased BAP1 signal and are encircled by 

white dashed lines. Note that BAP1 RNAi-treated cells were mixed with the control RNAi-

treated cells in these immunofluorescence experiments to facilitate the comparison. 

 

Figure S2. A) Depletion of BAP1 does not cause major defects in cell cycle. Human 

fibroblast LF1 cells were BAP1-depleted by siRNA and subjected for western blotting of the 

indicated proteins (left panel) and cell cycle profile analysis by flow cytometry using 

propidium iodide (right panel). Percentage of cell population at each cell cycle phase is 

shown. B) Depletion of BAP1 does not induce stabilization of p53. LF1 cells were BAP1-

depleted using siRNA and treated with IR (7.5 Gy). Cells were collected at different time 

points following IR treatment and proteins were analyzed by western blot for the indicated 

proteins. C) BAP1-depleted cells have increased H2A ubiquitination. LF1 cells were treated 

with siControl (siNT) or siBAP1 and combined (1:1) before fixation and immunostaining of 

the indicated proteins. Representative images of the stainings are shown. BAP1-depleted cells 

were identified by decreased BAP1 signal and are encircled by white dashed lines. 

 

Figure S3. A) BAP1 is highly conserved between human and chicken. Alignment of Gallus 

gallus (NP_001025761.1) and Homo sapiens (NP_004647.1) BAP1 with ClustalW2 and 

visualized with Geneious software R6.1.4. Identical amino acids (a.a.) are highlighted in 
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green, similar a.a. are highlighted in yellow and not similar a.a. are in gray. B) Human BAP1 

inserted in chicken bap1 locus can be excised by Cre induction. Excision following 3 days of 

Cre induction was analyzed by flow cytometry using an anti-human BAP1 antibody. 

 

Figure S4. A) BAP1 KO cells proliferate at slower rates. Cells were seeded at the same 

number at day 0 and counted at days 1, 3 and 5. The experiment was repeated 3 times. Data 

are presented as mean ± SD. Statistical analysis was performed using Student’s t-test, *P < 

0.05. B) BAP1 KO cells did not shown any major defect in G1 phase progression. BAP1 KO 

DT40 cells were incubated with 200 ng/ml of nocodazole to arrest the cells in M phase. 

Different times after the addition of the drug, cells were fixed and subjected to cell cycle 

profile analysis by flow cytometry using propidium iodide. C) BAP1 KO cells have a slightly 

decreased S phase population as revealed by BrdU incorporation. Cells were incubated with 

BrdU for 30 min prior fixation and co-stained with anti-BrdU antibody and propidium iodide. 

Cell cycle profile and BrdU uptake were analyzed by flow cytometry. The experiment was 

repeated 3 times. Data are presented as mean of BrdU positive cells ± SD. Statistical analysis 

was performed using Student’s t-test, *P < 0.05. Representative results of the experiment are 

shown on the right. D) BAP1 KO cells have similar number of mitotic cells than BAP1 WT 

cells. Asynchronous cells were fixed and co-stained with anti-phosphorylated H3S10 antibody 

and propidium iodide. Mitotic population was analyzed by flow cytometry. The experiment 

was performed 3 times. Data are presented as mean of phosphorylated H3S10 positive cells ± 

SD. Representative results of the experiment are shown on the right. 

 

Figure S5. BAP1 KO DT40 cells have increased chromosome breaks following DNA 

damage. BAP1 KO DT40 cells were treated with 2 Gy of IR and fixed after 3.5 hours. 

Colcemid was added to the cells for 2 hours prior fixation to enrich mitotic cells. A) 

Representative images of metaphase spreads of each population are shown. Red arrows 

indicate chromosomal aberrations. B) At least two independent experiments were done and 

chromosome aberrations of 100 cells were counted in each experiment. Cumulative results of 

all experiments are shown in Figure 3E. 
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Figure S6. Phosphorylation of BAP1 following IR treatment.  A) G2/M checkpoint was 

induced by IR treatment in the HeLa S3 cells used for BAP1 complexes purification. Cells 

were treated with IR (10 Gy) and fixed 24h post-treatment for cell cycle profile analysis by 

flow cytometry using propidium iodide. This assay was conducted to control for the 

efficiency of the IR treatment in our large scale complexes purification. B) BAP1 is 

phosphorylated on specific residues following IR. BAP1 phosphorylated peptide sequences 

identified by mass spectrometry are shown. Phospho-residues are colored in red and their 

position in BAP1 sequence are indicated. C) Two BAP1 IR-specific phospho-sites are 

conserved. Alignment of BAP1 amino acid sequence from different species using Geneious 

software R6.1.4. Accession numbers are shown. BAP1 IR-specific phospho-residues are 

squared in red. D) IR treatment does not affect the assembly of major components of the 

BAP1 complexes. Quantification of protein peptides by MS/MS revealed that the composition 

of the BAP1 core complex does not change following IR. E) BAP1 DUB activity is not 

affected by IR. DUB activity was revealed by Ubiquitin-VME (Ub-VME) probe labeling 

assay.  IR-treated HeLa and U2OS total cell extracts were incubated with Ub-VME probe for 

2 hours and analyzed by western blot using BAP1 antibody. The shifted-up BAP1 bands are 

indicative of probe labeling. 

 

Figure S7. Characterization of BAP1 phosphorylation following DNA damage.  A) Mutation 

of BAP1 phosphorylation sites. U2OS cells stably expressing Flag-HA-BAP1 mutants were 

treated with IR (7.5 Gy) for 3 hours and used for immunoprecipitation using anti-Flag beads.  

The samples were subjected to western blotting using an anti-pSQ.  YY1 was used as a 

loading control. Note that mutation of the S276 site (also an SQ motif) does not decrease the 

signal detected with this anti-pSQ (compare the pSQ signal versus BAP1 signal in the 

immunoprecipitation). This antibody recognizes pS/TQ(G) found at the position 592 of 

BAP1. B) The role of ATR in the phosphorylation of BAP1. HeLa cells stably expressing 

Flag-HA-BAP1 were pretreated with the ATR inhibitor VE-821 for 1 hour and then with IR 

(7.5 Gy) for 3 hours and used for immunoprecipitation using anti-Flag beads. C) DNA-PK is 

not required for the phosphorylation of BAP1. Immunoprecipitation of BAP1 from DNA-PK-

deficient and proficient cells, MO59J and MO59K, respectively before and after IR (7.5 Gy) 
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treatment.  D) HCF-1 is not required for phosphorylation of BAP1. U2OS cells stably 

expressing Flag-HA-BAP1 WT, ∆HBM or SQ-MUT were treated with IR (7.5 Gy) for 3 

hours and used for immunoprecipitation of BAP1 using anti-Flag beads. E) The inhibition of 

CDKs does not affect BAP1 phosphorylation. HeLa cells stably expressing the empty vector 

or Flag-HA-BAP1 WT were pretreated with the indicated CDK inhibitors for 1 hour and then 

with IR (7.5 Gy) for 3 hours and used for immunoprecipitation using anti-Flag beads. The 

immunoprecipitated BAP1 samples were immunoblotted against anti-pSQ or stained with 

PRO-Q. F) Characterization of BAP1 P-MUT following IR treatment. HeLa cells stably 

expressing the empty vector, Flag-HA-BAP1 WT or P-MUT were treated with IR (7.5 Gy). 

Following immunoprecipitation using anti-Flag beads, the samples were subjected to 

immunoblotting using anti-SQ or stained with PRO-Q. G) The BAP1 P-MUT does not lose 

interaction with the major partners of BAP1. HeLa S3 cells stably expressing the empty 

vector, Flag-HA-BAP1 WT or P-MUT were subjected for immuno-purification using anti-

Flag and anti-HA beads followed by silver staining. The major components of the BAP1 

complexes were detected by western blot. H) BAP1 P-MUT exhibits H2A DUB activity in 

vitro. Flag-HA-BAP1 WT or P-MUT complexes were incubated with purified nucleosomes 

for the indicated time points.  H2A deubiquitination was analysed by western blotting. 

 

Figure S8. H226 BAP1-deficient cells reconstituted with BAP1 WT, catalytic inactive 

(C91S) or phospho-mutant (P-MUT). A) H226 cells stably expressing different Flag-HA-

BAP1 mutants were fixed and stained with anti-HA antibody and DAPI. B) Cells were treated 

with IR (15 Gy) for the indicated time points and harvested for the analysis of apoptosis. The 

samples were fixed with ethanol, stained with propidium iodide and analyzed by flow 

cytometry for the sub G1 population. C-D) H226 BAP1-deficient cells harbor intrinsic DNA 

damage foci and exhibit genomic instability.  C) H226 cells were immunostained for γH2AX 

and DNA was stained with DAPI. H226 cells showed constitutive γH2AX foci. D) 

Chromosome instability in H226 cells was visualized by DAPI-stained DNA. Presence of 

micronuclei and inter-nuclear bridges are indicated by the white arrows. 
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