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Abstract (English)

In eukaryotes, the maintenance of cell identity entails the precise control of gene
expression, which results from the concerted actions of transcription factors and
factors controlling chromatin structure. Polycomb repressive complex 1 and 2
(PRC1 and PRC2) are chromatin modifiers that orchestrate transcriptional
repression by catalyzing H2Aub and H3K27me3, respectively. By contrast,
BRCA1-associated protein 1 (BAP1) promotes transcription by removing H2Aub,
acting as an antagonist of PRC1. However, the detailed mechanism of how BAP1
regulates transcription remains largely elusive. The interplay between PRC1 and
PRC2 is also far from being fully understood. My PhD study aimed at investigating

the underlying mechanisms for these two important questions.

(1) BAP1 is recruited to a subset of active enhancers where it stabilizes
BRD4 occupancy.

In these studies, we showed that BAP1 promotes transcription by opposing PRC1
activity, and that BAP1 is mostly inert in its absence. Genome-wide analysis
revealed that BAP1 is recruited to a subset of active enhancers. Besides,
inactivation of BAP1 led to accumulation of H2Aub and impaired BRD4
recruitment. Consistently, super-resolution microscopy demonstrated reduced
condensates of BRD4 and MED1 in BAP1-KO cells. This suggests that BAP1 has a
crucial function for the integrity of a subset of enhancers. Importantly, by treating
isogenic cells with BET inhibitors, we showed that cells mutant for BAP1 display
a more pronounced proliferative response. This result suggests that further
perturbation of enhancers function could be a therapeutic strategy for BAP1-null

malignancies.

(2) PRC2 represses transcription independently of PRC1

PRC1 and PRC2 are long considered cooperating to maintain gene repression.
However, analyzing transcriptomic profiles of PRC1-null, PRC2-null and PRC1/2-
null cells, we demonstrated that both PRC1 and PRC2 can autonomously repress
transcription. Through both unbiased and candidate-based approaches, we focus
on identifying downstream effectors of PRC2-mediated silencing in the absence of
PRC1. This includes investigating the roles of previously proposed H3K27me3
readers. While this study is still ongoing, it is likely that it will reveal new actor for

PRC2-mediated repression.



Abstract (French)

Chez les eucaryotes, la maintenance de l'identité cellulaire implique le contrdle
précis de I'expression des genes. Ceci résulte de I'action concertée des facteurs de
transcription et des facteurs controlant la structure de la chromatine. Les
complexes répresseurs Polycomb (PRC1 et PRC2) sont des modificateurs de la
chromatine qui orchestrent la répression transcriptionnelle en catalysant
respectivement I'ubiquitinylation de H2A (H2Aub) et la méthylation de H3K27. A
I'inverse, BAP1 (BRCA1-Associated Protein 1) favorise la transcription en retirant
H2Aub, agissant donc comme un antagoniste de PRC1. Toutefois, les détails du
mécanisme par lequel BAP1 régule la transcription restent mal compris.
L’interaction entre PRC1 et PRC2 est également un sujet encore débattu. Mon

projet de these visait a étudier ces deux importantes questions.

(1) La protéine BAP1 est localisée a une fraction des enhancers ou elle
stabilise le recrutement de BRD4.

Dans ces études, nous avons montré que BAP1 favorise la transcription en
s’opposant au complexe PRC1 et que BAP1 estinerte en son absence. Des analyses
a I’échelle du génome entier ont révélé que la protéine BAP1 est recrutée a une
fraction des enhancers. Par ailleurs, 'inactivation de BAP1 ameéne a ’accumulation
de H2Aub et a I'altération du recrutement de BRD4. En accord avec ces résultats,
des expériences de microscopie a super résolution indiquent une réduction des
condensées de BRD4 et de MED1 dans les cellules knockout pour BAP1. Cela
suggere que BAP1 a un réle crucial pour I'intégrité de certains enhancers. De facon
importante, en traitant des cellules isogeniques avec des inhibiteurs de BET, nous
avons montré que les cellules mutantes pour BAP1 montrent une sensibilité
particuliere a linhibition de la prolifération. Ces résultats suggerent que

promouvoir les perturbations des enhancers pourrait constituer une stratégie

thérapeutique dans les pathologies ou le gene BAP1 est muté.

(2) PRC2 réprime la transcription indépendamment de PRC1

PRC1 et PRC2 ont été considérés depuis longtemps comme agissant de concert
pour maintenir la répression. Toutefois, en analysant les profiles
transcriptomiques de cellules ou soit PRC1, soit PRC2, soit les deux sont inactivés,
nous avons démontré que PRC1 et PRC2 peuvent agir de facon autonome pour

réprimer la transcription. Au travers d’approches non-biaisées et d’approches

8



basées sur une sélection de geénes candidats, nous essayons d’identifier les
effecteurs de cette répression dépendant exclusivement de PRC2. Cela implique
I'étude de protéines préalablement proposées comme interagissant avec
H3K27me3. Cette étude est en cours mais il est probable qu’elle va révéler de

nouveaux acteurs de la répression dépendant de PRC2.
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siRNA: Short interfering RNA

SKP1: S-phase kinase associated protein 1

SMARCAZ2 /4: SWI/SNF related, matrix associated, actin dependent regulator of

chromatin, subfamily A, member 2 /4

STARR-seq: Short for self-transcribing active regulatory region sequencing

STAT3: Signal transducer and activator of transcription 3

Su(z)12: Suppressor of zeste 12

SV40: Simian vacuolating virus 40

SWI2 /SNF2: Switch [swi] genes and Sucrose nonfermenting [snf] genes

TADs: Topologically associated domains
T-ALL: T-cell acute lymphoblastic leukemia
TFs: Transcription factor

Trr: Trithorax-related

Trx: Trithorax

TrxG: Trithorax group

TSSs: Transcription starting sites

UCH: Ubiquitin carboxyl-terminal

UM: Uveal melanoma

USP: Ubiquitin specific peptidase
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vPRC1: variant PRC1

WDRS5: WD repeat domain 5
XCI: X chromosome inactivation
YAF2: YY1 associated factor 2
YY1: Yin and Yang 1

16



Introduction

17



Preface: Chromatin organization and transcriptional regulation

One of the key questions in biology that has remained puzzling is how a single
(fertilized) egg develops into an individual with highly specialized cell types while
bearing identical genetic information. Presumably, extrinsic and intrinsic signals
that establish and maintain distinct combinations of genes shape cellular plasticity
and identity. This expression pattern reckons on deployment of an array of
transcription factors (TFs), DNA elements, molecular signatures of chromatin,

which in concert, articulate particular chromatin features that drive cell versatility.

In eukaryotes, DNA is wrapped around histones to form chromatin. The structural
unit of chromatin is termed nucleosome, which consists of 147 bp of DNA and an
octamer of 2 repeats of the 4 histones: H2A, H2B, H3 and H4. The fifth histone, H1,
is alinker histone that binds to the entry and exits sites of DNA on the nucleosomes.
The C-terminus of histones protrudes outwards from nucleosomes where the
residues can undergo post-translational modifications (PTMs)!. The organization
of genome is not stochastic but rather compartmentalized in a sophisticated
fashion that contribute to transcriptional regulation?. In early days, euchromatin
and heterochromatin were first observed based on light microscopy and
chromatin dyes. With the advancements of methodology and innovation of novel
techniques, the nuclear architecture has been deciphered at a rapid pace. It is
shown that individual chromosomes occupy distinct regions in the nucleus
termed chromosome territories3. As the saying goes, birds of a feather flock
together. At megabase scale, genomic regions that share similar features tend to
interact with each other. That is, actively transcribed regions frequently establish
segregation that seclude inactive clusters, and vice versa. These active
compartments are referred as “compartment A”, and inactive ones as
“compartment B”4. Within the compartment, chromatin is further partitioned into
topologically associated domains (TADs) that show strong self-interacting
activities®. Chromatin loop extrusion established by cohesin complex facilitates
chromatin folding within the TADs®. Such higher-order organizations grant long-
range interactions that hurdles the linearly spatial limitations, which enables
communications between regulatory elements (e.g. enhancer and promoters) and
encompasses the establishment, maintenance and propagation of transcriptional

and/or epigenetic cues. Indeed, dynamics of 3D genome architecture participates
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to transcriptional regulation throughout development, lineage-specification and

other processes (Figure 1)27.
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Figure 1. Chromatin organization (Misteli 2020)

Transcription is an intricate process that is tightly regulated by a variety of factors
in a multi-step fashion. Transcription of messenger RNA (mRNA) and some non-
coding RNA (ncRNA) are carried out by RNA polymerase II (POL II), which
catalyzes DNA-dependent synthesis of RNA. To initiate transcription, POL II
recognizes the promoter region of the genes, opens the DNA duplex and embark
on RNA synthesis. When RNA grows to a critical length, the polymerase escapes
from the promoter and enters the elongation phase. The subsequent elongation
complex governs the extension of RNA chain until reaching the termination signal
where it releases DNA and RNA# (Figure 2).
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Figure 2. The processes of transcription (Core and Adelman 2020)

By default, the structure of chromatin hampers the access of the polymerase, and
the enzyme itself cannot recognize promoter elements®. Instead, loading of
transcription machinery ascribes to TFs binding to sequence-specific motifs on
promoters and enhancers that recruits chromatin co-activators and Mediators to
facilitate chromatin accessibility and recruitment of POL I11011, To take effect, the
RNA polymerase II, together with general transcription factors (GTFs)—TFIIA,
TFIIB, TFIID, TFIIE, TFIIF and TFIIH—assembles into the pre-initiation complex
(PIC) and make extensive contact with DNA12. The C-terminal domain (CTD) of the

POL II RPB1 subunit is comprised of numerous hepta-amino acid repeats of

Y,S,P.T,S.P.S,, which are subjected to PTMs such as phosphorylation on serine
residues (Ser2, Ser5 and Ser7) across transcription cycle. These modifications
stimulate stage-appropriate interactions with transcription initiation, elongation,
and RNA processing factors!3. Collectively, the GTFs contributes to transcriptional
initiation through various mechanisms. For example, TFIIB directly recruits POL
Il to promoter and functions in promoter opening!*. TFIIH subunit CDK7 kinase
phosphorylates Ser5 and Ser7 on the CTD domain to facilitate promoter escape to

enter elongation statel>.

As the transcription initiates, the polymerase catalyzes synthesis of nascent RNA

that is complementary to template DNA. The newly synthesized RNA is tightly
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associated with DNA template, forming a RNA-DNA hybrid within POL II active

sites.

Once the RNA synthesis reaches to a critical point, an elongation complex
assembles, which extends the newly synthesized RNA strand in a processed
manner. However, approximately 50 bp downstream of transcription starting
sites (TSSs), the machinery is paused, and awaits further signals prior to entering
productive transcription’®. RNA POL II pausing is a ubiquitous event in all
transcribed genes. During which, the complex and the nascent transcript remain
stable throughout this stagel’. The fate of the proximally-paused early elongation
complex is absolutely decisive for gene output, as successful pause-release
guarantees the production of full-length RNA, and that the paused complex itself
inhibit new series of transcriptional initiation!8. Therefore, pause-release
regulates transcription frequency per unit of time. Paused elongation complex is
stabilized by DSIF and NELF5 which restrict the mobility of POL II. The release of
paused POL II into gene body requires the CDK9 kinase, a subunit of positive
transcription elongation factor b (P-TEFb)!6. P-TEFb is recruited to promoters
through interactions with TFs, Mediator, and coactivators!®.The complex
phosphorylates DSIF, NELF, and Ser2 on the POL II CTD. DSIF phosphorylation
introduces allosteric conformational change and dissociates NELF from POL II. P-
TEFDb also triggers formation of an activated complex of which SPT6 binds the
phosphorylated linker to the CTD and the PAF complex competes the binding with
NELF?29, Phosphorylation of Ser2 on the CTD domain help recruit co-activators that
maximize elongation rate throughout the course of time. As P-TEFb plays as a
gatekeeper in control of pause-release, inhibition of P-TEFb activity traps Pol Il in
early elongation at nearly all mRNA promoters'721. Once the process reaches
downstream of a polyadenylation signal, the nascent transcript is cleaved by CPSF
complex. The transcription termination occurs as both of the polymerase and RNA

sequence is released from the DNA template?2.

Transcriptional events of given genes can also be regulated by epigenetic signals
that establish, maintain and reverse certain transcriptional states. The epigenetic
information resides in self-propagating and self-sustainable molecular signatures
that drive transcriptional response, which can be established de novo from

environmental or developmental cues; or are inherited from previously
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experienced stimuli. These signals must perpetuate throughout cell division to
confer the “memory” of transcriptional states, but are subject to alternations if
under further alternative cues?3. Taken as an example, a fertilized egg is able to
self-renew and develop into various types of progenitor cells with distinct
programs guided by extrinsic and intrinsic cues. These progenitors amplify and
give rise to different classes of terminal differentiated cells, of which the
transcriptional output and cellular identity are maintained. Intricate epigenetic
states involves orchestration of converging and diverging signals, including TFs,
DNA methylation?4, PTMs on histones”25 and non-coding RNAsZ26. Epigenetic
inheritance can be achieved by trans-acting and/or cis-acting mechanisms. Trans-
acting mechanism can maintain the transcriptional states by self-propagation
through positive feedback loops and networks of TFs. After each cell division, the
inherited TFs in the cellular content continuously function on DNA element to
confer the states. In contrast, cis-acting factors transmit the molecular signatures
on chromatin where they impose an effect. These include DNA methylation and
certain types of histone modifications. The establishment, reinforcement and
transmission of the epigenetic landscape are three distinct but highly connected
processes. Considering its widespread activities on chromatin feature, epigenetic

mechanisms are likely the crux of many physiological processes in organisms.

The following chapters will describe functional regulations by chromatin factors
in mammalian system, notably the antagonistic Polycomb (PcG) and Trithorax
(TrxG) groups of proteins, the relatively newly identified histone de-ubiquitinase
BAP1 complex, and how these processes incorporate with cis-regulatory elements

(i.e. enhancers) to modulate transcriptional landscapes.
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Transcriptional regulation by Polycomb repressive complexes

In Drosophila, the antagonistic mechanism- Polycomb and Trithorax complexes-
regulates a plethora of genes, where mutations of genes within the complexes lead
to embryonic lethality and developmental abnormalities. Subsequent works
identify them as chromatin modifiers that are crucial for gene regulation. This
chapter will center on the current knowledge of Polycomb machinery, covering

from the discovery, diversity to its functionality in transcriptional control.

History of Polycomb group of genes

Almost 80 years ago, Eleanor Slifer reported a recessive mutation rendering a
phenotype with ectopic sex combs on midlegs and hindlegs in adult male flies.
Based on the mutant phenotype, it was named extra sex combs (esc). Several years
later, a dominant mutation with similar phenotype was identified by Pam Lewis,
and was given the name Polycomb (Pc)?’. It was later discovered that Pc-mutated
larvae showed posterior transformation, implicating a more general role of
Polycomb in repressing homeotic genes (Hox), a cluster important for somite
segmentation and patterning?8. Ever since, a collection of genes whose mutant
phenotypes resembled those of ectopic sex combs or misexpression of Hox genes
were enlisted as Polycomb group of genes. It is estimated that 15 genes encode

PcG proteins in Drosophila.

Polycomb repressive complexes coordinate transcriptional repression

Aside from the paradigmatic HOX genes, PcG proteins repress transcriptional
activities of a plethora of genes that are important for development, pluripotency
and differentiation. Biochemical studies showed that PcG proteins assemble
mainly into two evolutionarily conserved multimeric complexes: Polycomb
repressive complex 1 and 2 (PRC1 and PRC2)2930. The two complexes are
chromatin modifiers that repress transcription largely through their histone
modifying activities. PRC1 is an E3 ubiquitin ligase that catalyzes mono-
ubiquitination of histone H2A at lysine 119 in mammals (H2A lysine 118 in flies;
herein referred to as H2Aub)3132, whilst PRC2 is a methyltransferase (KMT)

accounting for mono-, di- and tri- methylation on histone H3 at lysine 27
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(H3K27mel/2/3) in a step-wise fashion3334The PcG genes, notably PRC2
complex, are functionally conserved throughout evolution to control critical
biological processes. Homologous or analogous complexes have been identified
widely in eukaryotes, including plants, fungi, nematodes, drosophila and
vertebrates2°. For example, PcG system controls vernalization in plants3>. They are
also required to repress transposable elements in paramecium3®. The core
complexes are conserved between flies and mammals. However, emergence of
vertebrate-specific homologs and co-factors have added layers of complexity in
the regulatory mechanisms. To name a few: functional redundancy of RING1A and
RING1B in H2A ubiquitination37:38, stage-dependent expression of versatile CBX

paralogs3?, and functional divergence of EZH1 and EZH240.41,

During early embryonic development in mouse, deletion of either PRC1 and PRC2
component lead to fatal defects at implantation or early gastrulation stages*243. In
mouse embryonic stem cells (mESCs), PRC1 and PRC2 coordinate gene repression
of a cohort of developmental genes to maintain pluripotency. Genome-wide
mapping suggests the binding sites of PRC1 and PRC2 are mostly at loci enriched
in CpG and GA motifs (CpG island) around promoters, and that both complexes
and their marks largely colocalize*4-48. Loss of either complex results in large-scale
de-repression in mESC3745, [t is clear that loss of PRC1 activity halts self-renew
and de-represses lineage-specific genes374%. However, the effects of PRC2 loss on
pluripotency remain debatable. Complete abrogation of PRC2 activity by EED
knock out (KO)*°> or EZH2/1 dKO>° de-represses lineage-specific genes but does
not compromise cell proliferation. Of note, in a supposedly similar setting (SUZ12
knock out), others did not observe much effect of abrogating PRC2 activity as long
as the cells remain undifferentiated>!. PRC2-null cells are able to form teratomas
but with reported smaller sizes than WT, and skewed development toward
endodermal layers. Hence, while PRC1 is required for pluripotency in mESCs, loss
of PRC2 displays milder consequences on pluripotency2. Interestingly,
simultaneous ablation of PRC1 and PRC2 introduces larger magnitude of gene de-
repression, suggesting functional redundancy in repression®2. Of note, most
H3K27me3-enriched promoters are also marked by H3K4me3, a modification
deposited by TrxG complex and associated with gene activation in mESCs. The co-
existence of both active and repressive marks is termed “bivalent domain”.

Bivalent genes encode key transcription factors important for morphogenesis and
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cell-fate commitment (as expected for H3K27me3-enriched genes), where the
transcriptional activity is poised and awaits to be switched on or off according to
addition clues#>33.54, Early studies dissecting roles of PcG system have proposed a
PRC2-initiated hierarchical recruitment whereby PRC2 is recruited to chromatin,
depositing H3K27me3, and the mark is further recognized by PRC1 subunits
chromodomain proteins CBXs, thereby promoting PRC1 recruitment335556, An
alternative model has been proposed considering that JARID2 containing-PRC2
complex can recognize H2A ubiquitination. Therefore, it is proposed that PRC2
recruitment could be stabilized by PRC157:58. Detailed mechanisms for PRC1/PRC2
recruitment will be discussed further below. Nevertheless, this mutually
reinforcing interactions potentiate fidelity and propagation of the PcG system

(Figure 3).
The importance of PRC1 and PRC2 has also been documented in differentiation of

various somatic lineages®>*, such as haematopoietic lineage, mesenchymal stem

cells, epidermal homeostasis>?-62,

RING1A/B

Gz

Figure 3. Polycomb repressive complexes coordinate transcriptional silencing.

Polycomb repressive complex 1

Genomic mapping in mESCs revealed RING1B broadly co-localized with PRC2 at
promoter regions*>47, but it can also occupy regions that are not bound by
PRC26364 Indeed, a handful of studies both in fly and in mammals have
demonstrated that recruitment of PRC1 can be established by binding to pre-
existing H3K27me3 or by de novo tethering to DNA mediated by variant PRC1
subunits25. The diverse mechanisms driving PRC1 recruitment potentially reflect
the heterogeneity of PRC1 complex, of which, distinct subunits exploiting different
approaches to target chromatin. Depletion of both RING1A and RING1B in mESCs
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completely abrogate H2ZAub in concert with genome-wide reduction of PRC2
occupancy and H3K27me3 enrichment at Polycomb target sites. This introduces
global de-repression and differentiation, and finally halts cell proliferation in

mESCs3749.63 suggesting that PRC1 controls at least in part PRC2 occupancy.

How PRC1 conducts repression awaits to be unraveled. Potentially, the enzymatic
product HZAub can recruit PRC2 component and confers transcriptional
repression (the question therefore shifts to how PRC2 controls transcription).
However, since PRC1 localizes on a subset of promoters devoid of PRC2, this
implies that RING1B/ H2Aub are capable of silencing target genes independently
of PRC2. A recent study reports that the remodeling and spacing factor RSF1 is a
novel H2Aub reader that contributes to H2Aub-mediated silencing®>. However,
there is only minor overlap of de-repressed genes resulted from respective
RING1B-KO and RSF1-KO in HeLa cells, insinuating the contribution of RSF-1 is
not major. Alternatively, H2Aub per se might repress transcription as H2Aub
inhibits the deposition of H3K4 di- and tri- methylation (H3K4me2/3) in vitro,
which consequently compromises transcriptional initiation but not elongation®®.
H2Aub may also plays a role in sequestration of POL Il loading onto the promoters
in mESCs, but the link between H2Aub and POL II configuration requires further
studies®’. Aside from its catalysis, PRC1 could initiate chromatin compaction to

generate less accessible environment for transcription machinery?®869,

Versatility of PRC1 complex

In Drosophila, PRC1 complex contains the catalytic subunit Sex comb extra
(Sce)/dRing, Pc, Posterior sex combs (Psc), Polyhomeotic (Ph) and Sex comb on
midleg (Scm). Kdm2, homolog of mammalian demethylase KDM2B, forms a
variant PRC1 complex. In mammals, the system is diversified by versatile
homologs and accessory co-factors, which give rise to functionally distinct PRC1

complexes in humans?7.

Systematic proteomic analysis identified mammalian core PRC1 consists of E3
ligase RING1A or RING1B, and one of the six PCGF subunits (Psc homologs)’°. The

complexes can be further classified into canonical PRC1 (cPRC1) or variant PRC1
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(vPRC1) complexes, regarding on the presence or absence of the CBX subunit (Pc
homolog). Canonical PRC1 contains one of the CBX proteins (CBX2, CBX4, CBX6-
8), PHC1-3 (Ph homolog), SCM1-2 (Scm homolog) and PCGF2/MEL-18 or
PCGF4/BMI-1. In variant PRC1 complex, CBX is replaced by RYBP or YAF2, and
assembles with either one of the six PCGF proteins. Each PCGF-RING1A/B
incorporates distinct set of associated polypeptides, emcompassing the functional

versatility of PRC1 (Figure 4)72571,

PRC1 complexes

Drosophila Mammals

Canonical Canonical

RING1A/B

CB 2/4/6/7a

an

Variant Variant

Figure 4. Polycomb repressive complex 1
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Canonical PRC1
Canonical PRC1 contains CBX subunit that binds to H3K27me3. Cells with mutated

PRC2 shows eviction of PRC1 from PRC2 targets, suggesting a causal link of PRC2
mediating PRC1 recruitment33. However, deletion of PRC2 shows only reduction,
but not complete loss of PRC1, and has little effects on global H2Aub, suggesting
the existence of other mechanisms that drive PRC1 recruitment’2. The canonical
PRC1 compacts chromatin and restricts the access of trans-acting factors to DNA
to prevent transcription. For example, loss of RING1B decompacts chromatin at
Hoxb locus and abrogates silencing in mESCs”3. The chromatin compaction can be
mediated by the subunits PHC2 and CBX2. The sterile alpha motif (SAM) of PHC2
plays an essential role in nucleosome oligomerization and PRC1 clustering’4.
Inhibition of polymerization abolishes PRC1 binding and leads to gene de-
repression’4. The intrinsically disordered regions (IDRs) of CBX2 were linked to
chromatin compaction’s, and were described to be crucial for formation of phase
separated droplets termed “Polycomb body”7¢77. Single-molecule tracking of
RING1B shows that PRC1 binds more stably and with higher intensity within the
Polycomb bodies’8. These suggest that cPRC1 modulates the structural
configuration of chromatin, which helps self-propagation and contributes to gene

silencing.

Variant PRC1

Individual PCGF homologs assemble with distinct chromatin factors and thereby
confering the heterogeneity of vPRC1 complexes. Variant PRC1.1 contains H3K36-
specific demethylase KDM2B, USP7, BCOR/BCORL1 and SKP1. As for vPRC1.3 &
1.5, PCGF3/5 interact with WD40 domain protein DCAF7, AUTS2/FBRS/FBRSL1
and CK2al/a2/b. PCGF6 defines the largest vPRC1, which is composed of WDR5,
heterochromatin factors HP1-y and CBX1/3/5, and transcription factor E2F6
complex (E2F6-DP1, L3MBTL2, MGA-MAX, HDAC1/2 and EHMT1/2). The
interactors of RYBP-PCGF2/4-PRC1 remain to be determined (Figure 4)7079.

PRC1 recognizes its own H2Aub mark through the RYBP subunit, suggesting a
likelihood of feed-forward mechanism that could be involved in spreading along
the chromatin®. [t was demonstrated in vitro that both RYBP and YAF2 stimulates
the ubiquitinating activity of PRC181. Using de novo tethering assay, Blackledge
and colleagues reported that vPRC1 is the main effector in catalyzing H2A
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ubiquitination in mESCs. On the contrary, the canonical CBX-PCGF2/4-PRC1
complex has little E3 ligase activity. Variant PRC1-dependent H2Aub controls
genome-wide PRC2 localization and H3K27me3 deposition, providing a “PRC1-
driving-PRC2” recruitment model®*. Lastly, different PRC1 complexes can occupy

distinct genomic loci, implying a cooperative system in transcriptional silencing”°.

Functional divergence of variant PRC1 complexes

PRC1.1

Sequence analysis of Polycomb nucleation sites shows enrichment for CpG islands
in the vicinity of promoters®82. Studies in mESCs showed that KDM2B/FBXL10, a
H3K36 specific demethylase, displayed strong affinity towards unmethylated CpG
island through its CxxC-ZF domain. KDM2B preferentially binds to unmethylated
DNA, as demonstrated by electrophoretic mobility shift assay (EMSA). Indeed,
KDM?2B was displaced from methylated promoter during differentiation in mESCs.
Artificial tethering of KDM2B to a heterologous promoter recruits RING1B and
PCGF1, and subsequently leads to H2ZAK119 ubiquitination. KDM2B is found to co-
localized with RING1B, whose depletion leads to decreased RING1B binding, loss
of H2Aub, and consequent gene de-repression as well as early exit of pluripotency.
These observations establish a direct link between targeted recognition of CpG

island and PRC1 recruitment83-85,

PRC1.3 and PRC1.5

In mESCs, PCGF3 and PCGF5 was reported to stably interaction with Xist RNA,
suggesting a direct role in Xist-RNA mediated X chromosome inactivation (XCI).
Despite single ablation of either PCGF3 or PCGF5 does not affect H2ZAub coating
on inactivated X chromosome, deletion of both homologous proteins strongly
reduces Xist-dependent H2Aub and H3K27me3 deposition, and is associated to
failed silencing of X-linked genes. Consistently, recruitment of PCGF3/5 can occur
in the absence of PRC2. PCGF3/5 double deletion is embryonic lethal, but female
embryos display more profound defects and embryonic lethality is reported as
early as E9.5. These observations illustrate functional redundancy between PCGF3
and PCGF5 and, more importantly, highlight a direct link between X inactivation
and PRC1.3/5-mediated H2A ubiquitination?8é.
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PRC1.6

PCGF6-PRC1 binds at promoters that are specifically enriched in germline related
genes such as the ones regulating spermatogenesis and meiosis. Deletion of PCGF6
leads to H2Aub reduction, upregulation of the target genes, and hence perturbs
cell identity and self-renew. Mechanistically, PCGF6 recruitment requires the TF
dimer MAX-MGA within the complex to bind to the E-box motif. MAX or MGA
knockdown (KD) reduces occupancy of PCGF6, and gives rise to subsequent de-
repression on PRC1.6 target genes. In vivo study showed partial penetrance of
embryonic lethality in PCGF6-/- progeny, ranging from blastocyst to post-

implantation stage®’.

PRC1-mediated gene silencing requires the combinatory actions of vPRC1s.

Genomic profiling of individual PCGF suggests that they bind to distinct genomic
region’?, alluding to a model whereby diverse PRC1 complexes contribute
concurrently to gene silencing. In mouse ESCs, while PRC1 deletion causes
massive gene activation, removal of respective vPRC1 complexes does not fully
recapitulate the PRC1-null phenotype#88. For example, removal of canonical
PRC1, which acts downstream of PRC2, merely contributes to gene de-repression,
in accordance with the study proposing that PRC2 is dispensable for gene
silencing in mES cells®1. Loss of PCGF1 perturbs H2Aub enrichment and PRC2
recruitment in concert with mild de-repression. PCGF3/5 double KO causes little
gene upregulation but results in major reduction in H2Aub in bulk and across the
genome, pointing out their roles in maintaining pervasive H2Aub. In contrast,
simultaneous deletion of PCGF1/3/5/6 resembles those of PRC1-null context.
Hence, the additive action of the different vPRC1 complexes together defines
PRC1-mediated repression, and that individual variant contributes to distinct
pools of H2ZAub*°.
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Enzymatic activity is central to PRC1-mediated repression

As abovementioned, PRC1 is proposed to contribute to repression via both histone
modifying activity and chromatin compaction. However, several studies have
challenged this view by showing that catalytically inactive PRC1 complex sustain
repressive states. In a fly clonal assay, embryos carrying zygotic and maternal
point mutation form of Sce (I48A) renders the enzyme to be catalytically dead.
These mutant embryos show no H2Aub accumulation with reported decreased
H3K27me3 level, but no derepression of the canonical Hox genes in late embryonic
stage. Nonetheless, these embryos cease development at the end of
embryogenesis. In parallel, a form of mutant H2A that could not be ubiquitylated
in culture cells model also suggested lack of Hox loci de-repression similar to those
of catalytic dead embroys®°. Besides, in mouse ESCs, re-expression of WT or
catalytic dead RING1B could both rescue the de-repression of Hox genes’3, and
mutated RING1B did not introduce genome-wide de-repression®®. These indicate
that H2Aub is dispensable for stable Hox silencing. However, the study in flies is
concluded solely based on the observation at the paradigmatic Hox loci, and
overlooked that the ubiquitinating activity of PRC1 is essential for development.

Also, the studies in mESCs overlooked the contribution of RING1A.

Hypothetically, if H2Aub is dispensable for PcG-mediated repression, then it is
hard to reconcile with the facts that: (1) vPRC1-mediated H2Aub accumulation
controls PRC2 recruitment®4. (2) PRC2Z alone is not sufficient to encompass
Polycomb-mediated transcriptional repression, as more recent work reported
mild de-repression in PRC2-null mESCs>%51, (3) Removal of cPRC1 shows little
impact in transcription*’. Importantly, part of these contradictory data might
reflect the fact that the catalytic dead I53A RING1B mutant turns out to be
hypomorphic, that is, it displays residual E3 ligase activity®°.

Recent work employed a conditional double mutant RING1B (I53A-D56K) that
rendered complete abrogation of PRC1 catalysis in mESCs. Transcriptomic
analysis of RING1B!33A-D56K mutant recapitulated those of conditional PRC1-KO.
While recruitment of PRC1 is independent of enzymatic function, components of

PRC2 were evicted in concert with substantial loss of H3K27me3, thereby, cPRC1
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binding could not take place, and Polycomb domain formation was compromised.
Together, these implicate that catalytic activity of PRC1 is central to its function in

mammals, though it is still unclear whether PRC1 has other activity?1.

Polycomb repressive complex 2

Core components of PRC2

PRC2 catalyzes methylation on H3K27333492.93 The catalytic core of PRC2 is rather
homogeneous compared to the variety of PRC1 complex. In Drosophila, the
subunits that constitute the core PRC2 are methyltransferase E(z), extra sex comb
and extra sex comb like (Esc/Escl), Su(z)12 and Nurf55; whereas the mammalian
homologous proteins are EZH1/EZH2, EED, SUZ12 and RbAp46/RbAp48 (Figure
5)%4. Quantitative proteomic analysis estimates roughly half of the H3 histone tails
are di-methylated, whereas H3K27me1 and H3K27me3 each account for 10-20%
of total H3 tails®. The high prevalence of H3K27me?2 is regarded as a mechanism
in prevention of stochastic enhancer activation by H3K27 acetylation, but its exact

biological significance remains to be unveiled?®.

PRC2 and its catalytic product are required for normal development in Drosophila.
Mutation in the subunit E(z) gives rises to de-repression of Hox genes and
homeotic transformation3393. In addition, a point mutation on H3K27 that no
longer accommodates methylation phenocopies PRC2-mutant clones®’. Unlike the
indispensability of PRC1 in maintenance of pluripotency (to such that PRC1-null
cells cannot be maintained), PRC2 is not required in early embryonic stage, in line
with the fact that removal of canonical PRC1 that binds to H3K27me3 does not
introduce gene activation*. Nevertheless, PRC2 is required in later stage to

maintain transcriptional repression during ESCs differentiation5.

EZHs contains a conserved catalytic SET [Su(var)3-9, Enhancer-of-zeste and
Trithorax] domain, which is only active when associating with other core PRC2
subunits, therefore defining it as a holocomplex?2. EZH2 and EZH1 function in a
partial redundant manner: EZH2 is the primary homolog responsible for tri-

methylation of H3K27. Deletion of EZH2 but not EZH1 leads to global reduction of
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H3K27me2/3 in mESCs%0, in accordance with in vitro study showing EZH1
expresses weaker methyltransferase activity*?. However, EZH1 complements
EZH2 function as EZH1 depletion in EZH2-null context wipes out all forms of
H3K27 methylation. More specifically, it exacerbates H3K27me3 diminution on
Polycomb targets with ensuing gene de-repression®?. Expression of EZH2
correlates with proliferative rate*098, EZH1’s contribution would be more
important in slow-proliferating or post-mitotic tissues*1.99100. Aside from

enzymatic activity, EZH1 has been shown to mediate chromatin compaction#0.101,

EED contains an aromatic cage formed by the WD-40 repeats that recognizes
H3K27me3, which allosterically activates enzymatic function of PRC2, serving as
a feed-forward system in self-reinforcement!0?, similar to vPRC1 subunit RYBP
binds to its enzymatic product H2Aub. This mechanism is crucial in propagating
their very own marks, as loss of EED dissociates and destabilizes the complex,
leading to complete loss of H3K27 methylation. EED mutation is embryonic lethal,

mutant conceptuses are reabsorbed at early gastrulation stage103.104,

Likewise, SUZ12 ablation gives rise to full erasure of H3K27 methylation and
embryonic lethality10>. The C-terminal VEFS domain of SUZ12 interacts with EZH2
and EED, stabilizes the complex and is required for PRC2 catalytic function!%. In
a EED-KO and EZH1/2 dKO context, SUZ12 can be recruited to DNA, suggesting
the recruitment of SUZ12 to CpG island is independent of other PRC2 components
and H3K27 methylation. In addition, re-expression of SUZ12 in SUZ12-KO cells
accurately restores the patterns of enrichment for PRC2 and H3K27me3 in vitro,
and pluripotency in vivo. This de novo establishment of H3K27me3 pattern
demonstrates that PRC2 recruitment is not exclusively dependent on autonomous

epigenetic inheritancel?7.
Lastly, RbAp46/48 are also necessary for full activation of PRC2 enzymatic

activity1%8, but they also partake in formation of other protein complexes such as
LINC, NURF, NURD, and SIN37°.
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PRC2 complexes

Drosophila Mammals

Figure 5. Polycomb repressive complex 2

Facultative subunits of PRC2

Much of the recent activities in the PcG field have focused on the characterization
of new subunits, which contribute to the high modularity of PRC2 complex. Indeed,
the PRC2 core complex interacts with several facultative factors creating two
distinct complexes that are rather mutually exclusive termed PRC2.1 and PRC2.2.
Association with these auxiliary subunits have been shown to modulate
recruitment or enzymatic activity of PRC210°. PRC2.1 contains one of the three
Polycomb-like paralogs (PCL1/2/3; also known as PHF1/MTF2/PHF19) and
either PALI1/PALI2Z or EPOP (C170RF96). PRC2.2 consists of AEBP2 (Jing
homolog) and JARID2 (Figure 5). While facultative PRC2.1 constituents interact
with core PRC2 in a substoichiometric manner, the two co-factors of PRC2.2 are

supposed to associate in a more stochiometric manner with the core complex19,

PRC2.1
PCL proteins

The PCL paralogs contain one Tudor domain and two PHD domains in the N-
terminal part. MTF2 and PHF19 are necessary for PRC2 recruitment to subsets of
PcG target genes in mESCs. PCL2 was reported to bind to unmethylated DNA.
Disruption of PCL2 leads to global reduction in PRC2 and H3K27me3
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occupancy!11.112. Short-hairpin RNA (shRNA)-mediated PCL2 depletion tend to
stabilize the expression of pluripotent factors (Oct4, Nanog, and Sox2) in mESCs,
and consequently disturbed cell fate commitment upon differentiation. However,
the enhanced stem cell factor were likely secondary effects as chromatin
immunoprecipitation (ChIP) demonstrated they were not direct target of PCL2113,
Similarly, PHF19 is required for PRC2 binding to target genes, where its loss
decreases occupancy of PRC2 and H3K27me3 on target sites114115, PHF1 enhances
catalytic activity of PRC2 as suggested by in vitro histone methyltransferase
(HMTase) assay'lt. Knockdown of PHF1 results in de-repression a subset of HOX
genes in culture cell system, indicating a contribution to gene silencing!16.117,
Recent data also suggested the winged-helix domain of PCLs extends the residence
time of PRC2 on chromatin!18. Interestingly, the Tudor domains of PHF1 and
PHF19 express high affinity to H3K36me3, a mark associated with actively
transcribed loci. However, the PCLs do not actually localize on H3K36me3-
enriched regions in static states. It is likely that they establish transient contact

with H3K36me3 that allows recruitment of PRC2 to initiate gene silencing!15119,

EPOP

EPOP associates with PRC2 in a mutually exclusive manner with PALI1/PALI2120,
EPOP interacts with PRC2 complex and the Elongin BC heterodimer. This module
interacts with POL Il and stimulates transcriptional elongation!?1. EPOP occupies
avast majority of PRC2 target sites and would bridge ElongBC to PRC2. Upon EPOP
deletion, lowly-expressed PcG genes are downregulated in concert with decrease
of H3K4me3 and POL II enrichment, consistent with a potential positive role for
EPOP in transcriptional regulation. The physiological significance of maintaining
low expression of PcG target genes is unknown. Of note, expression of key
pluripotency factors and differentiation markers remains largely unchanged upon
depletion of EPOP, indicating that EPOP does not disrupt cell identity in

mESCs122123,

PALI1/PALI2

PRC2-associated LCOR isoform 1 (PALI1) and PALIZ are encoded by LCOR and
LCORL gene loci, respectively. They share conserved PIP domains that interact
with PRC2. PALI1 also interacts with G9a co-repressor complex and

deubiquitinases USP11 and USP22. PALI1 promotes PRC2 catalytic activity in vitro
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as shown by HMTase assay. Deletion of PALI1 reduces H3K27me3 on PRC2 targets
in mESCs. Moreover, the homozygous mutant embryos show global reduction in
H3K27me3. PALI1 deletion is embryonic lethal indicating that it is essential for

mouse development!24,

PRC2.2
AEBP2

AEBP2 is a zinc-finger protein that exists in two isoforms corresponding to the
embryonic and adult isoform, respectivelyl2>. Biochemical analysis shows that
AEBP2 exclusively interacts with PRC2.2 components. AEBP2 promotes PRC2
catalysis, but counterintuitively, loss of AEBP2 increases H3K27me3 on target
sites. In addition, AEBP2 defines the composition of PRC2.2, as its deletion creates
a hybrid of PCL2-JARID2-PRC2. Mice harboring homozygous AEBP2 mutant
display anterior transformation, a TrxG phenotype, with reported post-natal
lethality124.126,

JARID2

JARIDZ2 contains a JmjC domain often associated to histone demethylase activity.
However, the critical catalytic residues are not conserved, thereby the protein
does not contain any enzymatic activity. Its ARID and zinc-finger domains are
likemy involved in DNA binding, and the N-terminal region was reported to
interact with nucleosomes. In vitro assays show that JARIDZ stimulates the
methyltransferase activity of PRC2, and that AEBP2 and JARID2 synergistically
promote PRC2 activity127.128, Besides, JARID2 is methylated by PRC2. This mark is
in turn recognized by EED to triggers an allosteric activation of PRC2 similarly to
the mechanism similar described for H3K27me3129, JARID2 also contains a
ubiquitin interaction motif that recognizes H2Aub, providing a crucial bridge that
links to PRC1-mediated recruitment of PRC2. This interaction establishes the
crosstalk between PRC1 and PRC2 and reinforce Polycomb domain formation>7.58,
Loss of JARID2 is embryonic lethal around E13.5127. It is proposed that JARID2
silencing inhibits the binding of PRC2 core components, thus reducing H3K27me3

and disrupting cell differentiation39.
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PRC2.1 and PRC2.2 synergistically coordinates PRC2 function

Genome-wide studies show global co-localization of PRC2.1 and PRC2.2 in mESCs,
suggesting that they regulate common sets of genes. PRC2.1 recruitment would
depend on the DNA binding activity of MTF2. In contrast, the occupancy of PRC2.2
is supposed to rely on PRC1 as loss of H2Aub profoundly reduces PRC2.2131,
Deletion of PRC2.1 subunits PCLs evicts core PRC2 components as well as partial
loss of PRC2.2 enrichment, leading to reduction of H3K27me3. On the contrary,
removal of PRC2.2 has little effect on PRC2.1 localization and H3K27me3
enrichment. However, combinatorial silencing of both PRC2.1 and PRC2.2 leads to
global dysregulation of PRC2 and H3K27me3, suggesting PRC2.1 and PRC2.2

interchangeably contribute to Polycomb silencing at same set of genes!32133,

To understand the respective contribution of PRC2.1 and PRC2.2 during
differentiation, recent study implements auxin-inducible degron system to rapidly
deplete PRC2.1 subunit MTF2 or PRC2.2 subunit JARID2 throughout the course of
cytokine-induced neural lineage commitment. Depletion of either component
results in aberrant gene expression and thereby compromises differentiation.
Although MTF2 and JARID2 extensively co-localize in neural progenitor cells
(NPCs), distinct sets of genes are de-repressed in response to their respective
degradation. Hence, while in pluripotent state the facultative PRC2 subunits act
redundantly, both PRC2.1 and PRC2.2 are independently required for proper

orchestration of gene expression during fate specification!34.

Other Polycomb complexes

Pho repressive complex (Pho-RC)

In Drosophila, current model suggests that PcG proteins are recruited to their
target genes (e.g. Hox loci) by an array of specific cis-regulatory elements, which
together form a Polycomb repressive elements (PRE)!3>. Pleiohomeotic (Pho)
encodes a bona fide DNA-binding protein that binds to PREs!3¢. Pho forms a
complex with PcG protein Sfmbt termed Pho repressive complex (Pho-RC).

Surprisingly, while homologs of the two subunits in this complex are found in
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vertebrates, they were not reported to function together!3’. In flies, Sfmbt binds
to Scm, and Scm interacts with Ph. This PhoRC-Scm-PRC1 interaction is proposed
to mediate the recruitment of PRC1 to PREs!38. Pho also interacts directly with
PRC2 subunit E(z) and Esc®>; and PRC1 subunits Ph and Pc!3?. Thus, it provides a
molecular mechanism for the recruitment of PRC1 and PRC2 to target genes, and

establishes a hierarchical recruitment model of PcG proteins.

PR-DUB

Genetic screen in flies identified a novel PcG gene, Calypso, whose mutation is
associated to misexpression of Ubx genes, a canonical PcG phenotypel49. Calypso
encodes a deubiquitinase and forms a complex with Additional sex combs (Asx),
hence it was termed Polycomb repressive deubiquitinase (PR-DUB)4l. However,
whether Calypso is a bona fide PcG protein remains debatable, as its mammalian
ortholog suggests otherwise. A full chapter will be dedicated to molecular function

of PR-DUB.

Recruitment and propagation of the repressive marks

Throughout the course of development, dynamic sophistication of transcriptional
programs allows asymmetrical division, cell fate specification, commitment and
end-point differentiation. This requires flexibility and reversibility of the
activating and repressive system, and therefore includes de novo targeting of PcG
system. Once established, the repressive marks need to be propagated and
perpetuated to maintain cellular identity. This section will discuss the molecular

mechanisms that recruit, reinforce and propagate the PcG system.

Recruitment by DNA elements

As abovementioned, PREs elements serve as docking sites for Pho-RC and
consequently recruits PRC1 and PRC2Z in Drosophila?’. Within the broad
H3K27me3 domains in Hox locus and other developmental genes, putative PREs
can be recognized by strong and sharp binding of Polycomb components!42. Based

on the findings in flies, the search of PREs in mammalian system has embarked
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but did not report convincing outcome despite perspired efforts. Besides, the
transcription factor YY1, the mammalian homolog of Pho, was reported to have
non-PcG related properties. YY1 binds to highly expressed genes and its

inactivation leads predominately to gene downregulation43.

Albeit PREs were not identified in mammals, sequence analysis on PRC1/PRC2
shows strong enrichment on CpG island that locates in the proximity of
transcription starting sites#64882-84 PRC complexes display high affinity to
hypomethylated CpG island, suggesting mutual exclusivity of DNA methylation
and PcG system144145 [ndeed, ectopic insertion of short CG-rich motifs
autonomously confers PRC2 binding and deposition of H3K27me3146. Regarding
PRC1, it is shown to bind to DNA through its co-factors. Variant PRC1.1 was
proposed to be recruited at unmethylated CpG island by its subunit KDM2B83-85,
though later work actually suggests that the role of KDM2B is to protect CpG island
against DNA methylation!#’. The variant PRC1.6 can be recruited through TF
E2F687.148 (Figure 6a)°>.

Recruitment by non-coding RNA

It is well established that the expression of the long non-coding (Inc) RNA Xist
triggers the recruitment of PcG machinery on the chromosome where it coats. This
process has constituted an important paradigm for IncRNA-mediated PcG
regulation149, It was initially reported that A repeat of Xist recruits PRC2150,
However, later studies show that A repeats are dispensable for PRC2
recruitment!®!, and that the onset of Xist coating on inactivate X chromosome
appear to precede PRC2 binding!>2. Instead, it was proposed that PCGF3/5-PRC1
complexes would be the early pioneers that are recruited by Xist, which trigger
pervasive blanketing of H2Aub on inactive X, and subsequently, the recruitment

of JARID2-containing PRC2 (Figure 6b)8e.
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Recruitment and reinforcement by histone modifications

The high prevalence of co-localization of PRC1 and PRC2 on target sites suggests
an active crosstalk between the two complexes. It was initially considered that
PRC2 first deposits H3K27me3, and this mark is then recognized by CBX-PRC1
(cPRC1), and initiates PRC1 binding to chromatin33.55, Later findings suggested
that PRC1 binding could take place in the absence of PRC2, showing the existence
of alternative model than the hierarchical PRC2-driving-PRC1 recruitment 72153,
Conversely, H2Aub deposited by vPRC1 provides a recognition site for JARID2-
PRC2, which can in turn activate PRC2 independently of H3K27me357.5864,
Together, in this framework, the enzymatic products of PRC1 and PRC2 can act as
platforms for mutual recruitment. Of note, both PRC1 and PRC2 have self-
reinforcing activities: variant PRC1 recognizes their very own H2Aub marks
through the RYBP subunit®; PRC2 subunit EED triggers allosteric activation
through H3K27me3 binding!%2. These positive “write-and-read” reinforcing
activities are proposed to disseminate the marks alongside flanking chromatin

(Figure 6¢)154,
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Figure 6. Recruitment and propagation of the repressive marks
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Mechanisms refraining Polycomb machinery

While self-propagation proceeds, several mechanisms exist to constrain activities
of PRC1 and PRC2 to prevent stochastic gene silencing. These include histone

modifications, RNA interactions, DNA methylation and PRC2 interacting factors.

Histone marks

Genome-wide characterizations in flies and mammals show H3K27me3 is
depleted at actively transcribed genes marked with H3K4me3 and H3K36me2/3.
H3K4me3 is strictly localized at TSSs, while H3K36me2 /3 spread throughout gene
bodies*8155, In vitro studies show that the enzymatic activity of PRC2 is strongly
inhibited by nucleosomal substrates H3K4me3 and H3K36me2/3. H3K27me3 and
H3K4me3/H3K36me are mutually exclusive when presented on the same H3
tail156.157, Genetic modulation of H3K36 methylase shows that H3K36 methylation
level negatively correlates with H3K27me3. For instance, loss-of-function (L-o-f)
mutation of the Ash1 leads to global reduction of H3K36me2, resulting in increase
of H3K27me3158. ShRNA-mediated depletion of H3K36 methylase NSD-1 leads to
global expansion of H3K27me3 not only on PcG targets sites but also on flanking
domains originally marked with H3K27me2 in mESCs!5%. Collectively, these
observations suggest that active histone marks demarcate genome-wide domains
of H3K27me3.

DNA methylation

PRC1 and PRC2 bind preferentially to unmethylated CpG motif, a frequent feature
of promoters across vertebrate species!4>. Overall, CpG methylation and H3K27
methylation show mutual exclusive pattern, and that PRC2 has a reduced affinity
to nucleosome that are methylated on CpG in vitrol44. In EMSA assay, KDM2B-
PRC1 also showed reduced binding with methylated CpG8>. Artificial tethering of
PRC2 promotes H3K27me3 deposition, but the activity is compromised with
increased DNA methylation46. Consistently, H3K27me3 spreads de novo in DNA

methyltransferase-deficient embryonic stem cells10. Conversely, recent finding
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reports the requirement of PRC2 in maintenance of hypomethylated CpG island,

revealing its active role in homeostasis of DNA methylation61.

RNA

As described above, IncRNA can facilitate the recruitment of polycomb complexes.
However, RNA can modulate polycomb function in other ways62. PRC2 interacts
promiscuously with RNA, despite it shows higher affinity to G-quadruplex
structures!63. [t has been proposed that nascent RNAs competes the binding with
nucleosome, displacing PRC2 from its target genes, and thereby resulting in
reduction of H3K27me3163164 Biochemical analysis indicates that nascent
transcripts from active genes binds to PRC2, of which RNA interacts with EZH2
and allosterically inhibit its activity165166, Taken together, this view supports a
model in which nascent transcripts locally repel PRC2 from active loci to

guarantee proper transcriptional activity.

EZHIP (EZH1/2 inhibitory protein)

Arecently identified co-factor of PRC2, CXORF67, inhibits PRC2 methyltransferase
activity. It was therefore named EZH1/2 inhibitory protein (EZHIP). EZHIP is
highly tissue-specific, being expressed predominantly in gonads, placenta and to
a lesser extent, in brain. Deletion of EZHIP in mice leads to a global increase in
H3K27me2/3 during gametogenesis, and compromises female fertility'¢’. EZHIP
is highly expressed in pediatric cancer posterior fossa type A (PFA) ependymomas
and diffuse midline gliomas!%8. [t remains nonetheless elusive how EZHIP inhibits
PRC2 catalysis, potentially mimicking the H3K27M oncohistones that block
EZH2/1 activity'62170, However, its precise mechanism of action and its role

during gametogenesis require further investigation.
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Interdependency and Independence of PRC1 and PRC2

Fundamental principles of PcG proteins recruitments have evolved and been
revisited over the past years. It is now clear that, genomic occupancy patterns of
PRC1 in flies and mammals are far less dependent on PRC2 than previously
believed. In flies, PRC1 recruitment does not require PRC2 binding to PREs. On the
contrary, PRC1 occupancy is a prerequisite for PRC2 localization!’1. Similar
observation has been reported in mammalian cells: while PRC2 inactivation has
little effects on PRC1 occupancy, vPRC1.1 deletion leads to displacement of PRC2,
and consequently, reduction of H3K27me3 at a subset of targets®%. More strikingly,
recent in vivo studies report that preventing H2Aub deposition by PCGF1/PCGF6
depletion during oocyte maturation leads to loss of H3K27me3 in a series of
Polycomb-imprinted genes, which are irreversibly inherited by the embryos and
causes premature activation of developmental genes. Upon fertilization, dynamic
of H2Aub domain formation precedes those of H3K27me3 during maternal-to-
zygotic transition, suggesting that PRC2 follows the pattern established by PRC1.
By contrast, conditional EED-KO in oocytes and maternal EED-KO embryos have
little consequences on H2Aub domains even though both PRC1 and PRC2
depletion perturb proper zygotic activationl’2173. Taken together, these
observations indicate that, at least in early developmental stage, PRC2 manifests

high dependency on PRC1, but not vice versa.

PRC1 is recruited to enhancers independently of PRC2

Since PRC1 can autonomously binds to its target sites, whether it entails specific
functions arouses great interests. In order to tackle this question, Kloet and
colleagues dissect the dynamic of PRC1 and PRC2 complexes during
differentiation to NPCs. While binding of PRC2 subunits and H3K27me3 are
greatly lost on target genes, PRC1 retains its binding on most of target sites. More
importantly, an appreciable number of RING1B is gained in NPCs, with
considerable new peaks occupying active promoters and enhancers devoid of
H3K27me3, suggesting redistribution of RING1B occupancy during
differentiation!’4. Similarly, RING1B is recruited to active enhancers in fly

developing eye discs, whose enrichment potentially plays a role in the
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establishment of long range enhancer-promoter contacts’>. In various breast
cancer cells, RING1B localizes largely on distinct active enhancers. This study
actually shows that RING1B-bound enhancers associate with oncogenic
activities?’6. All of the above studies suggest the existence of distinct PRC1
patterns in differentiating tissues or in cancer cells comparing to mESCs176.
However, systematic analysis is required to investigate the physiological

significance of enhancer-bound PRC1.

PRC1 represses genes independently of PRC2

Considering that PRC1 binds to distinct subsets of promoters and enhancers in
somatic tissues, it is likely that PRC1 functions through PRC2-indepedent
pathways. PRC1 is required for skin epithelium morphogenesis and stem cell
specification®?, and conditional KO (cKO) of RING1A and RING1B in mouse
epidermal tissue cause skin fragility in neonatal pups. However, the same
phenotype is not observed in EED cKO pups, implying that PRC1 plays a more
important role than PRC2 in maintaining epidermal integrity. PRC1 inactivation
perturbs a larger number of genes compared to PRC2-KO, the upregulated genes
are related to cell adhesion and cytoskeleton organization. All of the above
observations convey the idea that PRC1 autonomously regulates transcription
independently of PRC2, whether this process is a general phenomenon requires

further study!”7.

Can PRC2 repress transcription independently of PRC17?

While H3K27me3 is clearly necessary for the functionality of PRC2, the precise
molecular mechanisms on how it confers the repressive signal remains only
partially understood. A long-standing view is that H3K27me3 serves as docking
site for cPRC1, which in turns compacts chromatin to restrict the access of
transcriptional machinery. The problem of this hypothesis is that PRC2 occupies
genomic regions lacking PRC14¢, and that inactivating cPRC1 does not cause target

genes de-repression?®. Recently, a couple of chromatin factors have been
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proposed to possess modules that recognize H3K27me3 and could confer

transcriptional inactivation.

CDYL/CDYL2 are H3K27me3 readers, which repress PRC2 target genes

Quantitative proteomic analysis using modified histone peptides or recombinant
nucleosomes demonstrate that chromodomain proteins CDYL and CDYL2
recognize H3K9me3 and H3K27me2/3144178, CDYL recognizes H3K9me3 and
interacts with G9a, serving as a bridge between the H3K9 methylase and its
enzymatic product. CDYL incorporates into REST and HDAC1 co-repressor
complexes, suggesting a role in gene repression as further supported by luciferase

reporter assay!79.180,

Potentially, CDYL can also act as a bridge between PRC2 and H3K27me3.
Endogenous EZH2 and SUZ12, although with many other proteins, could be
efficiently co-immunoprecipitated with CDYL in MCF-7, U20S and HEK293T
cells181.182. CDYL enhances PRC2 enzymatic activity toward oligonucleosomes in
vitro.In MCF-7 cells, ChIP-qPCR shows that CDYL localizes at several PRC2 targets,
and that short interfering RNA (siRNA)-mediated depletion of CDYL reduces PRC2
and H3K27me3 on target sites alongside with gene de-repression. These indicate
that CDYL might participate in PRC2-mediated repression and it might form a
positive feedback loop to facilitate propagation of H3K27me3 along the

chromatin8?,

In addition, CDYL is crucial for reestablishment of the repressive marks during
DNA replication. CDYL associates with chromatin assembly factor 1 (CAF1) and
replicative helicase MCM complex, and is proposed to recruit EZH2 to replication
forks to promote the deposition of H3K27me3 on newly assembled H3. U20S cells
bearing CDYL ablation are reported to have delayed H3K27me3 loading on new
histones with impeded early S phase progression!82. Nonetheless, it should be
kept in mind that CDYL is rarely identified in immunoprecipitation from PRC2
components, and that U20S cells is an arguable model as its H3K27me3 lvel by

default is close to background level due to aberrant expression of EZHIP167.

Interestingly, X chromosome inactivation is associated with coating of H3K27me3,

and that CDYL is recruited to Xist-coated chromosome upon differentiation. CDYL
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co-localizes with both H3K27me3 and H3K9me?2, but its recruitment is lost in the
absence of H3K27me3 (EED-KO cells). Mouse ESCs depleted for CDYL by shRNA
display a perturbed cell differentiation, blockage of pluripotency with massive cell

death, implying an important role in maintaining proper cellular function83.

Taken together, these studies indicate that CDYL/CDYL2, readers of H3K27me2/3
and H3K9me3, participate in gene repression potentially by stimulating the
methyltransferases themselves and/or by recruiting other co-repressor

complexes.

BAHD1 and BAHD?2 recognize H3K27me3 and repress PRC2 target genes

BAHD1 is first described as a heterochromatin factor that interacts with
heterochromatin protein HP1, H3K9 methyltransferase SETDB1 and HDACS.
However, immunofluorescence (IF) in HEK293 cells shows that BAHD1 co-
localizes with both inactive X chromosome and H3K27me3 puncta, but rarely with
H3K9me3. BAHD1 contains a C-terminal BAH module whose removal
compromises co-localization with H3K27me3184, Biochemical analysis reveals
that the BAH domain binds to H3K27me3 with high affinity but not for H3K9me3.
These suggest that BAH domain “reads” specifically H3K27me318>. Genome-wide
studies report that Flag-tagged versions of BAHD1 and its paralog BAHD2 (also
known as BAHCC1) bind to PRC2 targets. However, in those assays, strong
enrichment of BAHD1/2 at house-keeping genes is also observed, prompting for
follow-up validations to consolidate the detailed mechanistic pathways in BAHDs-
mediated regulation. Nevertheless, depletion of either paralogs contributes to
misexpression of PRC2 target genes, suggesting a potential participation in PRC2-
mediated gene repression184186.187 Tandem affinity chromatography purification
following mass spectrometry revealed that BAHD1 interacts with histone
deacetylase complexes HDAC1/2, MIER1/2/3 and KAP1; heterochromatin co-
factors HP1y/B, G9a and PPP2R1A; and chromatin remodeler RUVBL2.
Intriguingly, BAHD1 also interacts with CDYL1/2188 However, it remains unclear
whether BAHDs and CDYLs, these seemly irrelevant proteins, promote silencing

in an independent or collaborative fashion.

More interestingly, forward genetic screen in filamentous fungus Neurospora

crassa identifies a BAH-PHD-containing protein termed EPR-1 (effector of

47



Polycomb repression 1), which associates with H3K27-methylated chromatin.
Loss of EPR-1 leads to the upregulation of H3K27-regulated genes without
affecting H3K27 tri-methylation. Orthologs of EPR-1 are identified in an array of
eukaryotes, suggesting evolutionarily conserved BAH-PHD domain protein in
primitive Polycomb system. Remarkably, core PRC1 components are absent or so
far not yet discovered in fungal lineages, providing a contextual evidence that
ancient BAH-PHD-containing protein may mediate H3K27me3-dependent

repression in a PRC1-independent manner!8°.

PRC1 and PRC2 have autonomous yet overlapping functions in repression

It is long considered that PRC1 and PRC2 coordinate repression of target genes
based on the evidence of (1) extensive overlap within target genes, (2) mutual
recruitment of the two complexes and (3) similar large-scale de-repression in the
absence of individual component. Leeb and colleagues observed that a subset of
genes is derepressed only upon removal of both PRC1 (RING1B) and PRC2 (EED)
in mESCs, and therefore proposed a model where PRC1 and PRC2 redundantly
silence target genes®2. Whether respective complexes independently regulate
genes remains speculative in reason of the lack of appropriate model to address
the question: deletion of PRC1 in cells impair cell proliferation and promotes

differentiation.

A recent in vivo study focusing on mouse epidermal development reported
observations similar to those of in mESCs. Conditional ablation of PRC1 or PRC2
in epidermal progenitors disturb the integrity of epidermis. However, PRC1/2
double cKO mice suffer severe skin defect which is not observed in neither of the
respective KO mice. While PRC1-KO introduces higher level of de-repression that
PRC2-KO (1353 genes vs. 551 genes), PRC1 and PRC2 ablation in combination
elicits much higher extent of gene de-regulation (2492 genes), indicating the two
complexes have overlapping functions in repressing target genes, consistent with
a model of redundancy between PRC1 and PRC2 199,

Interestingly, in both in vitro mESCs and in vivo mice studies, a set of genes is

sensitive exclusively to the loss of one complex regardless of the other’s status,
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which strongly suggests both PRC1 and PRC2 can also autonomously represses
their targets despite being coupled at the same genomic targets. This supports a
model whereby PRC1 and PRC2 action in distinct mechanisms to achieve
maintenance of gene repression. While it is not fully unexpected for PRC1177, this
is a relatively unexplored question for PRC2. A part of my thesis tackles the
independency and interdependency of PRC1 and PRC2. By Integrating with
genome-editing, transcriptomic analysis and epigenomic profiling, I have
investigated the molecular mechanisms behind the interplay entwining the two

complexes (see Results).
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The BAP1 complex

The mammalian BAP1 complex consists of BAP1 and one of the ASXL paralogs
(ASXLs). Their invertebrate orthologs are Calypso and Asx, respectively. On the
functional level, BAP1 is a nuclear deubiquitinase that removes H2Aub. In
Drosophila, the Calypso-Asx complex was proposed to be a component of the
Polycomb machinery. However, as will be discussed below, recent observations
have challenged this view. In the past years, abundant literatures have focused on
deciphering its partners, functions, substrates, and more importantly, its
contribution to cancer suppression. In this chapter, I will discuss BAP1 from the

history of its discovery to current knowledge.

The discovery of BAP1 complex

BAP1 was initially described as a nuclear ubiquitin carboxyl-terminal hydrolase
(UCH) that interacts with BRCA1 in a yeast two-hybrid system. Together with
BRCA1, BAP1 exhibits anti-proliferative activity in breast cancer MCF-7 cells°%.
However, later studies did not confirm this piece of data as BAP1 does not regulate
BRCA1 ubiquitination!®?, and that the tumor suppressive activity of BAP1 is
independent of BRCA1193.

Approximately a decade after the identification of BAP1 in mammals, a genetic
screen in Drosophila proposed the mutation of calypso as a Polycomb phenotype,
ascribing from its widespread misexpression of Hox genes!40. Calypso forms a
deubiquitinase complex with Asx!41, a gene whose mutation shows posterior
transformations but also enhances anterior transformation (TrxG phenotype),
suggesting an involvement for both activation and repression of homeotic
locil®4195, Asx has three mammalian homologs: Additional sex combs-like
(ASXL1/2/3)196-199, ASXL.1 and ASXL2 are ubiquitously expressed, whereas ASXL3
expression is restricted to brain tissues (Human Protein Atlas). Calypso-Asx
deubiquitinates H2Aub in vivo, but not H2Bub, and is recruited altogether with Ph
(PRC1) and Pho (Pho-RC) complexes to PREs of a large set of PcG target genes.

Based on the phenotype of homeotic de-repression, the heterodimer Calypso-Asx
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and its vertebrate ortholog BAP1-ASXLs were termed Polycomb repressive

deubiquitinase (PR-DUB)141,

The partners of BAP1 complex

BAP1 forms the mandatory complex with ASXLs: the presence of one protein is
required for the stability of the other. For example, in U20S osteosarcoma cells,
siRNA-mediated BAP1 knockdown destabilizes ASXL2200. Reciprocally, ASXL1 or
ASXL2 knockdown reduces BAP1 abundance, and concomitant depletion
completely destabilizes BAP1, suggesting functional redundancy of the ASXL
paralogs?%0. Indeed, we observed a dramatic reduction of BAP1 protein abundance
in ASXL1/2 double-KO cells?°1. Of note, BAP1 modulates mono-ubiquitination of
ASXLs which in turn promoted the deubiquitinase activity of the complex (see

Results)?02,

Aside from its mandatory partner ASXLs, BAP1 has been found interacting with
transcription factors FOXK1/2 and YY1; other chromatin factors KDM1B, MBD5/6,
OGT; and cell cycle regulator HCF-1, suggesting a role of BAP1 in gene regulation,

chromatin-associated processes and cell proliferation (Figure 7)79201,203-207,

BAP1 complex

Figure 7. The BAP1 complex
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The biological functions of BAP1

Either BAP1 or ASXL1 deletion is embryonic lethal. While BAP1 knockout embryos
are reabsorbed around E9.5, ASXL1-KO embryos are no longer viable beyond
E19.5 with reported posterior transformation and developmental disorders207.208,
BAP1 is also frequently mutated in cancers. Viral introduction of BAP1 represses
proliferation of breast cancers MCF-7 cells in vitro!°1, and inhibits tumor growth
of non-small cell lung cancer NCI-H226 cells both in vitro and in vivol®3. The
complex is essential for embryogenesis and it was also classified as a tumor
suppressor. In this section, we will focus on the studies dissecting the function of

BAP1, notably its H2A deubiquitinating activity.

BAP1 in transcriptional activation

As abovementioned, the nomenclature of BAP1 as a subunit of PR-DUB derived
from the phenotype of Calypso mutant in Drosophila. Despite being described as
part of the Polycomb machinery, it remains largely enigmatic how BAP1 and PRC1,
its mechanistic antagonist, contribute concurrently to gene silencing. While this
could be attributed to fine-tuned spatial and temporal regulation!4!, recent
genome-wide studies in vertebrates suggest an alternative point of view. Indeed,
we have shown that in human HAP1 cells, BAP1 inactivation leads to visible
accumulation of H2Aub in bulk, and that RNA-seq reveals downregulation of a
plethora of genes that are related to multiple biological processes including
development?0l. Downregulated genes show increase of H2ZAub accompanied by
concerted increase of H3K27me3. In contrast to previous study reporting that
ASXL1 interacts with PCR22%9, we provide evidence that the increased enrichment
of H3K27me3 was likely a secondary effect subsequent to transcriptional
silencing, as removal of EZH2 did not rescue silencing of these genes. We showed
that the enzymatic activity of BAP1 is crucial to activate transcription, as re-
expression of the wild-type but not the catalytically dead C91S version of BAP1
rescued gene downregulation. Later studies report similar observations regarding
the role of BAP1 in transcriptional regulation?19-212, [n Xenopus, morpholino-
mediated BAP1 depletion arrests gastrulation with additional malformations,

including axial foreshortening, microphthalmia or anophthalmia. BAP1 depletion
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downregulates a cohort of genes related to lineage specification?!3, providing
evidence of functional conservation of BAP1 in vertebrates. Importantly, we
showed that BAP1 is functionally inert in the absence of PRC1. In a PRC1-KO
(therefore H2Aub-null) context, silencing BAP1 no longer triggers transcriptional
alterations. This establishes the fact that PRC1 is epistatic to BAP1 and that BAP1

promotes transcription most likely through H2A deubiquitination.

BAP1’s genomic localization

Considering the broad contribution of BAP1 to transcriptional regulation, several
studies attempted to map genome-wide binding sites of BAP1. However, this task
turned out to be challenging with little available resources being published.
Whether this reflects a very dynamic behavior of BAP1 at chromatin, a
distribution with little specificity along the genome or the lack of antibodies
working for crosslinking-based chromatin profiling was unclear. Using Flag-
tagged BAP1 knock-in system, Dey and colleagues reported BAP1 binds mostly at
promoters in bone marrow-derived macrophages. Surprisingly, out of 5731 genes
bound by BAP1, only 32 were downregulated in the absence of BAP1297. In mouse
ESCs, Kolovos and colleagues used in-house generated polyclonal antibody and
identify 1614 BAP1 peaks, which localized mostly on active or bivalent promoters.
However, this is likely an underestimation, as Flag-tagged version reported 10-
fold more peaks in the same study?19. Wang and colleagues performed ChIP-seq
analysis in triple-negative breast cancer CAL51 cells with homemade antibody,
and showed that BAP1 is recruited both on promoters and enhancers. They
further suggested that BAP1 is required for MLL3 recruitment and that BAP1 loss
reduces the occupancy of MLL3 and therefore the deposition of H3K4me1214,
Altogether those studies suggest an enrichment of BAP1 at a subset of promoters
of transcriptionally active genes despite this conclusion was concluded on

suboptimal experiments.
In this study, we implemented CUT&RUN-seq?!> and obtained a high resolution

map of BAP1 binding sites. It indicates a predominant recruitment at enhancers.

This result leads us to reconsider BAP1’s mechanism of action (see Results).
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Does BAP1 have other substrates that H2Aub?

Several proteins have been proposed to be BAP1’s substrates, which in turn
modulates their stability and function. For example, siRNA-mediated depletion of
BAP1 was reported to result in increased ubiquitination of INO80 and
consequently leading to its destabilization. Conversely, overexpression of WT but
not catalytic mutant BAP1 increased INO80 at protein level. Altogether, the
authors concluded that BAP1 participated in INO80-mediated DNA replication

processes?16,

In another study, through a siRNA screen targeting human DUBs, BAP1-KD was
shown to reduce the abundance of KLF5, a transcription factor highly expressed
in ER-negative breast cancers. Re-expression of WT BAP1, but not its inactive
mutant, restored KLF5 at protein level. The authors therefore claimed that by
stabilizing KLF5, which is required for proper cell proliferation, BAP1 contributes
to tumorigenicity and metastasis in breast cancer cells?1’. Similar approaches
have led to the conclusion that gamma-tubulin and endoplasmic protein IP3R3 are

also BAP1’s substrates218.219,

However, BAP1 inactivation results in substantial transcriptomic changes, and
consequently differential protein abundance (including E3 ligases and
DUBs)?20.221, As a consequence, it is quite challenging to distinguish primary

targets from secondary effects.

Pathologies associated to mutations of BAP1 or the ASXLs
Several types of cancer have been reported harboring BAP1 mutations. However,

this does not overlap with cancers that ASXL1 mutation is reported. We will

discuss diseases and malignancies linked to aberrant BAP1 and ASXLs functions.
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BAP1

Somatic and germline BAP1 loss-of-function mutations are frequently reported in
various cancers including uveal melanoma (UM), mesothelioma, renal cell
carcinoma and cutaneous melanoma?22-224, UM is a rare but aggressive intraocular
tumor with high prevalence of metastasis?25226, Mutation of either GNAQ or
GNA11 is the major driving event, and is followed by subsequent mutations of
EIF1AX, SF3B1, and BAP1 in a mutually exclusive manner??7228, [ocal
brachytherapy or enucleation provides good control, but half of the patients
eventually develop metastasis?2°. Risks of metastasis is linked to monosomy of
chromosome 3 and BAP1 inactivation?28. Since no efficient treatment has been
developed, the prognosis of metastasizing UM remains abysmal, with a median

overall survival ranging from 4 to 15 months?26.

Mouse models have been established to study BAP1-related pathologies. BAP1
ablation is embryonic lethal around E9.5. Systemic conditional BAP1 deletion gave
rise to splenomegaly, myeloproliferative disorder and myeloid transformation,
resembling disease that commonly harbors ASXL1 mutation in human?07.230,
Pancreatic ductal adenocarcinoma is a lethal malignancy that have the highest
incidence of Kras mutations?31, where heterozygous loss of BAP1 is reported in
around a quarter of patients. Studies in mouse showed that deletion or
heterozygous loss of BAP1 in pancreas caused tissue damage and pancreatitis
with full penetrance?32. Kras mutation drive pancreatic intraepithelial neoplasia
that progress to pancreatic adenocarcinoma with concomitant BAP1 mutation or
heterozygous loss, suggesting that BAP1 acts as a gate keeper to tumor

development?32.233,

ASXLs

Heterozygous mutations of ASXL1 resulting in premature truncations are
frequently reported in subtype of myeloid diseases with poor prognosis, including
myelodysplastic syndromes, myeloproliferative neoplasms, chronic and acute

myeloid leukemia?34. The majority of the truncation occurs in exon 12, right
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upstream of the PHD finger, a domain predicted to be a histone- or DNA-binding
module235, It remains debatable how this truncation alters ASXL1 function:

haploinsufficient loss-of-function or dominant negative gain-of-function (G-o-f).

On one hand, studies suggest homozygous ASXL1 truncations are L-o-f mutations
in leukemia cell lines (such as KBM5 cells), where ASXL1 protein is no longer
detectable. It was further reported that shRNA-mediated ASXL1 depletion leads to
genome-wide reduction of H3K27me3. Hence, the authors concluded that ASXL1
is required to maintain PRC2 function, and that loss of H3K27me3 causes de-
repression of HOXA genes, which subsequently contributes to myeloid
transformation?%. Of note, deletion of ASXL1 indeed results in myelodysplasia in

mouse mode]298,

On the other hand, recent studies suggested the mutations act as a G-o-f or
dominant negative effect. They argue against the reported protein instability of
the ASXL1 mutants by showing detectable protein level in mutant form of
ASXL1236, In addition, ASXL1 mutants enhance the deubiquitinating activity of
BAP1 in vitro. Expression of hyperactive BAP1-ASXL1™mut complexes results in
dramatic reduction of H2Aub and subsequent gene de-repression in
haematopoietic precursor cell line. H3K27me3 is also reduced but it is likely a
secondary effect in response to transcriptional re-activation. In addition, multi-
lineage differentiation is impaired, instead, it is skewed toward mast cells
differentiation, promoting expansion of myeloid cells in a bone marrow transplant
model?37.238, Taken together, those latter studies suggest that ASXL1 mutations act

as dominant G-o-f mutations that perturb cell identity.

ASXL2 mutation is rarely documented in carcinogenesis, with the exception of a
specific type of acute myeloid leukemia that harbors unique RUNX1/RUNX1T1
chromosomal translocations and where high frequency of heterozygous ASXL2

frameshift mutation is reported?3°.

ASXL1 and ASXL3 mutations have also been reported in developmental disorders.
De novo truncation of ASXL1 has been reported to account for approximately half
of the cases of “Bohring-Opitz syndrome” (OMIM 605039). This syndrome is

characterized by craniofacial abnormalities, severe intellectual and growth
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retardation, feeding difficulties and failure to thrive?49. Bainbridge and colleagues
showed that ASXL3 truncating mutation causes severe developmental disorders
that share similar phenotypes with Bohring-Opitz syndrome. Clinical features of
“Bainbridge-Ropers syndrome” (OMIM 615485) include severe feeding
difficulties, failure to thrive, neurologic abnormalities and developmental
delay?41.242. Shared phenotypes between ASXL1 and ASXL3 L-o-f mutations

suggest functional similarities of the paralogs in brain development.
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Transcriptional regulation by Trithorax group of proteins

Identification of Trithorax group of proteins

The PcG and TrxG genes encode chromatin modifiers that show opposing effects
on expression of Hox genes. In early 80s, a homeotic mutation was characterized
under the name trithorax (trx) with reported severe segmental defects including
halteres transforming to wings and general anterior transformation. The trx
mutation phenocopies 1-o-f mutation of Hox genes. Interestingly, other mutants
also mimic this phenotype, including fs(1)h, ashl and ashZ2. These genes were
therefore collectively termed as trithorax group of genes?43. Many other proteins
have now been classified as TrxG based on several other less stringent criteria
such as sequence homology, biochemical activities, and effects on transcription.
Given that transcription is a multi-step process that involves many factors, the
TrxG proteins are expected to be more heterogeneous than PcG proteins?’. Indeed,
biochemical studies have revealed that TrxG activate transcription via a wide
variety of mechanisms such as covalent modifications on histones, chromatin
remodeling, formation of cohesion complex, assembly of mediator module and
recruitment of POL 11727244245 The histone modifying and chromatin remodeling

activities that are better studied will be discussed below.

Histone modifying complexes

SET1/COMPASS-like family

Methylation of H3K4 is correlated with transcription. Tri-methylation of H3K4 is
enriched at actively transcribed genes, and is also found to co-localize with
H3K27me3 at poised promoters in pluripotent stage in mammals>3. The mono-
methylation of H3K4 (H3K4me1) has a different distribution that it demarcates
enhancers?4. The H3K4 methyltransferase complex was first isolated in yeast, but
it is found also conserved across species. In yeast, the enzymatic subunit Setl
forms the COMPASS complex which is responsible for all forms of H3K4
methylation (H3K4me1/2/3). The yeast Setl has 3 homologs (dSet1, trx and trr)
in Drosophila and 6 homologs (SET1A, SET1B and MLL1-4) in mammals. SET1A/B
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and dSetl-containing complexes are closely related to yeast COMPASS complex,
while MLL1/2 (homolog of trx) and MLL3/4 (homolog of trr) assemble into
COMPASS-like complexes but with distinct core subunits?47 (Figure 8).

SET1A/B-containing complexes are in charge of the bulk H3K4me2 /3248, MLL1/2
complexes do not contribute to global H3K4me3, but are proposed to tri-
methylate H3K4 at specific subset of genes such as bivalent genes and Hox loci in
mESCs. Loss of MLL1/2-specific core complex MENIN leads to radical reduction of
H3K4me3 across entire Hox loci249250, MLL3/4 are the major methyltransferases
mediating H3K4me1l at enhancers. MLL3/4 complex contains UTX, a H3K27-
specific demethylase, suggesting a role in antagonizing PRC2 activity251. Similar
functional partitioning of these distinct complexes has been found in
Drosophila245252.253, Loss of either homologs in drosophila and in mammals is

embryonic lethal, indicating non-redundant roles of these methyltransferase47.
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Figure 8. SET1/COMPASS-like family (Sze 2016)
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Ash1

Ash1 is one of the first pioneers TrxG to be identified in genetic screens. [ts mutant
clones show similar phenotypes to those of Trx mutants. While ash1 is required
for Hox gene expression, this seems to be PcG-dependent, as ash1 and trx are not
required for Hox expression in PcG mutant. This suggest that some TrxG proteins
such as Ashl and Trx function is to block establishment of PcG-mediated
repression?’. Ash1 and its mammalian counterpart ASH1 specifically mono- and
di- methylate H3K362%4. These marks are enriched within the gene body of
actively transcribed genes but also in a more pervasive manner across the genome.
However, their function remains unclear to date. Biochemical studies suggest pre-
existing H3K36 methylation inhibits PRC2 activity in vitro1>6.157, and that genome-
wide pattern of H3K27me3 anti-correlates those of H3K36 di- and tri-
methylation48159, This leads to the hypothesis that the H3K36-methyl marks

restrict expansion of PRC2.

Nucleosome-remodeling complexes

Two TrxG proteins, brahma (brm) and kismet (kis), encode proteins that are
associated with different ATP-dependent chromatin-remodeling complexes. Brm
is homologous to yeast swi2 (snf2), which encodes a ATPase subunit in yeast
SWI2/SNF2 complex, a complex is originally considered involved in yeast mating-
type switching (switch [swi] genes) and sucrose-fermentation (sucrose
nonfermenting [snf] genes), but which was later found participating in general
transcriptional activity?55. Kis belongs to the chromodomain-helicase-DNA
binding CHD7 subfamily?44. Both of the complexes modify nucleosomes but with
different mechanisms: SWI/SNF family complexes alter the chromatin
accessibility by repositioning nucleosomes, ejecting octamers or evicting histone
dimers, allowing the binding of TFs and general transcriptional machinery to DNA.
CHD family complexes partake in deposition of histones, maturation and spacing

of nucleosomes 256,
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BRG1 (SMARCA4) and BRM (SMARCAZ2) are the homologs of Brm?257.258, They
encode the catalytic subunits of mammalian SWI/SNF (mSWI/SNF) complexes
(also known as BRG1/BRM-associated factor (BAF)) in a mutually exclusive
manner2>°. Together with the two catalytic homologs, the products of 27 other
genes encoding the subunits of mSWI/SNF complexes that can assemble into three
distinct complexes termed canonical BAF, polybromo-associated BAF (PBAF) and
noncanonical BAF (ncBAF). The three complexes comprise common as well as
complex-specific subunits, allowing them to take parts to highly specialized
functions2°5260, Extensive exome and genome-wide sequencing have revealed that
the subunits of SWI/SNF are mutated in approximately 20% of human cancers.
Noteworthy, mutations of respective subunits are found in particular types of
cancers, suggesting non-redundant roles in maintaining normal physiological

functions (Figure 9)261,

BRG1 deletion is embryonic lethal in mice, occurring around preimplantation
stage?62. In mESCs, depletion of BRG1 by shRNA reduces self-renew, changes
colony morphology, alters expression level alkaline phosphatase, and leads to
gradual loss of expression of pluripotency factors including OCT4, SOX2 and
NANOG?%3. Another study in mESCs suggests that BRG1 maintains pluripotency by
safeguarding STAT3 binding. STAT3 acts downstream of LIF cytokine and is
important for pluripotency. Loss of BRG1 reduces chromatin accessibility at
STAT3-binding sites and is associated to concomitant loss of STAT3 occupancy. Of
note, H3K27me3 is increased at BRG1-binding sites in BRG1-cKO cells and the
transcriptional silencing can be partially to fully restored upon knockdown of
SUZ12. This suggests the potential antagonism between BRG1 and PRC2264,
Chemically-induced recruitment of BAF complex on the OCT4 locus causes rapid
eviction of both PRC1 and PRC2 and their histone marks within minutes in mouse
embryonic fibroblasts (MEFs). This histone eviction requires the catalytic activity
of BRG1265, Recent studies also suggest the importance of BAF complexes in
persistently maintaining chromatin accessibility for TFs binding, as acute BRG1
dissociation from chromatin by either small molecule inhibitor or inducible
protein depletion reduces accessibility on active promoters and enhancers. This
results in decreased TFs occupancy and subsequent gene silencing. Together,
these raise the idea that chromatin remodeling is continuously required for

proper gene expressionz66.267,
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Kis encodes a large protein that is highly related to human CHD7 protein. CHD7
modifies chromatin accessibility and is the causative mutation of CHARGE
syndrome: a syndrome with multiple developmental defects?68. In Drosophila, Kis
is required for transcriptional elongation. Loss-of-function of Kis mutation
reduces POL II localization on salivary gland polytene chromosomes. In addition,
Kis mutant shows reduced Ash1l occupancy, which is accompanied by loss of
H3K36me2 and gain of H3K27me3 on polytene chromosomes. Therefore, this

suggest that Kis counteracts PcG repression1>8269,
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Transcriptional regulation by enhancers

Characteristics of enhancers

Enhancers are segments of short DNA elements that activate gene expression at
long-range distance. Typically, the core promoter per se is not efficient to sustain
transcription and exhibits low basal activities?7?. Hence, arrays of specific
enhancers contribute to gene control and fine-tune the spatiotemporal expression
program. By engaging in physical contacts with their cognate promoters,
enhancers facilitate transcription regardless of their distance, position and
sequence orientation to promoters?’1-273, The first sequence identified as
enhancer derived from a 72 bp-repeat found in SV40 genome, it stimulates the
expression of human f3-globin gene when inserted to arbitrary positions relative
to the gene promoter274. Shortly after, similar enhancer sequences were found in

metazoan genomes27>,

Typically, the size of enhancers ranges from 100 to 1000 bp. It is estimated that
mammalian genomes contain hundreds of thousands of enhancers, controlling
cell-specific gene expression program?273. They are composed of various types of
short motifs that are recognized by specific transcription factors. The distribution
of diverse motifs across individual enhancer sequences articulates the
combinatorial repertoires of miscellaneous TFs, including both general and
lineage-specific TFs10. As chromatin is by default compacted?7¢, it acts as a hurdle
for factors to access to DNA and to exert their activities. The “pioneer” TFs, notably
master regulatory TFs, recruit chromatin remodelers (e.g. BRG1 and CHD7),
which reinforce opening of local chromatin to allow accessibility for other
chromatin factors?77.278, Subsequently, open chromatin facilitates the recruitment
of several other co-activators, in particular histone modifiers (e.g. MLL3/4 and
acetyl transferase CBP/p300), bromodomain-containing protein BRD4, cyclin
dependent kinase P-TEFB and Mediator complex?71.272. MLL3 /4 deposit H3K4me1l
while the acetyltransferase CBP and its paralog p300 catalyze H3K27ac on
flanking histones. Of note, H3K4mel marks up general enhancers, whereas
H3K27ac is a hallmark of active enhancers246:279.280, The highly cooperative “TFs
and co-activators” network ultimately promotes a permissive chromatin
environment, favoring the activity of the RNA polymerase II. Enhancers that are

more active tend to be depleted in nucleosome and are associated more frequently
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with co-activators?72. Genome-wide mapping reveal substantial occupancy of POL
Il at both poised and active enhancers?81.282, Active enhancers are able to drive
local transcription, whose products, coined as enhancer RNAs (eRNAs), are
typically short (~200nt), mostly non-polyadenylated and susceptible to exosomal
degradation (Figure 10)281282, These properties in turn have been employed to
predict putative enhancers on genome-wide level in a variety of cellular contexts
by high-throughput sequencing for detection of chromatin accessibility,
enrichment of histone modifications, occupancy of TFs/co-activators binding and

productivity of eRNAs (see below)?71.273,
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Figure 10. Characteristic of transcriptional active enhancers (Field 2020)
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Identification and prediction of enhancers

Early works in identifying enhancers rely on reporter system, where a candidate
enhancer sequence is positioned into the vicinity of a minimal promoter driving
the expression of reporter genes such as (3-galactosidase, luciferase or GFP. These
approaches, usually not performed in the endogenous chromatin environment, is

labor intensive and relatively low throughput?8s.
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A slew of new techniques based on next generation sequencing (NGS), which can
predict functional regulatory DNA elements in eukaroytic genomes at a larger
scale, have fueled the advancements in understanding the biological nature of
enhancers273.283.284  Besides, the molecular features of enhancers have been
extensively characterized by ChIP-seq datasets, notably histone modifications
H3K4mel and H3K27ac. These have been implemented to predict enhancer loci
across species and cell types246.279,280.285-287  Systematic and integrative
compilation of large compendia of enhancers is pioneered by Encyclopedia of DNA
Elements (ENCODE) Consortium and Roadmap Epigenomics Consortium?88289,
which empower genomic annotation in myriad of genomic context. Algorithms
(e.g. ChroHMM) can then be applied to classify characteristics of genomic

segmentations?99,

In addition to occupancy of chromatin-associated factors and histone
modifications, enhancers can also be predicted by chromatin accessibility,
mapped by DNasel hypersensitivity sites (DNasel-seq), FAIRE-seq or transposase-
accessible assay (ATAC-seq)?°1-293. Taking advantages of the self-transcribing
activity of enhancers, various high-throughput methods identifying eRNAs can
predict enhancer activities. These include GRO-seq, PRO-seq, and CAGE-
analysis?84294-296 The fact that enhancers are brought into close spatial proximity
of their target promoters has also inspired two techniques to access enhancer-
promoter pairing by coupling chromatin conformation capture-based techniques
with ChIP to pull down enhancer-related marks, termed ChIA-PET and Hi-
CHIP297,298,

Despite the fact that a wide variety of criteria have been proposed to predict
putative enhancers and estimate their activities, a growing body of literature
suffer the “validation creep”-opinionated by Halfon- which signifies the tendency
to move from considering a set of sequences as putative enhancers to accepting
them as enhancers without functional validation. This renders a higher false-
positive rate in the identification of enhancers??®. Recently, reporter assay
coupling with NGS technique has cranked up the scalability and inspires
numerous massively parallel reporter assays (MPRAs)?’1. For instance, STARR-
seq clones a library of genome-wide candidate enhancer sequences into fly cells.

Considering that enhancers can be self-transcribed, the strength of individual
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enhancers can be reflected by the propensity of respective eRNAs in the cellular
RNA pool. This method therefore provides a genome-wide quantitative enhancer
map3%0, Similarly, a collection of Drosophila TFs has been cloned to evaluate their
regulatory function3?l. In addition, genome-wide enhancer modulation enabled by
CRISPR-Cas9-based approach has been employed to decipher the function of
putative enhancers. A library of guide RNAs targeting sequences of putative
enhancers is designed and modulation is carried out by a variety of (d)Cas9
systems that either removes, activates or inactivates putative enhancers.
Transcriptomic outcomes can then be interpreted as readout of enhancer
activities. These Cas9 systems include (1) sequence deletion-based screen by
Cas9392; (2) enhancer inhibition by recruiting repressor domain (dCas9-
KRAB)303304 or H3K4 demethylase (dCas9-LSD1)3%; and finally, (3) enhancer
activation by recruiting domain of H3K27 acetyltransferase p300 (dCas9-
p300)306:307,

Enhancer regulation in 3D chromatin structure

Transcriptional enhancers are typically distal from the core promoters as such the
linear genomic distance ranges from kilo-bases to 1MB308. Given the physical
distances between the enhancers to their cognate promoters, current working
models suggest chromatin folding brings the two parties into close proximity in
three-dimensional space309310, Nonetheless, large-scale assessment of enhancer
activities in flies using reporter assay shows that the vast majority of enhancers
activates targets of the closest genes3!1l. Chromatin contact maps in human cells

also depict favorable interactions within linearly short genomic ranges312.313,

Chromatin is organized into TADs, these topologically distinct boundaries are
proposed to segregate regulatory domains apart from each other. The “loop
extrusion” model, driven by CTCF, cohesion complex and other co-factors, is
considered responsible for shaping genome folding and establishing these TAD
boundaries*>314315 Chromatin looping interactions are favored at cis-regulatory
elements within the same TADs, particularly active promoters, enhancers and
CTCF binding sites but rarely at inactive genes, and that the looping interactions

correlates with gene expression312316,317,
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How the dynamic of 3D chromatin structure conducts proper enhancer-promoter
contacts with respect to gene expression is highly debated309.318319, One thing is
that TAD structure is largely invariant across cell types, rendering the
insufficiency to explain the highly modularity of enhancer activity across cell
types313315, In addition, promoter-enhancer interactions appear relative stable
between tissue and across development, which is evidenced by the observation
that looping interactions already take place at poised enhancers primed by
H3K4mel, and that transient activation of enhancers do not alter chromatin
structure. These implicate their wide pre-existence before activating the
genes312320_ More strikingly, acute degradation of CTCF or cohesin, which leads
loss of TADs, imposes only little impacts on transcription321322, However, in a
neural differentiation experiment in mESCs, smaller, less insulated interacting
domains (called sub-TADs) undergo dynamic change throughout the course of
neural differentiation 317. Of note, recent studies on CTCF and cohesin suggest that
TADs and chromatin loops are dynamic structures3?3. Hence, the contribution of

chromatin topology to enhancer activity requires further studies.

Transcriptional co-activators mediate enhancer function

Co-activators are defined by their requirements in transcriptional activities, but
as neither being a part of the basal transcriptional complex nor showing direct and
selective binding of DNA324, Crosstalks between co-activators themselves and
transcriptional machinery create a local environment that favors transcription. As
a result, their localization on enhancers tend to positively correlate with gene
expression. Perturbation of co-activators abrogates proper function of enhancers,
suggesting them as the workhorses behind enhancer-mediated transcriptional
activation325. Here, we concisely discuss several co-activators that have been
demonstrated important in maintaining enhancer functionality, and how co-

activators can be a popular druggable agents in treating various malignancies.

67



MLL3/4

MLL3/4 are members of TrxG proteins. They catalyze H3K4me1 on enhancers and
participate in antagonism of PcG machinery326. Enhancers enriched solely by
H3K4me1 while lacking H3K27ac have been associated with poised/primes states
that awaits for activation?8%. Mapping of MLL3/4 binding site in human HCT116
cells and mESCs suggest their preferential localization at enhancers. Inactivation
of MLL3/4 decreases H3K4me1 level both at bulk level and at enhancer loci, but
rarely at promoters326. In mESCs, lack of MLL3/4 prevents proper differentiation
as shown by experiments of teratoma formation. Mechanistically, MLL3/4 are
required for recruitment of CBP/p300 on enhancers to properly deposit H3K27ac.
Loss of MLL3/4 strongly reduces enrichment of H3K27ac in concert with reduced
POL Il occupancy and eRNAs production on active enhancers. This suggested that
MLL3/4 are essential for priming and further activation of lineage-specific

enhancers327.328,

In Drosophila, genetic modulations of trx and trr activities (thus modulation of
H3K4mel enrichment) also affect H3K27ac level. For example, temperature-
sensitive trx mutant reduces H3K4me1 in concert with reduction of H3K27ac and
H3K18ac as demonstrated by IF on polytene chromosomes. On the contrary,
overexpression of trx increases bulk H3K4me1, which drives higher accumulation
of H3K27ac and concomitant loss of H3K27me3, suggesting that trx and trr,
together with CBP/p300, counteract PcG system329.330, Later study demonstrates
that the catalytic activity of trx is required for TrxG-mediated activation in vivo,
and that H3K4mel stimulates enzymatic activity of CBP in histone acetylation
assay330. In contrast, a recent study in mESC suggests otherwise as catalytic-dead
version of MLL3/4 are still able to stimulate gene activity, POL II loading and
eRNAs production328. However, whether this specific mutation truly render a
catalytic-dead form requires cautious scrutiny. Nevertheless, both Trx and Trr
interact directly with CBP, implicating that the H3K4 methylases facilitate CBP

recruitment to enhancers.
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CBP

CBP/p300: multi-tasking in transcriptional activation

CBP and its highly similar paralog p300 encode histone acetyltransferases that
catalyze acetylation of H3K27 as well as H3K18 and other sites329.331, The two
proteins share several other conserved protein-binding domains including CH1,
KIX, CH3, NCBD, bromodomain and PHD domain that interacts with a vast array
of chromatin factors. CBP/p300 have at least 400 interacting protein partners,
thereby acting as “hubs” in gene regulatory networks. Several mechanisms have
been proposed to delineate CBP/p300-mediated transcriptional activation: (1)
acting as scaffolds to bridge multiple chromatin factors and basal transcriptional
machinery; (2) acetylating histones to promote open chromatin state; (3)
acetylating TFs and other proteins to modulate their activities. The histone
acetyltransferase activity, particularly the deposition of H3K27ac, have been

widely investigated and will be discussed below332333,

H3K27acis a hallmark of active enhancers

Work in Drosophila has shown that dCBP, the only homolog of mammal CBP/p300,
catalyze the acetylation of H3K27 and H3K18. Acetylation and methylation at a
given residue are chemically exclusive, as confirmed by genome-wide analysis in
S2 cells. Drosophila CBP-null mutants are embryonic lethal. Moderate depletion of
dCBP through siRNA remains viable but shows substantial loss of H3K27ac and
elevation of H3K27me3. Importantly, these transgene clones show partial
transformation with phenotypes similar to trx mutant. Conversely,
overexpression of dCBP increases the level of H3K27ac, promoting gene
expression, and reduces global H3K27me3 level. This suggests a direct opposition
for dCBP/H3K27ac and the PcG machinery32°. In mice, homozygous mutant of
either CBP or p300 is embryonic lethal around E10.5, suggesting the H3K27ac
dosage is crucial for normal development334. Conditional removal of CBP/p300 in
MEFs wipes out H3K27ac and H3K18ac with concomitant increase of H3K27me3,

and cell proliferation is severely compromised33>.

Acetylation of lysine residues is considered to effectively unfold chromatin as it

neutralizes the basic charge of the lysines and thereby reduces the binding of
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histones to negatively charged DNAS336. Interestingly, H3K27 acetylation
dissociates chromatin droplets in vitro, potentially creating an open chromatin
state that is more permissive to transcription?’6, H3K27ac is enriched at
transcriptionally active enhancers, whereas enhancers only enriched for
H3K4me1l are considered as poised/primed. Of note, canonical active enhancers
are co-occupied by H3K4mel and H3K27ac but a unique subset of enhancers is
only decorated by H3K27 acetylation?8¢. Genes associated with active enhancers
are actively transcribed comparing to their poised counterparts, and expression

level highly correlates with level of H3K27ac enrichment?8°.

CBP regulates enhancer integrity

Consistently with the roles of CBP/p300 in gene activation, shRNA-mediated KD
of CBP or p300 results in global gene silencing, and notably genes associated with
CBP-bound enhancers337:338, Targeted inhibition of CBP activity using chemical
inhibitors C646 in mouse acute myeloid leukemia (AML) RN2 cells leads to
profound reduction of H3K27ac level and eviction of BRD4 at promoters and
enhancers. BRD4 is a co-activator that binds to acetyl lysine and is important for
enhancer activities (see below). CBP inhibition consequently downregulates
master genes related to cell identity in AML cells such as Myc, Cdk6 and Pecam1337.
Another study proposes that CBP regulates also the occupancy of P-TEFb. As
mentioned, P-TEFb complex enables transcription elongation through its
enzymatic subunit CDK9 kinase. The kinase phosphorylates paused elongation
complex to promote its activation. In addition, the kinase contributes to the
phosphorylation of POL II CTD domain on serine 2, which stimulates elongation33°.
Treatment with another CBP inhibitors GNE-049 in AML MOLM-16 cells also
results in reduction of H3K27ac in concert with reduced enrichment of CDK9 and
POL II localizations at enhancers, and to a lesser extent, at promoters. This might
explain the observed gene downregulation upon inhibitor treatment. Indeed, in a
dynamic live cell tracking system, single-cell analysis illustrates that H3K27ac
correlates with binding kinetics of TFs and release of paused POL II to promote
transcription340. Taken together, the above studies suggest that CBP/p300 and

H3K27ac are central to enhancer function 341,
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Enhancer RNAs are proposed to stimulate CBP activity

Active enhancers are highly enriched for H3K27ac and produce bi-directional
enhancer RNAs. Study shows that CBP binds directly to eRNAs both in vitro and in
vivo. Binding of eRNAs promotes CBP catalysis, thus increasing H3K27ac and
H4KS5ac in vitro. Besides, acetylation of H3K27 and H4K5 are reported to decrease
upon depletion of target eRNAs by anti-sense oligonucleotides. This study
suggests a positive feedback loop between CBP and eRNAs. However, one cannot
rule out that anti-sense oligos targeting eRNA could modulate enhancer through

additional mechanisms338.

BRD4

BRD4 is a reader of acetylated lysines

BRD4 is a member of bromodomain and extraterminal domain (BET) family. The
BET family is characterized by tandem bromodomains. The family also includes
also BRD2, BRD3 and a testis-specific member BRDT. The tandem bromodomains
recognize acetylated H3 and H4. In vitro studies indicate that BRDs have high
affinity toward hyperacetylated histones, but that they do not bind to mono- or

unacetylated histones342343,

BRD4 associates with Mediator and elongation factors

The link between bromodomains and hyperacetylated histones explain the
correlation of BRD4 with active transcription. Indeed, genome-wide studies
illustrate BRD4’s localization at active promoters and enhancers that are enriched
in H3K27ac337344345 Depletion of BRD4 by shRNA strongly compromises
pluripotency and self-renew in hESCs, and gives rise to massive transcriptional
silencing346. In addition, mice embryos knockout for Brd4 die shortly after
implantation, while the heterozygous counterparts suffer severe anatomical
defects34’. Mechanistically, BRD4 interacts with CyclinT1 and kinase CDK9, core
subunits of P-TEFb348349 Ectopic expression of BRD4 in HeLa cells increases RNA-
Pol II-Ser2 CTD phosphorylation in bulk and stimulates transcription as shown by
luciferase assay. In contrast, siRNA KD of BRD4 reduces occupancy of P-TEFb and
leads to transcriptional silencing348. This suggests that BRD4 promotes

transcription by regulating P-TEFb activity. Apart from P-TEFb, BRD4 also
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interacts with Mediator complex35%, a mega-protein complex that is essential for
active transcription (see section below). All of these evidences pinpoint the

importance of BRD4 in transcriptional activation and in development.

BRD4 inhibition compromises Mediator and P-TEFb occupancy on chromatin

The localization at chromatin of Mediator (i.e. MED1) highly correlates with BRD4
signal344345, Small molecule inhibitors of BET family proteins such as JQ-1 and
iBET, acting as competitive agents of acetylated lysine, severely compromises
BRD4 occupancy especially at enhancers. BRD4 binding to chromatin is lost upon
JQ-1 treatment in Multiple myeloma (MM) MM1.S cells, and results in global gene
silencing. Remarkably, a class of highly transcribed genes show more profound
silencing, implying that highly active genes are more sensitive to BRD4
displacement. Mechanistically, inhibition of BRD4 triggers dislodgement of MED1
and CDK9 primarily from enhancers and consequently impairs POL II elongation
through the gene bodies344. Of note, live cell super-resolution microscopy in
mESCs enables to visualize co-localization of Mediator and POL Il in stable clusters,
but these clusters are sensitive to BRD4 inhibitors, further supporting the role of

BRD4 in stabilizing Mediator localization3>1.

Enhancer RNAs facilitates BRD4 binding

The role of eRNA was also investigated regarding BRD4 function. Rahnamoun and
colleagues mapped RNA-BRD4 binding profile in human colon cancer SW480 cells,
and report associations of eRNAs-BRD4 occur in BRD4-bound regions. This
association requires the BRD4 tandem bromodomains, as truncation of these
domains abolish the interaction in vitro. Furthermore, eRNAs facilitate BRD4
binding on acetylated histones peptides and nucleosomes in binding assays. KD of
specific eRNA compromises BRD4 binding locally, reducing POL II binding, and
ultimately limits the gene expression. These results again attribute an important
regulatory role to eRNA, via a feed-forward mechanism promoting BRD4

occupancy 352, Regardless, independent validations remain nonetheless necessary.
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Mediator

Mediator is an evolutionarily conserved multi-subunit protein complex present in
yeast, metazoans and plants. In mammals, the complex contains up to 30 subunits
that assemble into the core Mediator and a CDK8 module (Figure 11). Mediator is
ubiquitously required for transcription, as it bridges between TFs and pre-
initiation complex!2353, Indeed, cryo-EM revealing the structure of yeast
Mediator-PIC complex demonstrates multiple contacts of Mediator with POL II
and GTFs35%4, As one of the limited number of co-activators that directly target POL
I1, itis proposed to transduce signals from TFs-bound enhancers to transcriptional
machinery!?. In addition, Mediator complex can recruit POL II, and stimulates
CDK?7 kinase within the PIC complex to phosphorylate Ser5 and Ser7 of the Pol Il
CTD domain, hence triggering Pol II release from promoters33>. Knockout of each
mammalian Mediator subunits is embryonic lethal, in accordance with its general

requirement for transcription3>e.

Modules of the Mediator complex

The core Mediator complex contains 26 subunits and is divided into 3 modules:
head, middle and tail. Another four-subunit module, the CDK8 kinase module,
contains the CDK8/CDK19, MED12/MED12L, MED13/MED13L and cyclin-C
(CCNC). The CDK8 module can reversibly interact with the main Mediator complex
and impacts the structure and function of the core Mediator3>7. The head and
middle modules interact with PIC, while the tail module is associated with TFs358.
Of which, MED14 functions as the central backbone of the complex that connects
the three main modules35°. It is shown that specific subunits of Mediator conduct
their individual unique functions in response to developmental or environmental
stimulil?. For example, as a target of various hormone receptors such as thyroid
hormone, MED1 deletion fails to elicit expression of thyroid hormone-responsive
genes in MEFs360, While Mediator positively regulates transcription, CDK8 module
shows divergent impacts on transcription. Studies report that the module blocks
the binding of Mediator-PIC, and therefore inhibits basal transcription. By
contrast, the module has been implicated in positive regulation of elongation and
may function as pause-release factor. It is likely that the CDK8 module has context

specific function, a question that requires further investigation353361,
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b Mammalian Mediator

Figure 11. The Mediator complex (Soutoutrina 2018)

Collectively, recent studies dissecting the contributions of co-activators involved
in enhancer function depicts a highly collaborative network in concert with auto-
regulatory loop that reinforce their activity to strengthen the transcriptional

processes (Figure 12).

Enhancer

© H3Kamel
mRNA © H3K27ac

Promoter

Figure 12. Transcriptional co-activators and their regulatory network
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Cluster of enhancers (a.k.a. as Super-enhancers)

Key regulator genes for cell identity are controlled by cluster of enhancers.

Clusters of enhancers [or super-enhancers (SEs)] are regions —spanning tens of
kbs in the genome—that are occupied by unusually high magnitude of master TFs
and Mediator (i.e. MED1)3¢2. These SEs drive high expression level of genes that
often encode key regulators of cell identity. In mESCs, SEs locate, for instance, in
proximity of pluripotent factors Oct4, Sox2, Nanog, Klf4 and Esrrb. These TFs in
turn bind to their own SEs to drive high gene expression, forming interconnected
feedback circuitry3¢2. SEs are defined by computational methods through profiling
the density of Mediator (MED1) or H3K27ac, and subsequent “stitching” of
clusters of enhancers in vincinity344363. Consequently, markers of active enhancer
are highly enriched at SEs comparing to typical enhancers. These include POL I,
MED1, CBP/p300, BRD4, CHD7, BRG1; and histone modifications H3K27ac and
H3K4mel.

Analysis of 86 human cells and tissue samples show that a substantial fraction of
SEs are cell-type specific393. In cancer cells, SE often control oncogenes and are
therefore important in tumor pathogenesis. Taking proto-oncogene c-MYC as an
example, it is frequently overexpressed and contribute to pathogenesis in various
cancers3%4, SEs localized in gene dessert proximal to MYC are found in pancreatic
cancers, T-cell leukemia, colorectal cancers cells but not in healthy tissues. Thus,
SEs are likely to play key roles in cell identity in development and pathogenic
progressions363. In conclusion, SE are a subclass of enhancers defined by their (1)
genomic sizes, (2) high density of active factors (3) high transcriptional activities,

and (4) determining roles in cell identity (Figure 12).

SEs vulnerability

Despite confering high transcriptional activities, SEs are extremely susceptible to
enhancer perturbation. Reducing the level of MED1 by shRNA is reported to
induce more profound downregulation on SEs-associated genes than on TEs-

associated genes in mESCs362. In MM cells, BRD4 inhibition by chemical inhibitors
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casts greater BRD4 dislodgement on SEs than typical enhancers, as evidenced by
comparison of dose-dependent BRD4 eviction at IgH-MYC SEs and SMARCA4
typical enhancers. This disproportional eviction of BRD4 reflects on global
transcription as showed by more pronounces reduction on RNA level in SEs-
related genes than TEs counterparts. This disproportional eviction of BRD4 is
translated into transcription, as global transcriptomic analysis confirmed greater
reduction on RNA level in SEs-related genes than TEs counterparts344. Similar
sensitivity can also be observed in cells treated with CDK7 inhibitor, where gene
associated with SEs are more severely downregulated3®>. Given that SEs
frequently drive expression of oncogenes, the sensitivity toward enhancer
perturbation could be exploit for therapeutic targeting in various

malignancies344345366,367,

A phase separation model of transcriptional co-activators in gene control

In cellular organisms, the spatiotemporal control over biochemical reactions is
modulated by the concentration of components which can increase reaction
kinetics, whereas segregation can inhibit or refrain these reactions.
Compartmentalization can be executed through lipid bilayer membrane where it
creates impermeable physical barriers between the interior and exterior
environments. However, many cellular compartments, such as Cajal bodies, are
bound together by membrane-less structure, which exhibit liquid-like properties,
highlighting the liquid-liquid phase separation is a common property in cells.
These liquid-like condensates have been observed in various biological processes,
and many names have been coined to elucidate their properties, including cellular
bodies, nuclear bodies, membrane-less organelles, granules, speckles, aggregates,
assemblages and membrane puncta3. Biomolecular condensates are often
enriched with multivalent molecules, they harbor various elements that govern
intra- or inter-molecular interactions. Indeed, reconstituted chromatin undergoes
intrinsic condensation and forms phase separated droplets in physiologic salts?7¢.
Proteins containing large intrinsically disordered regions—a sequence with
repeated amino acids and low complexity— are often prone to phase-separate

under physiological conditions36°.
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Many eukaryotic TFs and co-activators contain IDRs that are proposed to locally
recruit POL Il into dynamic condensates, which serve as hubs for transcription379.
SEs accommodate high density of co-activators which could be associated with
phase separation. Accordingly, BRD4 and MED1 form nuclear puncta that co-
localized with SEs-regulated genes including Nanog, KIf4 and Trim29 in mESCs. In
order to investigate if these condensates are important in gene control, 1,6-
hexanediol, a nonspecific aliphatic alcohol known to disrupt liquid-like droplets,
is incubated with cells. The treatment caused a reduction in BRD4 and MED1
condensates. ChIP-seq showed a general reduction of BRD4, MED1 and POL II
occupancy on enhancers, but more pronounced at SEs, in coherence with SE
vulnerability as described by chemical inhibition of BRD4371, It is nonetheless
worth mentioning that a recent study suggests that 1,6-hexanediol has global

effect on chromatin372,

Summarizing both computational simulation and experimental procedures, a
combination of DNA-TFs and IDRs-based (TF-coactivators; coactivators-
coactivators) interactions on enhancers is proposed to be involved in the
formation of TF-coactivator-POL II transcriptional condensates that concentrate

the transcriptional machinery and reinforce its activity373374,

Opportunities for enhancer perturbation in cancers

Given the fact that enhancers are the key components that drive cell identity,
dysregulations of enhancer functions have been reported in various
developmental diseases and cancers. Here, we briefly discuss pathogenesis

related to enhancers deregulation and potential therapeutic strategies.

Enhancer dysfunction in diseases

Several aspects can lead to enhancer perturbation, ranging from genetic alteration,
TFs malfunction, mutations in chromatin modifiers, to 3D chromatin
organization3’5. Genetic mutations or single nucleotide polymorphisms have

frequently been found to occur at enhancers. They affect the binding affinity of TFs
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and thereby interfere with transcription363. Various genetic alteration could drive
gene overexpression. For instance, a translocation event in MM relocates the IgH
enhancer in proximity to MYC locus, thus driving its overexpression37¢. A fusion
BRD4-NUT oncogenic protein that leads to tether of NUT on DNA is the main
driver of NUT-midline carcinoma, an aggressive subtype of squamous cell
cancer3’’. Inactivating mutations in chromatin modifiers, such as MLL family378,
CBP379, mSWI/SNF complex?>5, have been frequently reported in cancers. Lastly,
deletions that interrupts insulating neighborhoods introduces activation of
oncogenes in T-cell acute lymphoblastic leukemia38. In addition, disruption of
TAD boundary that establishes ectopic promoter-enhancer contacts can drive

aberrant expression that cause limb developmental defects in human381.

Drugging enhancer activities as therapeutic opportunities

The concept of transcription addition comes from the observation that cancerous
cells progressively develop dependency on oncogene expression, whereby the
withdrawal of these genes (e.g. MYC) prohibit proliferation of the considered
tumor cells376. BET inhibitors have proven efficacy to treat NUT-midline
carcinoma, where administration of the inhibitor gave rise to growth arrest in cell
model382, Ever since, a growing number of BET inhibitors have been evaluated and
some have entered early phase clinical studies. For example, OTX015 was in phase
[ study for hematologic malignancies, glioblastoma and solid tumors3¢6. Aside
from BET proteins inhibition, inhibitors targeting other co-activators were
reported to have positive outcome in several tumor cells. For example, inhibitors
targeting transcriptional kinases suppress SEs-genes and trigger cell death in
heterogeneous cancer types3’>. CBP/p300 inhibitors disrupt genes associated

with SEs and exerts anti-tumor activities in prostate cancer cells383.
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Part L. Dissecting BAP’1 mechanism of action.

Given the tumor repressive role of BAP1 and its deubiquitinating activity which is
tightly linked to Polycomb repressive systems, we are intrigued to unravel the
very nature of the BAP1. The former PhD student in the lab has taken initiatives
on the project and performed extensive characterization on BAP1. These include
identification of BAP1’s interacting partners and consequences in response to loss
of BAP1. Using human HAP1 cell line as a model, he confirmed that genetic
inactivation of BAP1 resulted in visible increase of bulk H2Aub level, in coherence
with reported outcome of mutation in BAP1’s ortholog calypso in flies!41. Besides,
he uncovered that loss of BAP1 gave rise to large-scale gene downregulation,
which surprisingly, did not fit in to the Hox locus de-repression described in
calpyso mutant in Drosophilal#l. In addition, a panel of downregulated genes could
be rescued by overexpression of wild-type, but not catalytically dead version of
BAP1, indicating the de-ubiquitiniating activity is crucial to BAP1-mediated
transcriptional activation. Following, ChIP-seq analysis suggested BAP1 loss led
to increased H2Aub and H3K27me3 enrichment on downregulated genes?10.211,
However, this increase of H2Aub increase was also found in upregulated genes
upon BAP1 loss. The dynamic regulation of BAP1-mediated H2Aub regulation

remains unclear and thus urging us to unravel BAP1’s mechanism of action.

Continuing his work, I have taken on the task to dissect the link between BAP1 and
transcriptional regulation during my PhD thesis. In order to further consolidate
the idea that the role of BAP1 in to positively regulate transcription, I stimulated
transcription by retinoic acid (RA)-based transactivation assay384 in WT, BAP1-
KO and two other co-activators (CBP and SMARCB1) KO lines in HAP1 cells. Gene
expression levels evaluation by RT-qPCR indicated that deletion of BAP1
perturbed the expression of RA-responsive genes, similar to those reported in co-
activators knockout conditions. However, it remains unclear, to what extent, BAP1
regulates transcription in a H2Aub-dependent manner. In order to address this
specific question, I first generated a cell model that is devoid of H2A ubiquitination
by deleting the redundant catalytic subunits RING1A and RING1B of PRC1 (PRC1-
KO). PRC1 knockout led to de-repression a plethora of genes as expected.
Interestingly, subsequent BAP1 inactivation in the context of PRC1-KO no longer

rendered transcriptional alterations, suggesting that BAP1 is largely epistatic to
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BAP1211, Thatis, BAP1 does not regulate gene expression in the absence of H2Aub.
Our work provided evidences that BAP1 has a positive role in transcriptional
regulation, which, importantly, is dependent on deubiquitination of histone H2A.
This work has been published on Nature Communications (PMID: 30664650) in
2019, which I shared the co-first authorship with the former PhD student and a

bioinformatician. (Results Part 1.1)

Following up this study, we sought to elaborate the detailed molecular mechanism
on BAP1's mechanism of action. I first performed quantitative multi-omics
analysis and demonstrated that BAP1 functions principally though HZ2A
deubiquitination. Since BAP1 regulates H2Aub, | determined to unveil its genomic
localization. Genome-wide mapping of BAP1 binding sites performed by
CUT&RUN-seq?!> showed that BAP1 was primarily recruited to a subset of active
enhancers. These BAP1-bound enhancers showed high enrichment of H2Aub, and
that H2Aub greatly accumulated in the absence of BAP1. These implicates that
PRC1 potentially has an inhibitory function at the enhancers, which is especially
interesting as the activity of PRC1 at enhancers is less characterized175176, Further,
[ showed that loss of BAP1 compromised proper recruitment of BRD4 at
enhancers alongside with reduced BRD4 and MED1 condensates, suggesting that
BAP1 maintains enhancer functions. However, whether H2Aub accumulation
directly interferes with BRD4 binding requires further studies. Lastly, small-
molecule inhibitors screen identified that BAP1-null cells were more sensitive to
BET inhibitor than WT counterparts, which could potentially pave the way for
therapeutic opportunities. This work has been prepared in manuscript for

submission (Results Part 1.2).
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Part II. PRC2 represses transcription independently of PRC1

PRC1 and PRC2 complexes are long considered cooperating to maintain gene
repression’. While PRC1 is reported to repress a subset of genes independently of
PRC2 in mouse epidermal tissues!’’, it is less well-known if PRC2 confers
repressive activities in a PRC1-independent fashion. The limitation to address this
issues lies in lack of available cellular or animal models. As PRC1 and/or PRC2
complexes are often essential for maintenance in normal biological
functions?253071, this makes in challenging to dissect the respective function in a
loss-of-function-based approach. Previously, | have generated cell line harboring
PRC1 deletion?!. I then further inactivated EED and rendered a cell model that is
absent of both PRC1 and PRC2 complexes (PRC1/2 KO). This system granted me
the opportunity to tackle the independency and interdependency between the two

complexes.

Analysis on transcriptomic profiles of PRC1-null, PRC2-null and PRC1/2-null cells
revealed that both PRC1 and PRC2 can autonomously repress transcription, which
is in coherence with a recent in vivo study in mouse epidermal tissues (Cohen).
Characterization of subsets of genes regulated by either PRC1 or PRC2 showed
distinct patterns including H3K27me3 enrichment and basal transcriptional
activities. In order to dissect the underlying molecular mechanism, we focused on
identifying downstream effectors of PRC2-mediated silencing in the absence of
PRC1 through both unbiased and candidate-based approaches. This includes
investigating the roles of previously proposed H3K27me3 readers. This work this
study is still ongoing, it is likely that it will reveal new actors for PRC2-mediated

repression.
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Part 1.1 BAP1 complex promotes transcription by H2A deubiquitination
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PRC1-mediated H2A ubiquitylation
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In Drosophila, a complex consisting of Calypso and ASX catalyzes H2A deubiquitination
and has been reported to act as part of the Polycomb machinery in transcriptional silencing.
The mammalian homologs of these proteins (BAP1 and ASXL1/2/3, respectively), are fre-
quently mutated in various cancer types, yet their precise functions remain unclear. Using an
integrative approach based on isogenic cell lines generated with CRISPR/Cas9, we uncover
an unanticipated role for BAP1 in gene activation. This function requires the assembly of
an enzymatically active BAP1-associated core complex (BAPl.com) containing one of the
redundant ASXL proteins. We investigate the mechanism underlying BAP1.com-mediated
transcriptional regulation and show that it does not participate in Polycomb-mediated
silencing. Instead, our results establish that the function of BAPl.com is to safeguard tran-
scriptionally active genes against silencing by the Polycomb Repressive Complex 1.
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ized as a nuclear deubiquitinase regulating the function of

BRCAL1!. Subsequent work suggested that BAP1 does in
fact interact with BRCAl-associated RING domain 1 (BARD1)
and regulates its ubiquitination?. A variety of proteins have since
been reported to interact with BAPI1, including transcription
factors (YY1, FOXK1/2), chromatin binders and modifiers
(ASXL1/2/3, KDM1B, OGT1), the cell cycle regulator HCFC1
and DNA repair proteins (MBD5/6)3-°. BAP1 enzymatic activity
has been shown to regulate the ubiquitination of various proteins
including gamma-tubulin'®, INO80!!, and BRCA11. Accordingly,
BAP1 participates in diverse cellular processes, such as tran-
scriptional regulation and the DNA damage response. However,
the precise function of BAPI in transcriptional regulation
remains elusive. Some studies have reported that BAP1 acts as a
transcriptional activator while others have suggested that it is
required for gene silencing®%!2.

In parallel to its characterization in mammals, studies in
Drosophila identified the BAP1 ortholog Calypso as a novel
Polycomb protein!3!4 The Polycomb Group (PcG) of proteins is
essential for the maintenance of gene repression, most promi-
nently at developmentally regulated genes. Consequently, altering
PcG function affects key cellular processes such as cell fate
determination, cell proliferation, and genomic imprinting!>. Two
Polycomb complexes have been well characterized thus far:
Polycomb Repressive Complex 1 (PRC1) and PRC2. PRC2 cat-
alyzes di- and trimethylation of histone H3 on lysine 27
(H3K27me2/3), whereas PRCI1 acts through chromatin compac-
tion and monoubiquitination of histone H2A on lysine 119
(H2AK119ub1)!617, Conserved from Drosophila to mammals,
the activity of these complexes is necessary for maintaining
transcriptional silencing of their target genes. The importance of
H2AK119ubl in Polycomb silencing has recently been called into
question in Drosophila'8, as well as in mouse models!®. None-
theless, recent studies suggest that this mark participates in sta-
bilizing PRC2 binding to chromatin20:21,

Drosophila Calypso was found to partner with the Polycomb
protein Additional Sex Combs (ASX) into a novel Polycomb
complex termed Polycomb Repressive DeUBiquitinase (PR-DUB)
complex. PR-DUB has been shown to catalyze deubiquitination
of H2AK119ubl, opposite to the activity of PRC122. The inter-
action between BAP1 and homologs of ASX (ASXL1/2/3 pro-
teins) is conserved in mammals, as well as the H2AK119 DUB
activity of BAP1!323. How the antagonistic activities of Calypso/
BAP1 and PRCI converge to maintain transcriptional silencing
remains enigmatic. Further, the link between PR-DUB and the
Polycomb machinery is still controversial. Some studies have
reported that ASXL1 interacts with PRC2 and is required for its
recruitment?-28 while others have suggested an antagonism
between BAP1 and PRC22%-31, A clear picture of the function of
BAP1 and ASXL proteins is still lacking. Understanding the
function of PR-DUB is all the more important in view of the
tumor-suppressive functions of BAP1 in several cancer types
including uveal melanoma, mesothelioma, and clear-cell renal cell
carcinoma and of ASXL proteins in hematologic malignancies®32,

In this study, we use biochemical, genome editing, and
genome-wide methods to address the function of BAP1 in tran-
scriptional regulation and its relationship to the Polycomb
machinery. We show that the ASXLs are mandatory partners of
BAP1 and are required for its stability and enzymatic activity. At
the functional level, the complex formed with BAP1 (BAP1.com)
is required for efficient transcription of many developmental
genes. Accordingly, BAP1 appears to be largely dispensable for
maintaining silencing of Polycomb target genes and in fact
opposes PRC2-mediated silencing at a number of genes. The
majority of BAPl-regulated genes, however, are not under

B RCAl-associated protein 1 (BAP1) was initially character-

regulation by PRC2, suggesting that the function of BAP1 in
promoting transcription does not reflect an obligate antagonism
with PRC2. We show that BAPI is required upon transcriptional
stimulation, as observed after retinoic acid (RA) treatment, a
function that is shared with the CREBBP and SMARCBI tran-
scriptional co-activators. A general role in regulating gene
expression is supported by the conspicuous colocalization
between BAPl.com and RNA polymerase 2. Mechanistically, we
show that BAP1’s function depends on its deubiquitinase (DUB)
activity and that BAPI is functionally inert in the absence of
H2AK119ubl. Our integrative analysis uncovers an essential
function for BAP1.com as a transcriptional co-activator, acting by
locally antagonizing PRCI activity.

Results
Loss of BAPI1 alters the expression of developmental genes. In
order to comprehend the role of BAPI in transcriptional reg-
ulation, we generated knockouts (KOs) for BAP1, ASXL1, ASXL2,
and EZH2, the main catalytic subunit of PRC2, in human
HAPI cells, a model cell line that is nearly haploid and thus
particularly amenable to genome editing33. KOs result from the
insertion of a STOP cassette that interrupts transcription and
translation of the target gene®* and were validated by reverse
transcription-quantitative polymerase chain reaction (RT-qPCR,
Fig. 1a). In contrast to many cell lines where the knockdown of
BAP1 severely compromises proliferation (Supplementary
Fig. 1a), we found that BAP1 is dispensable for proliferation in
HAPI1 cells, thus providing a suitable system for studying its
mechanism of action (Fig. 1b). Cellular fractionation confirmed
the tight association of BAP1 with chromatin, as shown by its
enrichment both in the soluble and insoluble fractions (Supple-
mentary Fig. 1b), which prompted us to further investigate its
chromatin-modifying activity. Western blot analysis of various
histone marks showed that BAP1 loss is associated with an
approximate twofold increase in total H2A ubiquitination levels,
as well as a parallel increase in H2A.Z ubiquitination, with no
effect on H2B ubiquitination (Fig. lc, top panel). ASXL1 and
ASXL2 KO led to a modest increase in H2A/H2A.Z ubiquitina-
tion. We did not observe any global effect upon KO of BAPI,
ASXL1, or ASXL2 on other histone marks such as H3K4me2 and
H3K27me3 or on DNA modifications (Fig. 1c, bottom panel).
We then performed RNA-seq to analyze the transcriptome of
wild-type and KO cell lines. The inactivation of BAP1 resulted in
dramatic changes in gene expression (n=1893 differentially
expressed (DE) genes, false discovery rate (FDR)<0.05 and
absolute log2 fold-change > 1; Fig. 1d, left panel). Strikingly, the
majority of affected genes were downregulated in BAP1 KO cells
(n=1370), suggesting an involvement in gene activation rather
than silencing. Gene ontology (GO) analysis revealed enrichment
for a variety of biological processes ranging from broad terms
such as cell communication, signaling, or regulation of prolifera-
tion to more specific terms such as blood vessel development
(Fig. 1d, right panel). Several terms related to development were
also enriched, consistent with the reported function of the BAP1
ortholog in Drosophila!3. Inactivation of either ASXL protein also
leads to preferential downregulation of genes (85 downregulated
genes of 112 total DE genes in ASXLI KO cells and 262
downregulated genes of 406 DE genes in the ASXL2 KO cells;
Fig. le, also see Supplementary Fig. 1c for heatmaps of the top
100 DE genes in each KO condition) but has a much milder effect
on gene expression than observed for the BAPI KO. Further, loss
of ASXL1 or ASXL2 does not affect the chromatin localization of
BAP1 (Supplementary Fig. 1b). This result suggests either that
BAP1 can function independently of its interaction with ASXL
proteins or that the ASXLs are largely redundant.
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The ASXL/BAPI core complex is conserved in mammals. To
better understand the function of BAP1, we sought to determine
whether it is part of a stable complex and, if so, with which
partners. Purification of Calypso from Drosophila embryos
revealed that it forms a heterodimeric complex with ASX!3,
Although the interaction between BAP1 and ASXL proteins is
conserved!32335, additional partners were reported in the
mammalian complex>*%. We overexpressed FLAG-tagged ver-
sions of BAP1, ASXLI, or ASXL2 in HelLa cells (Supplementary
Fig. 2a), followed by immunoprecipitation and mass spectro-
metry. The results confirmed previous reports, notably the
identification of ASXL1/2, FOXK1/2, HCFCI1, and KDM1B as
partners of BAP1 (Fig. 2a). The ASXL1 and ASXL2 interactomes
were similar with the exception of KDM1B, which is specifically
pulled down by ASXL2. Of note, similar results were obtained for
the BAPI interactome in Uveal Melanoma MP41 cells (Supple-
mentary Fig. 2b), suggesting that BAP1.com composition is not
cell-type dependent.

We then sought to determine whether BAP1 partners are all
present in a single complex or if BAP1 is engaged in distinct
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protein complexes. To this end, we analyzed the elution pattern of
BAP1 partners by ion exchange chromatography followed by
size-exclusion chromatography (SEC) (Fig. 2b). The first
purification step (ion exchange) revealed that the HCFCI,
FOXK1, and KDM1B generally elute independently of BAPI,
which is almost exclusively found in the 500 mM salt fraction,
suggesting that only a portion of each of these proteins is engaged
in a complex with BAPI. In the second purification step (SEC),
we observed that BAP1 elutes with a molecular weight of
approximately 500kDa, along with with HCFC1, FOXK1, and
KDMI1B. In contrast, YY1 elutes later and only partially overlaps
with BAP1. To know whether the co-elution between BAP1 and
its cofactors reflects the assembly of these proteins into a
complex, we repeated the experiment with nuclear extract from
BAP1 KO cells. The elution pattern from cation exchange did not
reveal any major changes; we therefore continued with SEC. The
elution patterns of HCFCl, KDM1B, and FOXKI1 remain
unchanged, indicating that the co-elutions observed with BAP1
in the wild-type extract do not reflect the formation of a stable
complex (Fig. 2b). Considering the previously established tight
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interaction between BAP1 and the ASXLs!323.35, our results
suggest that BAP1 and ASXL proteins form a core complex
(BAPl.com), which engages in transient interactions with
additional partners such as FOXK1/2, HCFCl, or KDM1B
(Fig. 2c). This model predicts that immunoprecipitation of any
one of these transient partners would consistently retrieve the
core complex but not necessarily other transient partners. Indeed,
KDMIB immunoprecipitation from HeLa cells pulls down
ASXL2 and BAPI1 (as well as NSD3, which is part of a distinct
complex with KDMI1B) but none of the other transient partners
(Supplementary Fig. 2c).

Given the role of ASXL1 and ASXL2 in driving BAP1-
associated complex composition but the modest effect of their
individual deletion on transcription, we sought to investigate their
potential redundancy in BAP1-mediated H2A deubiquitination
and transcriptional regulation. To address this question, we
generated a double ASXLI1/ASXL2 KO. Of note, ASXL3 is not
expressed in wild-type HAP1 cells nor in ASXL1/2 double KO
cells (Supplementary Fig. 2d). We first evaluated the effect of this
double KO on chromatin regulation and observed a robust
increase in H2A ubiquitination levels similar to those observed in
the BAPI KO (Fig. 2d). This result is consistent with the fact that
interaction with the ASXLs is required for BAPI1 enzymatic
activity (Supplementary Fig. 2e). Notably, loss of ASXL1 and
ASXL2 also led to a dramatic reduction in BAP1 protein levels
(Fig. 2d), whereas BAPI transcript levels were unaffected
(Supplementary Fig. 2d). Thus, ASXLs are not only necessary
for the enzymatic activity of BAP1 but also for protein stability
in vivo. Consistent with this effect on BAP1 protein accumula-
tion, transcriptome analysis of ASXLI/2 dKO cells revealed a
major impact on gene expression (Fig. 2e). Most DE genes were
downregulated (70%, 1073 downregulated genes out of 1576 total
DE genes, also see Supplementary Fig. 2f for heatmaps of the top
100 DE genes) and there was a large overlap between genes
downregulated in BAPI KO and ASXL1/2 dKO cells (Fig. 2f, left).
In comparison, the overlap between upregulated genes was much
less pronounced (Fig. 2f, right), supporting the idea that the main
role of BAPl.com is to promote transcription. Altogether, these
results show that ASXL proteins are mandatory and redundant
partners of BAPI.

BAP1 does not participate in Polycomb-mediated silencing.
The data presented above suggest that the main role of BAP1 is to
positively regulate transcription. While in agreement with several
previously published studies, our findings contrast with a number
of reports suggesting that BAP1 and ASXL proteins participate in
Polycomb-mediated silencing?428. To formally investigate the
interplay between BAP1 and Polycomb proteins, we analyzed the
consequences of BAP1 loss in conjunction with loss of RING1B
and EZH2, key members of PRC1 and PRC2, respectively
(Fig. 3a).

As expected, the main impact of inactivating either RINGIB or
EZH? is the transcriptional upregulation of a large set of genes
(Supplementary Fig. 3a, b). The GO terms for the DE genes
(either up or down regulated) in EZH2 KO cells partially overlap
the categories observed upon BAP1 KO, including those related
to signaling or development (Supplementary Fig. 3c and Fig. 1d,
right panel). The terms associated with genes DE in the absence
of RINGIB are broader, which might reflect a less developmental
specific function of PRC1 (Supplementary Fig. 3d). To further
compare transcriptional changes between all KO conditions, we
performed principal component analysis (PCA, Fig. 3b). Along
PC1, most of the variance is driven by differences in BAP1 and
polycomb machinery, again suggestive of distinct gene regulatory
functions. As the Polycomb machinery is involved in gene

silencing, we investigated the overlap between genes upregulated
upon KO of EZH2 or RINGIB and KO of BAPI. As shown in
Fig. 3¢, only a minority of the genes regulated by PRC1 and/or
PRC2 becomes upregulated upon loss of BAP1. To determine
whether this limited overlap reflects a synergistic action of BAP1
with the Polycomb machinery, we investigated chromatin
changes occurring at genes upregulated in BAPI KO. If BAP1
functions together with the Polycomb machinery to maintain
transcriptional silencing at a subset of Polycomb target genes, loss
of BAP1 is expected to result in a decrease in the Polycomb-
mediated chromatin signature. However, chromatin immunopre-
cipitation (ChIP) followed by deep sequencing (ChIP-seq) did not
reveal a decrease in Polycomb histone marks H2AK119ubl or
H3K27me3 at these genes in BAP1 KO cells (Fig. 3d). In fact,
H2AK119ubl increased, possibly reflecting the more global
increase of the mark caused by loss of BAP1 (see further below).
As expected, transcriptional upregulation corresponded with
marked increase in H3K4me3, a histone mark deposited
preferentially near the 5” ends of transcriptionally active genes.
These results suggest that transcriptional upregulation occurring
upon BAPI loss is not caused by impaired Polycomb-mediated
silencing. Instead, these gene expression changes may be
secondary effects of widespread transcriptional downregulation.

We then analyzed the genome-wide distribution of the
Polycomb-specific histone marks H3K27me3 and H2AK119ubl.
Previous studies have reported a crucial role for the ASXLs in
H3K27me3 deposition24-28, but analysis of H3K27me3 revealed a
high correlation in the genome-wide localization of the mark
between wild-type, BAPI, ASXLI, and ASXL2 KO cells, suggest-
ing that loss of the ASXL proteins does not globally affect
H3K27me3 distribution (Fig. 3e see also Supplementary Fig. 3e).
This analysis, together with the lack of global change in
H3K27me3 abundance in BAPI1, ASXLI, or ASXL2 KO cells as
gauged by western blot (Fig. 1c), rules out an essential role for
BAP1 and ASXL proteins in PRC2 function. In contrast, the
distribution of H2AK119ubl was significantly altered in BAP1
KO cells (Fig. 3f). Differential analysis of H2AK119ubl signal
between BAP1 KO and wild-type cells revealed widespread gains
upon loss of BAP1 (12,388 regions) and much less depleted
regions (3456), in keeping with the global increase of the mark
seen by western blot analysis (Fig. 1c). H2AK119ubl gains
localized throughout the genome with an approximate twofold
enrichment at putative promoter and enhancer regions over
random peaks (Supplementary Fig. 3f). Interestingly, consistent
with the known interplay between PRC1 and PRC2, gains of
H2AK119ubl were accompanied by an increase of H3K27me3
(Fig. 3g). Altogether, these data establish that BAP1.com does not
act in synergy with the Polycomb machinery to maintain gene
silencing but, instead, that its activity might restrain Polycomb
enzymatic activity.

PRC2-antagonistic and -independent role of BAP1. As shown
above, the major impact of loss of BAPI is the downregulation
of gene expression accompanied by widespread gains of
H2AK119ubl and H3K27me3. To investigate whether gains of
Polycomb marks and transcriptional changes following BAP1 loss
are linked, we first analyzed changes in chromatin composition at
genes that are downregulated in the absence of BAPI (Fig. 4a). As
expected, transcription-associated H3K4me3 decreased con-
comitantly with transcriptional downregulation. In principle,
increased levels of the H2AK119ubl and H3K27me3 repressive
marks could be a direct consequence of loss of BAP1 deubiqui-
tinase activity or could be a secondary event caused by tran-
scriptional downregulation3. To discern between these two
possibilities, we genetically inactivated EZH2 in BAPI KO cells
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(Fig. 4b) and assessed whether EZH2 deletion can restore KO, a large majority (741 genes) remain silent in the BAP1/EZH2
expression of BAP1-regulated genes. Of note, EZH2 deletion in  double KO (Fig. 4d, top heatmap), whereas the expression of a
cells already KO for BAPI did not impair proliferation (Fig. 4c), minority (172 genes) is increased in the double KO compared
consistent with recent evidence challenging the reported synthetic ~ with BAP1 single KO cells (Fig. 4d, bottom heatmap). This set of
lethal relationship between EZH2 inhibition and BAP1 genes is also upregulated upon deletion of EZH2 in a BAP1 wild-
inactivation?®3. Of the 913 genes downregulated upon BAP] type context, indicative of a balanced antagonistic regulation
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Fig. 4 BAP1.com promotes transcription independently of an antagonism with the PRC2 complex. a Heatmaps showing H2AK119ub1, H3K27me3, and

H3K4me3 distribution in a —5/ + 5 kb window around the transcription start site (TSS) of genes downregulated in BAP1 KO cells in wild-type and BAP1 KO
cells. Corresponding average profiles are plotted on top of each heatmap. b Western blot analysis of BAP1 and EZH2 in single and double BAP1/EZH2 KO
cells. HDAC]1 is used as a loading control. € Dot plot showing proliferation of wild-type cells and two independent clones of BAP1/EZH2 dKO cells. n=3.
d Heatmap of gene expression (Z-scores) in the different genotypes. Top: BAP1-only-regulated genes, and bottom: BAP1- and EZH2-regulated genes,

TSS = transcription start site. e Box-plots (median, lower, and upper quartiles, lowest and highest values) of log2 transcript per million (TPM) expression
values of BAP1-only-regulated genes (top) and BAP1/EZH2-regulated genes®' in the different conditions as indicated. Result of the Mann-Whitney test on
the EZH2 KO versus wild-type comparison is indicated. f Plot showing average enrichment of H2AK119ubl, H3K27me3, and H3K4me3 in a —5/ + 5kb
around the TSS for BAP1-only-regulated genes (top) and BAP1/EZH2-regulated genes®'. g Example snapshots of H2AK119ub1, H3K27me3, and H3K4me3
enrichment in WT and BAPT KO cells at a BAP1-only-regulated gene and a BAP1/EZH2-regulated gene (middle). Expression values of the corresponding
genes across WT, EZH2, BAP1, and BAP1/EZH2 KO conditions as detected in corresponding RNA-seq data are shown on the right. Horizontal bars indicate
the mean expression
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between BAP1 and EZH2 (Fig. 4d, e). Moreover, all genes
downregulated in the absence of BAP1 gain H3K27me3 upon
BAPI KO (Fig. 4f, see also Fig. 4g and Supplementary Fig. 4a, b
for specific examples), suggesting that such a gain is a con-
sequence rather than a cause of transcriptional downregulation.
Thus, although BAP1 and PRC2 act in an opposite fashion at a
number of genes, BAP1 promotes gene expression in a manner
that is largely independent of an antagonism with the PRC2
complex.

Similarities between BAPl.com and general co-activators.
Having analyzed the impact of loss of BAP1.com on steady-state
gene transcription, we next sought to examine its role in tran-
scriptional activation in response to a transcriptional stimulus.
Considering previous reports suggesting that BAP1 may mod-
ulate nuclear receptor-mediated gene regulation3®3, we investi-
gated whether deletion of BAPI would affect response to RA
treatment. We initially performed a time-course analysis of two of
the best-characterized direct RA transcriptional targets: RARS
and CYP26A1 (Fig. 5a). In contrast to the above-mentioned
reports that suggest a repressive role for BAP1.com at RA target
genes, we observed that activation of both RARB and CYP26A1
was severely compromised in BAP1 KO cells. Of note, loss of
BAP1 did not affect the protein levels of RARa, a major RA-
binding nuclear receptor (Supplementary Fig. 5a). To determine
whether these results reflect a general role for BAP1 in the
transcriptional response to RA, we analyzed the transcriptome of
WT and BAPI KO cells in response to RA treatment (after 24 h).
Nearly twice as many genes were significantly activated upon RA
treatment in WT than in BAP1 KO cells (n = 88 versus n =47,
FDR<0.05 and absolute log2 fold-change> 1, Supplementary
Fig. 5b). Furthermore, analyzing the entire set of genes activated
in either condition, we found that the response to RA is sig-
nificantly attenuated in BAP1 KO cells (Fig. 5b), demonstrating
that BAP1 is required for optimal RA-mediated transcriptional
activation.

To further investigate the hypothesis that BAP1 functions as a
transcriptional co-activator, we compared transcriptional defects
occurring in BAPI KO cells and KOs of SMARCBI (Supplemen-
tary Fig. 5c), which encodes an essential member of the BAF
chromatin-remodeling complex, and CREBBP, which encodes a
histone acetyltransferase. Both KO cell lines were viable, although
they appeared less healthy than the wild-type counterpart. As
with loss of BAP1, loss of SMARCBI and CREBBP severely
impaired RA-mediated transcriptional activation of RARB and
CYP26A1 (Fig. 5a). To determine to what extent BAP1, CREBBP,
and SMARCBI affect transcription, we compared the transcrip-
tome of HAPI cells mutated for each of these genes (this study
and?0). As shown in Fig. 5c, each KO leads to the downregulation
of a similar number of genes (BAP1: 1498 genes, CREBBP: 1106
genes and SMARCBI: 862 genes). We next compared the overlap
between genes regulated by the three proteins. Although RNA-seq
for each KO condition was performed in different laboratories,
there was a significant overlap between genes downregulated
upon loss of BAP1, CREBBP, or SMARCBI1 (Fig. 5d, p <0.0001
for all three comparisons). Nonetheless, the majority of down-
regulated genes remain specific to each respective KO, indicating
that BAP1, CREBBP, and SMARCBI each regulate a distinct set
of genes.

To determine the level of specificity of gene recruitment, we
compared BAP1.com localization at chromatin to the localization
of transcription machinery. We obtained previously published
ChIP-seq data for ASXL1° and RNA-Polll (ENCODE) in human
HEK-293 cells, and BAP14 and RNA-Polll (ENCODE) in mouse
bone marrow-derived macrophages. Analysis of ASXL1/Polll and

BAP1/Polll enrichment revealed a marked correlation between
RNA-PolIl and BAP1.com profiles, both in terms of enrichment
intensity and profile along the gene body (Fig. 5e, f and
Supplementary Fig. 5d, e and ChIP-seq screenshots in Fig. 5g
and Supplementary Fig. 5f). This result strongly supports a role
for BAPl.com as a general co-activator and suggests that
functional differences between BAP1 and other co-activators
are due to gene-specific requirements for their respective
enzymatic activities during transcriptional activation, rather than
gene-specific targeting. Together, these data provide compelling
evidence that BAP1.com functions as a general transcriptional co-
activator.

PRC1 is epistatic to BAPI. Finally, we sought to understand how
BAPI exerts its function on transcription. In principle, BAP1
could act through its enzymatic activity to modify proteins
that modulate transcription, and/or by recruiting factors
that participate in promoting transcription. Several reported
BAP1 substrates such as H2AKI119ubl, BARDI1, HCECI,
and OGT could potentially mediate its function in gene
activation®-%4!, HCFCI is a transcriptional regulator and, in
addition to modulating its ubiquitination, BAP1 has been sug-
gested to contribute to its recruitment and/or regulation of its
stability. More recently, BAP1 was suggested to participate in the
recruitment of the MLL3 histone methyltransferase at enhancers
by direct interaction with MLL3 PHD repeats3.

To determine which of these functions is critical for BAP1
activity, we first assessed if BAP1 function requires its DUB
activity. For this purpose, we performed rescue experiments in
BAPI KO cells, reintroducing either wild-type BAP1 or a
catalytically dead version (BAP1 C91S). Both versions of BAP1
were re-expressed at a similar level, slightly higher than the
original endogenous level (Fig. 6a, upper panel). Focusing on a
selection of genes whose expression is dramatically reduced in the
absence of BAPI, re-expression of wild-type BAP1 protein
restores up to 75% of the wild-type levels of the transcripts while
the C91S mutant is unable to rescue transcription of the tested
genes (Fig. 6a, lower panel). Although based on a subset of genes,
this analysis suggests that BAPI catalytic activity is required for
its function, consistent with previous studies13.

We next sought to determine the relative contribution of
H2AK119ubl compared with other substrates to BAP1’s func-
tion. H2AK119ubl is solely deposited by the PRCI complex
through its two paralogous enzymes RING1A and RING1B. We
thus genetically inactivated both enzymes in HAP1 cells and then
mutated BAP1 in the context of RINGIA/B dKO cells. As
expected, H2AK119ubl was completely absent from both
RINGIA/B dKO and RINGIA/B;BAPI tKO cells (Fig. 6b). Of
note, proliferation of the two mutant conditions was unimpaired
(Supplementary Fig. 6). We first assessed the overlap between
genes positively regulated by BAP1 and negatively regulated by
PRCI1. As shown in Fig. 6¢, a minority of genes, 17%, were under
such opposite regulation. Analysis of BAP1-only-regulated genes
as a group confirmed the absence of regulation by PRC1 (Fig. 6d)
and also showed that this set of genes has an overall higher level
of expression compared with BAP1/PRCl-regulated genes
(Fig. 6d). To determine whether this BAP1-mediated transcrip-
tional regulation nevertheless depends on PRCl-mediated
H2AK119ubl, we assessed transcriptional changes in RING1A/
B;BAPI tKO versus RINGIA/B dKO. BAP1 was the only DE
transcript between the two mutant conditions (Fig. 6e), indicating
that BAP1 is no longer functional in the absence of PRCI activity.
Consistently, transcriptional response to RA treatment was
equivalent in RINGIA/B dKO and RING1A/B; BAPI tKO cells
(Fig. 6f, transcriptional response to RA differs in RING1A/B dKO
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cells compared with WT cells). This result contrasts with the
limited dependency of loss of BAP1 on the PRC2 complex
(Fig. 4), and suggests that gain of H2AK119ubl might inhibit
transcription in a way that is partly independent of PRC2. Taken
together, these results establish that PRCI is epistatic to BAP1.
com and that BAP1 promotes transcription by counteracting
PRC1-mediated H2A ubiquitination (Fig. 7).

Discussion

Despite their prominent roles as tumor suppressors, the biological
functions of BAP1 and ASXL proteins remain poorly character-
ized. In this study, we performed extensive biochemical and
genetic analyses in isogenic mutant cell lines to address the role of
BAP1 in transcriptional regulation, the respective contributions
of BAP1 and the ASXL proteins to the regulation of gene
expression and the interplay between BAPl.com and the Poly-
comb machinery.

Both biochemical and genetic evidence indicate that BAP1 and
ASXL proteins function together to regulate H2AK119ubl and
gene expression. Our biochemical analyses largely confirm the
previously reported interactome of BAP1® and further enable
distinguishing transient interactors (FOXK1/2, MBD5/6, HCFCl,
etc.) from the core complex composed of BAP1 and one ASXL
paralog. With the exception of KDM1B, which appears to interact
specifically with BAP1-ASXL2, the BAPI1 interactome is essen-
tially identical whether the complex forms around ASXLI1 or
ASXL2. This might reflect the fact that most of the interactions
are mediated directly by BAPI, as suggested for HCFC1, YY1,
OGT, and FOXK1/2335. Nonetheless, interaction with the ASXL
paralogs is required for BAP1 enzymatic activity and protein
stability. The overall interchangeability between the ASXLs
explains the observation that knocking out a single paralog only
mildly affects gene expression. An immediate implication of this
finding concerns the tumor-type-specific spectrum of BAP1 and
ASXL mutations. While previous studies have argued that this
non-overlapping mutation spectrum might be the result of
independent and sometimes opposite functions of BAP1 and
ASXL proteins®#2, our findings instead suggest that, due to the
redundancy among ASXL proteins, the loss of only one of them
results in a much less severe disruption of BAPl.com function
than loss of BAP1. Hence, we propose that the predominance of
ASXL mutations in myeloid malignancies may be the result of a
selective pressure aimed at only partially ablating BAP1 function,
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whereas loss of BAP1 in other malignancies would reflect a need
for complete inactivation of the complex.

In contrast to the reported role of Calypso in Drosophila, our
results argue against an implication of BAPl.com in the Poly-
comb machinery. Instead, the picture that emerges from this
work is that the function of BAPl.com is to promote transcrip-
tion by limiting PRCI repressive activity. This property may not
be surprising given that the activity of the complex is opposite to
that of PRCI in the regulation of H2A ubiquitination and that
PRC1 and ASXL1 show rather distinct localization patterns®. The
more limited dependency on PRC2 activity that we observed is
likely the result of partly divergent functions between the two
Polycomb complexes, and in particular the ability of PRCI1 to be
recruited and silence genes independently of PRC242:43,

Our findings are also in line with previous studies using arti-
ficial recruitment of BAPl to a transgene®, overexpressin
hyperactive forms of ASXL14 or focusing on individual loci®’,
which all support a role for BAP1 in gene activation. An obvious
question arising from these results is whether BAP1 and Calypso
have divergent functions or whether we can reconcile their pro-
posed contributions to gene regulation in both species. First, it is
noteworthy that there is no clear consensus as to whether the
Calypso-Asx complex is generally involved in Polycomb-
mediated silencing. Indeed, mutation of Asx in Drosophila leads
to a complex phenotype that exhibits features of both Polycomb
and Trithorax mutants®, a situation that is also found in Asxl1
mutant mouse embryos®. Second, only a subset of Polycomb
target genes was found to be aberrantly activated upon loss of Asx
or Calypso?’. Third, part of the difference might result from the
extent to which BAP1 and Calypso regulate H2A ubiquitination.
Although loss of Asx leads to an approximate 10-fold increase in
the total levels of H2AK118ub122, we only observe an approx-
imate twofold increase in the level of the mark upon inactivation
of either of BAP1 or ASXL1/2. This suggests that in Drosophila,
the Calypso—Asx complex might have a more critical function in
restricting PRC1 activity to its normal site of action. Aberrant
deposition of H2AK119ubl and consequently of H3K27me3
could indirectly impair Polycomb-mediated transcriptional
silencing. Genome-wide functional studies analyzing the global
consequences of loss of Asx or Calypso in flies should help clarify
these questions and address whether PR-DUB and BAPl.com
have similar functions.

Interestingly, the function of BAP1 in stimulating transcription
is comparable to that of well-known general co-activators such as
SMARCBI1 and CREBBP, not only to ensure steady-state gene
transcription of hundreds of genes but also in response to stimulus
as exemplified by RA treatment. Hence, efficient transcriptional
stimulation entails the action of enzymatic activities that converge
at creating a permissive chromatin environment, either through
histone eviction and/or repositioning (e.g, SMARCBI1), reduction
of histone charge through acetylation (e.g., CREBBP) or removal of
repressive chromatin marks (e.g., BAP1). Interestingly, these dif-
ferent activities can be needed together or separately, as suggested
by our observation that SMARCB1, CREBBP, and BAP1 regulate
common, as well as specific sets of genes. As BAP1.com generally
colocalizes with the transcriptional machinery, we speculate that
while present at most transcribed regions, BAP1.com impacts gene
expression selectively depending on the chromatin environment.
Further investigation will be necessary to decipher what determines
the transcriptional response to BAP1 deletion. It will also be
interesting to investigate what controls BAPl.com targeting to
transcribed regions. We envision that the ASXL proteins, through
their PHD finger, a domain that can potentially bind methylated
lysine or arginine residues®$, could participate in reading post-
translational marks associated with active transcription. Our work
provides insight into the function of BAP1.com and paves the way
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for novel strategies to target tumors harboring alterations in this
chromatin-modifying complex.

Methods

Cell lines. HAP1 cells were kindly provided by T. Brummelkamp and cultured in
Iscove’s Modified Dulbecco’s Medium media supplemented with 10% fetal bovine
serum (FBS) and 1% 1-glutamine. HeLa-S3 cells were kindly provided by S. Ait-Si-
Ali. They were cultured in adherence in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% FBS and 1% t-glutamine. Non-adherent culture
of HeLa cells was performed in DMEM supplemented with 5% FBS and 1% t-
glutamine following guidelines from Nakatani and Ogryzko?’. SF9 cells were
cultured in SF-900 II serum-free medium (Invitrogen) supplemented with 5% FBS,
1% penicillin/streptomycin (Invitrogen) and Amphotericin B at 28 °C. All cell lines
were tested for mycoplasma contamination on a regular basis.

Constitutive KOs in HAP1 cell line. Mutations of BAP1, ASXL1, ASXL2, EZH2,
RINGIA, and SMARCBI in HAP1 cells were performed using CRISPR/CAS9
technology using the strategy described in. Briefly, a STOP cassette containing a
antibiotic resistance gene followed by a polyadenylation sequence from SV40 was
inserted by homologous recombination in intronic or exonic sequences of the
target genes. Intronic targeting vectors include the EN2 splice acceptor sequence
for proper splicing of the antibiotic resistance gene. Antibiotic resistance clones
were then picked in 96-well plates and genotyped. KOs were validated by RT-qgPCR
and western blot when the corresponding antibody was available. The selected
clones were thus used as constitutive KOs, using the parental cell line as a control
in all experiments. RING1B and CREBBP KO HAPI cells were purchased from
Horizon Discovery.

Stable expression in Hela cells. For mass spectrometry analysis of Flag-tagged
BAP1, ASXL1, ASXL2, and KDMI1B in HeLa cells, complementary DNAs (cDNAs)
encoding the different proteins were first subcloned in pRev retroviral plasmid (gift
from S. Ait-Si-Ali), downstream a 2xFlag-2xHA sequence and upstream an internal
ribosome entry site sequence followed by CD25 cDNA. Retroviruses were pro-
duced by transfection of a 293 Phoenix cell line (gift from S. Ait-Si-Ali) and HeLa-
S3 cells were infected by incubation with viral supernatants for 3 h at 37 °C.
Infected cells were then selected by fluorescence activated cell sorting against CD25
expression using CD25-FITC antibody and following manufacturer’s instructions
(BD Biosciences 553866). Expression was assessed by western blot analysis of
nuclear extracts.

Rescue experiment (BAP1 WT and C91S). Reintroduction of wild-type or
enzymatically dead (C91S) BAP1 was performed by infection of BAP1 KO cells
with a pBABE retrovirus®’. Production of retroviral particles was performed in
293T cells. Transduction was performed by incubating the cells with viral particles
mixed with Polybrene (final concentration, 8 ug/ml) for 3 h at 37 °C and subse-
quently selected with puromycin.

Proliferation assays. In all, 10,000 cells were plated in six-well plates in triplicates
and counted every 24 h over 4 days using a Vi-cells counter (Beckman-Coulter).

RT-gPCR. Total RNA was isolated using Trizol-Chloroform extraction and iso-
propanol precipitation. cDNA was synthesized using High Capacity cDNA RT kit
(4368814-Applied Biosystems) and quantitative PCR was performed with technical
triplicate using SYBR green reagent (Roche) on a ViiA7 equipment (Applied
Biosystems). At least two independent experiments (biological replicates) were
performed for each assay and RT negative controls were always included. Primer
sequences for gPCR analysis are provided in Supplementary Table 1.

RNA sequencing. RNA sequencing were performed for two independent biolo-
gical replicates for each condition. In total, 100-bp single-end reads were generated
for the RA analysis and 100-bp paired-end reads for all other samples using the
HiSeq 2500 platform. Raw reads were trimmed with cutadapt (1.12;%!) using the
Trim Galore! (0.4.4; bioinformatics.babraham.ac.uk) wrapper (default settings) and
subsequently aligned to the complete human ribosomal RNA sequence with bowtie
(1.2;52). Reads that did not align to rRNA were then mapped to the human
reference genome (GRCh37/hgl9) and gene counts generated with STAR
(2.5.2b;5%) using the following parameters: --quantMode GeneCounts --out-
SAMtype BAM SortedByCoordinate --runMode alignReads --out-
FilterMismatchNmax 6 --outFilterMultimapNmax 20 --outSAMmultNmax 20
--outSAMprimaryFlag OneBestScore. Counts were generated using properly paired
(for paired-end data) and uniquely mapped reads that overlap the exon boundaries
of each gene. More than 94% of reads mapped uniquely for all paired-end
sequencing samples and >92% for single end. Per sample read counts are provided
in Supplementary Table 2.

BAM files for the CREBBP-KO and HAP1-WT samples were obtained from the
Institut de Cancérologie Gustave Roussy and gene counts for these samples were
generated using featureCounts (1.5.1;34) with the following parameters: -C -p -s 2
-T 8 -F GTF -t exon. Raw reads were trimmed as part of bcl2fastq for Illumina
adapters and aligned with RSEM (1.2.25;) and Bowtie2 (2.2.6;72) to GRCh37/
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hg19 using default parameters. Total uniquely mapping reads were calculated using
RSeQC (2.6.4;°6).

The reference FASTA was downloaded from UCSC (http://hgdownload.cse.
ucsc.edu/goldenPath/hg19/) and the annotation (GTF) file from gencodegenes.org
(comprehensive gene annotation Release 19/GRCh37.p13).

Differential expression analysis. Genes were filtered to include those with counts
per million (CPM) > 0.5 in at least two samples. Raw count data were transformed
to log2-CPM and normalized with the TMM method using edgeR (3.18.1;
Robinson 2010 and McCarthy 2012). A linear model was fit to the normalized
expression values for each gene and empirical Bayes statistics were computed for
each KO versus wild-type or rescue with limma (3.32.7; Ritchie, 2015). DE genes
were identified from the linear fit after adjusting for multiple comparisons and
filtered to include those with FDR < 0.05 and absolute logFC > 1.

GO enrichment analysis was performed with goseq (1.28.0) using the Wallenius
method to calculate a probability weighting function for top differential genes as a
function of a gene’s median transcript length. GO terms with FDR < 0.01 were
collapsed using REVIGO?’.

CREBBP, SMARCB1, BAP1 analysis. Raw data for SMARCB1 and WT were
downloaded from GEO (GSE75515). RNA-seq analysis was performed as described
previously. Only genes common to all datasets were used in the analysis. Sig-
nificance of overlap for significantly upregulated and downregulated genes between
all three KOs was determined applying a one-sided Fisher’s exact test (alternative
hypothesis = greater).

Chromatin immunoprecipitation. For ChIPs experiment, cell confluence and
amount of starting material were kept constant by plating defined number of cells
2 days before cross-linking. Briefly, cells were fixed in 1% formaldehyde for 10 min
at room temperature, quenched by adding glycine to a final concentration of 0.125
M, rinsed with phosphate-buffered saline (PBS) and resuspended in buffer LB1
(Hepes-KOH pH 7.5 50 mM, NaCl 140 mM, EDTA 1 mM, glycerol 10%, NP-40
0.5%, Triton X-100 0.25% -+ Protease inhibitors). Cells were rocked at 4 °C for 10
min, pelleted and resuspended in buffer LB2 (NaCl 200 mM, EDTA 1 mM, EGTA
0.5 mM, Tris pH 8 10 mM + Protease inhibitors), pelleted again and resuspended
in buffer LB3 (EDTA 1 mM, EGTA 0.5 mM, Tris pH 8 10 mM + Protease inhi-
bitors). Sonication was performed on a Bioruptor (Diagenode), 0.5% N-lauroyl-
sarcosine added and after rocking at room temperature for 10 min supernatant was
kept. For the immunoprecipitation, chromatin (10 pg) was incubated antibodies
(around 2 pg) overnight in presence of 1% Triton and 0.1% sodium deoxycholate.
Beads blocked with bovine serum albumin were added the day after and incubated
at 4 °C for 3 h before processing to the washes in RIPA buffer six times (50 mM
Hepes pH 7.6, 10 mM EDTA, 0.7% DOC, 1% NP-40, 0.5 M LiCl + Protease
inhibitors) and once in buffer TEN (10 mM Tris pH 8.0, 1 mM EDTA, 50 mM
NaCl). Elution was done in buffer TES (50 mM Tris pH 8.0, 10 mM EDTA, 1%
sodium dodecyl sulfate), before reversing the crosslink overnight and incubating
the samples successively with RNAse A and proteinase K prior to phenol/
chloroform/isoamyl-alcohol DNA extraction. ChIPs were analyzed by gPCR using
the primers described in Supplementary Table 1.

ChIP sequencing. In total, 100-bp single-end reads were generated using the
HiSeq2500 platform. Reads were mapped to the human reference genome
(GRCh37/hg19) with Bowtie2 (2.2.9) using default parameters. PCR duplicates
were removed with Picard Tools MarkDuplicates (1.97; http://broadinstitute.
github.io/picard). Total uniquely mapping reads were calculated using RSeQC
bam_stat.py (2.6.4). BAM files were filtered to exclude common artifact regions
(merged consensus artifact regions: http://mitra.stanford.edu/kundaje/akundaje/
release/blacklists/hg19-human/). Reads were counted in bins of length 25, RPKM
normalized, and converted to bigWig format using DeepTools bamCoverage
(2.4.1) for all heatmaps.

Scores upstream and downstream of transcription start sites (TSSs) were
computed from normalized bigWig files with deepTools computeMatrix (2.4.1)
using reference-point mode. TSS plots were generated with deepTools
plotHeatmap (2.4.1).

To identify regions that gain or lose H2AK119ubl, differential analysis was
performed using SICER (1.1) between the BAP1 KO and WT H2AK119ub1 using
random background to determine statistically enriched regions. To assess the
window and gap sizes used in the analysis, we plotted the aggregate score versus the
gap size for window sizes of 200, 400, 600, and 800 and gap sizes 1w to 5w.
Increasing the window size to 800 showed saturation near a gap of 4w. A gap size
of 2400 (3w) corresponded with a score that was sufficiently close to saturation and
was chosen for the final analysis. For gap sizes 1w up to 5w, BAP1 KO showed an
average of 3.6x more H2AK119ub1 enriched regions than the WT. With w =800
and g = 2400, 12,388 regions (average length = 24,714.2) were significantly
increased (E = 1000, L= 0.74) in the H2AK119ubl BAP1 KO v. WT and 3456
regions (average length = 30,712.9) were significantly decreased.

Polll, BAP1 and ASXL1 ChiP-seq analysis. Raw data were downloaded from GEO
(GSE40723, GSE36027, GSE51673, and GSE31477). FASTQ files were merged for
samples with multiple runs and mapping was performed as previously described to
hgl9 or mm10. bigWig files were generated with deepTools bamCoverage (2.4.1).
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Artifact regions were excluded and read counts were normalized to log2(sample/
input).

Average values 2 kb around the TSS were computed using deepTools
multiBigwigSummary and correlation plots for these regions were generated with
deepTools plotCorrelation (--corMethod pearson —removeOQutliers -skipZeros).

Merged consensus blacklists for hgl9 and mm10 were obtained from the
Kundaje lab at Stanford University (Stanford, CA, USA).

Antibodies. BAP1 (1/500 dilution; C-4; sc-28383), FOXK1 (1/500 dilution; G-4;
sc-373810), YY1 (1/500 dilution; sc-7341) and RAR-alpha (1/500 dilution; sc-
551 x ) antibodies were purchased from Santa-Cruz; FLAG (1/1000 dilution; M2;
F1804) was purchased from Sigma; HCFC1 (1/1000 dilution; A301-400A) and
RNF?2 (1/1000 dilution; A302-869A) antibodies were purchased from Bethyl
Laboratories; Lamin B1 (1/3000 dilution; ab16048); RING1A (1/1000 dilution;
2820S), RINGI1B (1/1000 dilution; D22F2; 5694S) H2AK119ubl (1/3000 dilution;
D27C4; 82408), H3K27me3 (1/3000 dilution; C36B11, 9733S), H3K4me3 (1/3000
dilution; C42D8, 9751) and H4 (1/3000 dilution; 2935S) antibodies, were pur-
chased from Cell Signaling Technology; H2A.Z (1/1000 dilution; 39113), H2B (1/
1000 dilution; 5SHH2-2A8; 61037); H2BK120ub (1/1000 dilution; C56; 39623), H3
(1/3000 dilution; C-terminal; 39163), and KDM1B (1/1000 dilution; 61457) anti-
bodies were purchased from Active Motif; H3K4me2 (1/3000 dilution; MCA-
MAB10003-100-Ex) antibody was purchased from Cosmo Bio; alpha-Tubulin (1/
3000 dilution; 1F4E3; A01410) was purchased from Genscript.

Histone extraction. Cells were lysed in a hypotonic lysis buffer (10 mM Tris pH
6.8, 50 mM Na,S0,, 1%Triton X-100, 10 mM MgCl,, 8.6% sucrose, and protease
inhibitors) and carefully homogenized using a Dounce A homogenizer. After a
centrifugation step at 6000 g for 10 min at 4 °C, the pellet was washed with 10 mM
Tris pH 7.5, 13 mM EDTA and resuspended in ice-cold water. Protein precipita-
tion was performed by addition of sulfuric acid 0.4 N final concentration and 1-h
incubation on ice. The samples were centrifugated at 20,000 g for 10 min at 4°C
and the histone-containing supernatant collected and neutralized by addition of 0.5
volume of 1.5 M Tris pH 8.8. Quantification was performed by Bradford assay and
confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) stained with Coomassie.

Nuclear extracts (high salt). For nuclear extract preparation, cells were incubated
with buffer A (10 mM Hepes pH 7.9, 2.5 mM MgCl,, 0.25 M sucrose, 0.1% NP-40
and protease inhibitors) for 10 min on ice, centrifuged at 8000 rpm for 10 min,
resuspended in buffer B (25 mM Hepes pH 7.9, 1.5 mM MgCl,, 700 mM NaCl,
0.1 mM EDTA, 20% glycerol and protease inhibitors), sonicated and centrifuged at
14,000 rpm for 15 min. Uncropped western blot data are provided in Supple-
mentary Figs. 7-14.

Chromatography analysis. For analysis of endogenous protein profiles in

HAPI cells, nuclear extracts (high salt) were first dialyzed against BP100 (50 mM
potassium phosphate pH 6.8, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, protease
inhibitors) and clarified by high-speed centrifugation. Samples were then purified
by ion exchange chromatography using a HiTrap SP HP 5ml column (GE
Healthcare). Elution was performed by step elution with increasing NaCl
concentration. In all, 500 mM elution was concentrated 5x time on centricon
(Millipore, cut-off 10 kDa) and analyzed on Superose 6 PC3.2 increase column
(GE Healthcare). The native molecular size markers used for column calibration
were thyroglobulin (669 kDa), ferritin (440 kDa), and aldolase (158 kDa).

Mass spectrometry analysis. For mass spectrometry analysis of Flag-tagged
constructs overexpressed in HelLa cells, 100 mg of nuclear extracts were used.
Nuclear extracts were first dialyzed in BC250 (50 mM Tris pH 8.0, 250 mM KCl,
1 mM EDTA, 10% Glycerol and protease inhibitors). Precipitates were removed by
centrifugation and the supernatant was incubated with anti-FLAG M2 affinity gel
overnight. The beads were then washed three times with BC250 + 0.05% NP-40
and eluted with 0.2 mg/ml Flag peptide, precipitated with ice-cold acetone and
resuspended in 1x Laemmli Sample Buffer. Of note, for mass spectrometry analysis
of Flag-tagged BAP1 overexpressed in MP41 cells, 50 mg of nuclear extracts was
used and first purified on an ion exchange chromatography HiTrap Q 1 ml column
(GE Healthcare).

After IP and elution of enriched proteins, SDS-PAGE (Invitrogen) was used
without separation as a cleanup step to remove lipids, metabolites, salts, and
denaturing agents from the samples. After colloidal blue staining (LabSafe GEL
BlueTM GBiosciences), four gel slices were excised and proteins were reduced with
10 mM DTT prior to alkylation with 55 mM iodoacetamide. After washing and
shrinking the gel pieces with 100% MeCN, in-gel digestion was performed using
trypsin/Lys-C (Promega) overnight in 25 mM NH,HCO; at 30°C.

Peptides were extracted and analyzed by nano liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS) using an RSLCnano system (Ultimate
3000, Thermo Scientific) coupled to an Orbitrap Fusion mass spectrometer (Q-OT-
qIT, Thermo Fisher Scientific). Samples were loaded on a C18 precolumn (300 um
inner diameter x 5 mm; Dionex) at 20 pl/min in 2% MeCN, 0.05% TFA. After a
desalting for 3 min, the precolumn was switched on the C18 column (75 um
i.d. x 50 cm, packed with C18 PepMap™, 3 um, 100 A; LC Packings) equilibrated in
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solvent A (2% MeCN, 0.1% HCOOH). Bound peptides were eluted using a two-
step linear gradient of 147 min (from 1 to 20% (v/v)) of solvent B (100% MeCN,
0.085% HCOOH) and 65 min (from 20 to 40% (v/v)) of solvent B, at a 400 nl/min
flow rate and an oven temperature of 40 °C. We acquired Survey MS scans in the
Orbitrap on the 400-1200 m/z range with the resolution set to a value of 120,000
and a 4 x 10° ion count target. Each scan was recalibrated in real time by co-
injecting an internal standard from ambient air into the C-trap. Tandem MS was
performed by isolation at 1.6 Th with the quadrupole, higher collisional
dissociation frag ion with normalized collision energy of 35, and rapid scan
MS analysis in the ion trap. The MS2 ion count target was set to 10% and the max
injection time was 100 ms. Only those precursors with charge state 2-7 were
sampled for MS2. The dynamic exclusion duration was set to 60 s with a 10 ppm
tolerance around the selected precursor and its isotopes. The instrument was run in
top speed mode with 3-s cycles.

Data were searched against the uniprot-Human database, using Sequest HT
from Proteome Discoverer 1.4 (thermo Scientific). Enzyme specificity was set to
trypsin and a maximum of two miss cleavages was allowed. Oxidized methionine,
N-terminal acetylation, and carbamidomethyl cysteine were set as variable
modifications. The mass tolerances in MS and MS/MS were set to 10 ppm and 0.6
Da, respectively. The resulting files were further processed using myProMS?®. The
Sequest HT target and decoy search results were validated at 1% FDR with
Percolator. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD011808%.

Methylation analysis. Genomic DNA was extracted following manufacturer
protocol (DNA easy, Qiagen), treated with RNAse A and RNAse T1, purified again
and quantified using nanodrop. One microgram of DNA was then digested by the
degradase plus (Zymoresearch), ethanol precipitated and the supernatant was then
evaporated on speedvac. Samples were then reconstituted in 10 pl of solution A’
(2% methanol, 0.1% HCOOH), vortex-mixed, centrifuged and transferred to a
high-performance liquid chromatography vial for micoLC-MS/MS analysis. Frac-
tions were used directly in solution A’ and analyzed (5 ul) using the RSLCnano
system connected to the Orbitrap Fusion mass spectrometer. Sample separation
was achieved on a C18 column (4.6 x 100 mm, packed with ZORBAX Eclipse XDB
C18, 1.8 um particles, Agilent Technologies) after 5 min loading in solvent A’, with
a linear gradient of 10 min (from 0 to 30% (v/v) of solvent B’ (80% MeCN, 0.1%
HCOOH)) at 500 pl/min. Data acquisition was performed in the Orbitrap on the
200-300 m/z range with the resolution set to a value of 240,000 at m/z 200. To
determine the intensity of each nucleosides, we extracted from the MS survey of
microLC-MS/MS raw files the extracted ion chromatogram (XIC) signal by using
the retention time and m/z values of the well-characterized synthetic nucleoside
ions using the Xcalibur softwares (manually). XIC areas were integrated in Xcalibur
under the QualBrowser interface using the ICIS algorithm.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

ChIP-seq and RNA-seq data that support the findings of this study have been
deposited in the Gene Expression Omnibus under the accession codes GSE110133
(ChIP-seq) and GSE110142 (RNA-seq) [https://www.ncbi.nim.nih.gov/geo/query/
acc.cgi?acc = GSE110143). The raw protomics data are available via Proteo-
meXchange with identifier PXD011808. Raw data are provided for all western blots
in Supplementary Figs. 7-14. All other relevant data supporting the key findings of
this study are available within the article and its Supplementary Information files or
from the corresponding authors upon reasonable request. A Reporting Summary
for this Article is available as a Supplementary Information file.
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Abstract

In mammals, BRCA1-associated protein 1 (BAP1) is reported to positively
regulate transcription through the deubiquitination of histone H2A on lysine 119
(H2Aub), a repressive histone mark deposited by the Polycomb Repressive
Complex 1 (PRC1). BAP1 functions therefore downstream of PRC1, however, its
precise mechanism of action remains largely unclear. Here, we identified a specific
recruitment of BAP1 to active enhancers, where H2Aub selectively and broadly
accumulated upon BAP1 silencing. We showed that the recruitment of BAP1 is
dependent on the acetyltransferase CBP, and that BAP1 silencing mitigates BRD4
occupancy at enhancers. Consistently, super-resolution microscopy revealed that
loss of BAP1 led to reduced phase-separated condensates of BRD4 and MED1 both
in size and number. These results indicate that aberrant accumulation of H2Aub at
enhancer impairs their function. Finally, we show that BAP1-null cells are more
sensitive to small-molecule inhibitor targeting BRD4, which could potentially pave
the way for the development of new therapeutic strategies targeting BAP1-null

malignancies.
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Introduction

Orchestrated gene expression program determines cell identity and function.
It requires the coordination between DNA regulatory elements and chromatin-
associated factors!l. Initiation of messenger RNA transcription requires the
recruitment of RNA polymerase II (POL II) at promoters, where POL Il assembles
into pre-initiation complex (PIC) with general transcription factors. Once RNA
synthesis reaches a critical point, an elongation complex assembles but is paused
downstream of transcription starting site (TSS) and waits for further signals prior
to entering productive transcription?. Pause-release of POL II is a critical step in
regulation of transcription frequency3, which involves several co-activators
including positive transcription elongation factor b (P-TEFb), whose subunit
phosphorylates serine 2 on CTD domain of POL II to activate the elongation
complex*. Once released, the extension of RNA chain proceeds until reaching the
termination signall.

A class of distal regulatory elements, called enhancers, can establish physical
contacts with gene promoters to facilitate transcription®. Enhancers contain
sequence-specific motifs that can be recognized by transcription factors (TFs)e°.
Binding of TFs on enhancers is accompanied by recruitment of transcriptional co-
activators including chromatin remodelers, histone modifiers, bromodomain-
containing protein BRD4, P-TEFb, and Mediator complex®’. Together, they foster a
local environment that favors recruitment of POL Il and promote transcriptional
processes>7:8,

Histone modifications on the flanking nucleosomes of enhancers characterize
their activities®. Mono-methylation on histone H3 lysine 4 (H3K4me1) is deposited
by MLL3/419, whereas acetylation of H3 on lysine 27 (H3K27ac) is catalyzed by
acetyltransferase CBP and its paralog p300!l. Deposition of H3K4mel and
H3K27ac on enhancers are essential for transcriptional activation. For example,
H3K4me1l controls CBP binding to enhancers'?, and loss of either H3K4me1l or
H3K27ac results in global gene silencing!?-14. Genome-wide studies indicate that
the enrichment of these two marks can be employed to accurately predict
enhancers in a given context!>16, H3K4me1l features both poised and active
enhancers while H3K27ac marks active enhancers specifically. Of note, the level of
H3K27ac directly correlates with the transcriptional activity of associated
genesl’.18,

High level of H3K27ac on enhancers facilitates binding of co-activator BRD4,
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a member of the BET family of proteins that recognizes acetyl lysine thanks to its
tandem bromodomain modulel®. BRD4 recruits Mediator complex??, a multimeric
complex that directly interacts with TFs and POL II and is supposed to transduce
activation signals from TFs-bound enhancers to the transcriptional machinery?!-
23, Mediator complex recruits POL Il and triggers Pol Il release from promoters?4.
Besides, BRD4 also recruits P-TEFb to promote transcription elongation?2>:26,
Recruitment of these co-activators are indispensible for proper transcriptional
activites, as inhibition of BRD4 binding by selective BET inhibitors evicts BRD4,
Mediator (e.g. MED1) and POL II from enhancers, and results in loss of expression
of neighboring genes?327.

The Polycomb machinery plays an essential in the maintenance of
transcriptional silencing. In mammals, it is mainly composed of Polycomb
Repressive Complex 1 and 2 (PRC1 and PRC2), both being endowed with histone
modifying activity essential for their function?8. PRC1 catalyzes mono-
ubiquitination on histone H2A lysine 1192°, and PRC2 deposits mono-, di- and tri-
methylation on histone H3 at lysine 27 (H3K27me1/2/3)3°. Both histone marks
anti-correlates with transcription31:32. PRC1 and PRC2 can be recruited to CpG
island at gene promoters3133-35 and target specifically genes involving in
development, pluripotency and lineage specification3236.37,

The histone deubiquitinase BAP1 was originally described as a Polycomb
protein in Drosophila, where mutation of its ortholog, calypso, gives rise to de-
repression of Hox genes38. Calypso forms a complex with Additional sex combs
(Asx) and catalyzes H2A deubiquitination. This activity is conserved within the
mammalian homolog complex composed of BAP1 and ASXL1/2/33°. However,
several studies in vertebrates have now established that BAP1 is involved in
transcriptional activation and that it acts through its deubiquitinase activity
downstream of PRC14%-42, Indeed, BAP1 no longer regulates transcription when
PRC1 is absent*943, Nevertheless, what are the target of BAP1 and how the balance
between BAP1 and PRC1 is orchestrated remain poorly understood. These
questions are of particular importance as they could shed light on the contribution
of BAP1 to tumorigenesis**.

By integrating multi-omics analyses, we demonstrated that H2Aub is the
primary substrate of BAP1. We mapped BAP1 localization at chromatin and
uncover a preferential binding at active enhancers which was not reported

previously probably for technical reasons. BAP1’s recruitment requires the
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activity of the acetyltransferase CBP. Inactivation of BAP1 resulted in extensive
accumulation of H2Aub on active enhancers accompanied by impairment of co-
activators BRD4 and Mediator functions, as reported by decreased BRD4 binding
and reduction in BRD4 and MED1 condensates. Here, we provided evidence that
H2Aub plays an important role in the regulation of enhancers activity and that its
deposition should be kept under tight control. Finally, small-molecule inhibitor
screen uncovered increased sensitivity to BET inhibitor upon BAP1 deletion. We
propose that loss of BAP1 sensitizes cells to further perturbation of enhancer
function and that this weakness can be exploited for the development of

therapeutic strategies.
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Results
Lack of evidence for PRC1-independent substrate of BAP1.

It was recently shown that BAP1 is unable to regulate transcriptional
regulation in the absence of PRC14943, Yet, BAP1 was also reported to regulate the
ubiquitination of other substrates not known to be modified by PRC145, and
involve in pathways not necessary related to chromatin. In order to evaluate their
importance, we performed quantitative mass spectrometry to analyze both the
ubiquitinome and the proteome of cells either wild-type (WT) or knockout for
BAP1 (BAP1-KO) using the human HAP1 cell line as model (Fig. S1a). We enriched
our samples for ubiquitinated peptides through the capture of di-glycine remnant
(K-e-GG), peptides that are formed after trypsinization of protein containing
ubiquitinated lysine (Fig. 1a)46. We could detect about 9000 unique ubiquitination
sites, both in WT and BAP1-KO condition, a number in the range of previous
report*t. We then compared the ubiquitinome in presence or absence of BAP1 and
identified a bit over 500 differentially enriched sites (p-adj. < 0.05, log2 FC = 1 or
<-1; Fig. 1b), including as expected H2A. Counterintuitively, a majority of peptides
showed reduced enrichment in the BAP1-KO context (Fig. 1b). This result could
either reflect reduced ubiquitination or reduced protein abundance. To address
this question, we determine whether there was a correlation between proteome
and ubiquitinome for this set of proteins and observed a mild correlation (r=0.418;
Fig. S1b), suggesting that at least part of the change of ubiquitination are the
consequence of differential protein abundance.

Interestingly, the proteome suggests a biased toward reduced protein
abundance in BAP1-KO (Fig. 1c), which reminds the trend observed at the
transcriptomic level*. Indeed, there is a significant correlation between
transcriptome and proteome (Fig. S1c), and about two third of the proteins that
are less abundant in the absence of BAP1 are also less abundant at the mRNA
levels (Fig. 1d).

Since it was difficult to disentangle the direct from the indirect effect of BAP1
inactivation on the ubiquitome, we repeated the experiment in a context where
PRC1 is absent (RING1A and RING1B double KO; Fig. S1a) reasoning that it will
limit BAP1-dependent transcriptional regulation. Strikingly, only two proteins
show now a significant increase of ubiquitination upon BAP1 deletion (Fig. 1e).
Besides, two proteins, ASXL1 and ASXL2, show reduced ubiquitination regardless
of the genetic background (Fig. 1 b,e). ASXL1 is also downregulated at the protein
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level but not mRNA level (Fig. 1f and Fig. S1d), consistent with the idea that BAP1
and the ASXLs form a stable complex necessary for their stability*’. On a whole,
the proteome, similarly to the ubiquitome, is mostly unaffected by the deletion of
BAP1 when PRC1 is deleted (Fig. 1f).

Hence, the ubiquitinome, proteome and transcriptome all support the idea
that the cellular functions of BAP1 are almost exclusively epistatic to PRC1, and
that the regulation of the transcription through the removal of H2Aub is BAP1

principal, if not exclusive, mechanism of action.

BAP1 is recruited to a subset of active enhancers

Previous studies have suggested a strong correlation between recruitment of
BAP1 or ASXL1 and transcription as evaluated by RNA-Pol II ChIP-seq*94849 but at
the same time a rather pervasive increased of H2Aub in the absence of BAP1 was
reported*%43. This prompted us to further investigate BAP1 genomic localization.
We used CUT&RUN sequencing>? since this method does not require cross-linking
potentially limiting the detection of indirect peaks. We obtained rather sharp
peaks for BAP1 that were lost in the BAP1 knockout context, and confirmed the
presence of RNA-Pol II at those peaks (Fig. 2a). However, the reverse was not true
(i.e.some RNA-Pol Il peaks are not necessary enriched for BAP1). This is consistent
with the genomic ontology analysis of BAP1 peaks revealing a specific localization
at intergenic regions and within introns but a rather infrequent localization at
promoters (Fig. 2b). Besides, we noticed that BAP1 peaks coincide with
enrichment for H3K27ac and H3K4me1 altogether leading to the hypothesis that
BAP1 localizes at enhancers (Fig. 2 a,c).

In order to systematically evaluate the chromatin signatures of BAP1-
occupied regions, we implemented ChromHMM modeling and define 10
chromatin states®l. It annotated two Polycomb repressed states, bivalent and
active TSS, quiescence, two classes of weak enhancers (EnhWk1/2) and three
classes of active enhancers (EnhA1/2/3) (Fig. 2d). Weak enhancers were marked
by H3K4me1l (EnhWk1), with a particular cluster discerned by H2Aub enrichment
(EnhWk2). H3K27ac alone (EnhA1) or in concert with H3K4me1 (EnhA2) marked
active enhancers. The third class (EnhA3) is probably even more active, being
enriched for H3K4mel, H3K27ac, RNA-POL II and BRD4 (Fig. 2d). We then
questioned at which chromatin state BAP1 peaks are associated and found a

strong enrichment for enhancers, in particular the third and most active flavor (Fig.
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2e). Actually, about 40% of the genomic regions classified as EnhA3 are enriched
for BAP1 (Fig. 2f). Intriguingly, this chromatin state is also enriched for H2Aub
suggesting that the control of H2Aub enrichment could be important for this class
of active enhancers (Fig. 2a,d). A role for PRC1 at enhancer was actually already
proposed in the literature>253, and indeed we observed that a substantial fraction
of RING1B peaks are found at intergenic regions and introns that overlap with
RNA-Pol II (Fig. 2a,g,h).

The specific localization of BAP1 at active enhancers contrast with a previous
report in triple-negative breast cancer CAL51 cells showing a large proportion of
BAP1 recruited to promoters*. To determine whether the differences reflect the
cell type, we knocked out BAP1 in CAL51 cells and repeated CUT&RUN-seq (Fig.
S2a,b). The genomic ontology of the peaks was similar to the one obtained in HAP1
cells with more than three quarter of BAP1-occupied sites were either introns or
intergenic (Fig. 2b). Interestingly, ChIP-seq data (GSE97326) and CUT&RUN-seq
data display a strong overlap when performed in the same cell line (Fig. S2b,c).
However, CUT&RUN-seq retrieved far fewer peaks but with a better signal-to-
noise ratio. Of note, the comparison of BAP1 peaks in HAP1 versus CAL51 cells
reveals a relatively modest overlap (Fig S2d), which is consistent with the cell-
specific usage of enhancers. Altogether, we conclude that BAP1 is recruited

primarily at a subset of active enhancers.

H2Aub selective accumulation on enhancers upon BAP1 loss

It is now well-documented that the inactivation of BAP1 leads to a robust
upregulation of H2Aub (Fig. S3a) which, up to now, was reported to be uniform
throughout the genome*043. However, the selective recruitment of BAP1 at
enhancers led us to re-investigate this question. We first plotted H2Aub
enrichment across the chromatin states defined previously (Fig. 3a), and then the
fold change (FC) comparing wild-type to BAP1-KO cells (Fig. 3b). We confirmed
the general elevation of H2Aub enrichment but noticed also that the three
chromatin states whose FC is above 2 (log2 FC>1) are subclasses of enhancers
(EnhWk2, EnhA2 & EnhA3). Of note, the gains of H2ZAub upon BAP1 inactivation
are more pronounced at enhancers that are bound by BAP1 than the ones of the
same subclass that are not as shown for the EnhA3 subclass (Fig. 3c).

We then investigate whether BAP1 inactivation has any impact on chromatin

states by applying ChromDiff analysis>4, a group-wise comparison method that
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revealed relevant changes in epigenomic characteristics. BAP1-bound enhancers
remained largely constant in chromatin state even when it is deleted: only four
percent of BAP1 peaks (n=335 out of 7830) became more active, and thirteen
(n=994 out of 7830) became less active (Fig. 3d). Activating and inactivating
transitions are accompanied by the expected gain and loss of H3K27ac and
H3K4me1l (Fig 3e,f). However, in both cases, H2Aub is gained and transcription of
the associated genes tend to be reduced although to different extend (Fig. S3b).

In the case of BAP1-unbound enhancers, a similar number of enhancers
undergoes activating and inactivatong transitions (9 % each; Fig S3c). Most of the
transitions occur between the quiescent and EnhWk1 (both ways) and are
therefore associated to changes of H3K4mel, H3K27ac and POL II although with
modest enrichment (Fig. S3d,e).

Altogether, our results suggest that the deletion of BAP1 results in subtle
changes of chromatin state at enhancers. Focusing on the enhancers initially
bound by BAP1, we observed a biased toward transitions reflecting enhancer
inactivation, but this remains a minor subset. We conclude that BAP1-mediated
H2Aub regulation is not critical for the deposition of histone modifications that

mark enhancer.

The acetyltransferase CBP is crucial for BAP1 recruitment

Since BAP1 appears dispensable for H3K27ac and H3K4me1l deposition at
enhancers, we wondered whether conversely these marks could contribute to
BAP1 recruitment. H3K27ac is seen as a general marker for active enhancers, that
is deposited by the acetyltransferase paralogs p300 and CBP. While deletion of
both enzymes often impairs proliferation, deletion of one of them remains viable
while resulting in a global reduction of the acetylation (Fig. 4a and S4a). We
therefore compared BAP1 recruitment by CUT&RUN-seq in presence or absence
of CBP. Visual examination of tracks revealed marked changes in BAP1 localization
(Fig. 4b). Indeed, peaks calling indicated that most of BAP1 peaks are lost upon
inactivation of CBP (6684 out of 7844; Fig. 4c). The remaining BAP1-bound
regions showed diminished occupancy (Fig. 4d). Importantly, reduced binding
does not reflect reduced protein abundance as western blot showed comparable
BAP1 protein accumulation in WT and CBP-KO cells (Fig. S4b). A number of
regions appears to have gained BAP1 binding in the absence of CBP (1835; Fig. 4c),

these regions correspond to weak enhancers. Accordingly, they are weakly
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enriched for H3K4mel and H3K27ac, but their respective enrichment slightly
increase upon CBP inactivation (Fig. 4e).

These results confirm the essential activity of histone acetyltransferases, in
particular CBP, for enhancer function and reveal that BAP1 recruitment is
dramatically impaired in the absence of CBP. This suggests that BAP1 acts

downstream of the acetylation of H3K27ac at enhancers.

BAP1 inactivation compromises BRD4 and MED1 function

Having shown that BAP1 deletion, and consequently the increased
enrichment for H2Aub, does not have a foremost impact on enhancer chromatin
state, but considering that it impacts transcription, we hypothesized that it could
affect downstream effectors of enhancer function. This led us to analyze whether
the recruitment of transcriptional co-activators such as BRD4 or the Mediator
complex, is altered in the absence of BAP1. As expected, CUT&RUN-seq indicates
a specific enrichment of BRD4 at active enhancers (Fig. 2d and S5a), in particular
at the chromatin state EnhA3. We actually observed a broad co-localization
between BRD4 and BAP1 (Fig. 5a,b). Protein stability of BRD4 and of mediator
subunits do not appear to be affected by the deletion of BAP1 as evaluated both by
western blot (Fig. 5¢) and through the proteome (Fig. S5b). However, BRD4 CUT
& RUN-seq analysis revealed a dramatic loss of BRD4 recruitment at its target
peaks upon deletion of BAP1 (Fig 5a,d and S5c). Interestingly, the reduction in
BRD4 recruitment was a bit less pronounced than upon deletion of CBP but, in fine,
it led to the loss of a similar number of peaks (Fig. 5d, S5c).

Microscopic analysis of BRD4 and Mediator complex within the cells shows
an organization in discrete loci, referred to as condensates, which are proposed to
be important for gene control®°. The impaired recruitment of BRD4 upon deletion
of BAP1 led us to investigate whether these condensates are also globally affected.
Toward this end, we performed super-resolution microscopy and accordingly
observed a dotted pattern for BRD4 and MED1 (Fig. 5e). Quantification of these
dots reveals a reduction in size both for BRD4 and for MED1 (Fig. 5e,f), and also a
lower number of MED1 condensates (Fig. 5g). To further support the
destabilization of enhancer integrity upon deletion of BAP1 and increase level of
H2Aub, we evaluate how tightly BRD4 and mediator are associated to chromatin
using gradient salt fractionation®¢. This experiment indicates a tendency of both

BRDs and mediator subunits to elute at lower salt concentration in the BAP1-KO
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cells than in the wild type condition. For instance, BRD4 which elutes mainly in
the 1M NaCl fraction in the wild-type cells is found more abundant in the 750mM
Nacl faction in the absence of BAP1 (Fig. 5h).

In summary, through three different methods, we showed that BAP1
inactivation destabilize the downstream effectors of enhancer activity that are
BRD4 and the mediator complexes. It is therefore tempting to postulate that the
inactivation of BAP1 might interfere with transcription through the impairment

of enhancer/promoter communication.

Increased sensitivity to BET inhibitors of BAP1-mutant cells

Inhibitors targeting BET proteins disrupts binding of BRD4, which has been
shown to affect in particular the transcription of MYC oncogenes. These inhibitors
are seen as therapeutic targets for hematological cancers>7->%. We reasoned that
BAP1-KO cells could respond better to BET inhibitors considering that enhancer
functions are already partially compromised. Indeed, BAP1-KO cells treated with
OTXO015, a BET inhibitor, showed more pronounced erasure of BRD4 and MED1
condensates (Fig. 6a-d)2757. In addition, cell viability assay reported 24-fold (ED50
78 nM versus 1928 nM) increase of sensitivity to OTX015 of BAP1-KO cells as
compare to WT cells (Fig. 6e).

We then determined whether this observation is specific to the studied model
cell line or whether it represents a more general trend. The underlying question is
whether BAP1 status could predict the response to BETi in tumors harboring
frequent BAP1 loss-of-function (LOF) mutation, such as uveal melanoma (UM)®9.
To address this question, we studied the UM-derived isogenic UPMD2 WT/ BAP1-
KO cells and PDX-derived cells with BAP1 wild-type (MP41, MM66) and mutant
status (MP38, MP46)¢6162, Similar to HAP1 cells, BAP1-mutant cells displayed
increased sensitivity to OTX015 in both isogenic and PDX-derived models (Fig. 6f-
g). To further support our result, we also studied the response to another
chemically unrelated BET inhibitor, namely BI894999. This inhibitor was also
more effective in UPMD2 BAP1-KO cells (Fig. 6f), thus confirming our hypothesis

that BAP1KO cells were more vulnerable to enhancer disruption.
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Discussion

Taken together, our study establishes that BAP1 localizes on the most active
enhancers, where it prevents excessive H2Aub deposition by Polycomb complex
PRC1, a mark that probably destabilize co-activator function. Moreover, BAP1-
inactivating cells are more susceptible to co-activators disruption by BET
inhibitors, which could constitute a therapeutic strategy for BAP1-null
malignancies such as UM.

BAP1 has retained lots of attention recently due to its putative tumor
suppressive role in various cancers**. However, despite some progresses, several
aspects of its mechanism of action remains enigmatic. What are the substrates of
BAP1 deubiquitinase activity has been a long standing question. Indeed, the
ubiquitome is substantially modified in response to the deletion of BAP1, however,
it was difficult to determine whether this was due to direct regulation by BAP1 or
whether this was an indirect consequence of BAP1-mediated transcriptional
regulation. By cross-referring transcriptomic, proteomic and ubiquitomic
analyses, we establish that most of the changes in the ubiquitome reflect
transcriptomic alteration since they are no longer observed in the absence of PRC1.
[tis therefore tempting to conclude that H2ZAub is the main substrate of BAP1 even
though we cannot rule out that other proteins, whose ubiquitination is catalyzed
by PRC1, could also be BAP1’s substrate.

Another important matter is BAP1 localization at chromatin. So far, only few
studies published ChIP-seq which suggest enrichment of BAP1 at transcriptionally
active region*1.63, However, our attempts to repeat those approaches were
unsuccessful, this prompts us to implement another method (CUT&RUN). We
obtained a high resolution mapping of BAP1 localization whose specificity was
controlled by performing the same experiment in a BAP1-KO cell line. This
experimentrevealed a specific recruitment of BAP1 at a subset of active enhancers
and was confirmed in two distinct cell types. It is difficult to explain the
discrepancy between our result and previous studies with certainty, but we
hypothesized that it could be due to the fact that ChIP-seq required cross-linking
whereas CUT & RUN does not. In agreement with this hypothesis, there is a
significant overlap between our CUT&RUN peaks for BAP1 in CAL51 and the peaks
identified previously by ChIP-seq*°. The main differences are that there are much
less peaks identified by CUT & RUN and that most of them are found at enhancers.

An important implication of this localization of BAP1 at enhancers and of its
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role through the regulation of H2Aub is that PRC1 should somehow be able to also
be recruited there. Yet, studies on mammalian Polycomb machinery using mouse
embryonic stem cells (mESCs) have established the recruitment of PRC1 to
promoters31:36, But in the HAP1 cells, a considerable subset of RING1B peaks are
enriched at enhancers (Fig. 2 a,g), an observation that was also reported in fly
developing imaginal disc and in human breast cancers cells>264, This suggest that
PRC1 localization at enhancers might be a rather frequent phenomenon that was
overlooked until now. The subsequent question is what the role of H2Aub at
enhancers. Our study suggests that excessive deposition of H2Aub is associated to
BRD4 eviction and reduced co-activators condensates. This would therefore
constitute an alternative mechanism for PRC1-mediated transcriptional
repression to the proposed sequestration of the transcriptional machinery and
restrain on transcriptional elongation previously described®>%. It remains to be
determined what is the molecular mechanism. It will be particularly interesting,
in this regard, to study whether H2A ubiquitination could directly prevent BRDs
binding to chromatin. Alternatively, we speculate that H2Aub could modulate the
tendency of active enhancers, enriched for BRD4 and MED1, to be part of phase-
separated transcriptional condensates>5¢7.

Finally, a question that remain opened is why global interference with
enhancer function would contribute to tumor progression. The hyper active
enhancers targeted by BAP1 are linked to high expression level of lineage-specific
genes that control cell identity, but also drive expression of oncogenes (e.g. MYC)
in neoplastic tissues>®68, We speculate that BAP1 deletion might impair cell
identity and favor potentially less differentiated stage that could have contributed
to the neoplastic transformation observed in a mouse model where systemic
conditional deletion of BAP1 caused myeloid transformation®3¢°. This altered
enhancer landscape nonetheless seems to create a weakness to the affected cells
by rendering them more vulnerable to enhancer perturbations like the ones
achieved through the use of BET inhibitors’?. Further investigations will be

required to evaluate the potential of this therapeutic strategy in clinic.
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Material and Methods

Cell culture

HAP1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS, Gibco), 2 mM L-glutamine
(Gibco) and 1 x non-essential amino acid (Gibco). CAL51 cells were cultured in
RPMI 1640 (Gibco) supplemented with 10 % FBS. Uveal melanoma cell lines MP41,
MM66, MP38 and MP46 were established from primary patient tumors or patient-
derived xenografts as documented*?. UPMD2 cells were kindly provide by Dr.
Richard Marais. Cells were cultured in Ham’12 Nutrient Mix (Gibco) supplemented
with 10 % FBS.

Generation of KO cell lines

Generation of KO cells lines was performed using CRISPR-Cas9 technology as
previously described*®. In brief, a STOP cassette containing an antibiotic resistance
gene followed by a polyadenylation sequence was inserted into early exons of
target genes by homologous recombination. After antibiotic selection, clones were

genotyped and complete KO was validated by western blot.

Preparation of nuclear extract and immunoblotting

Cells were washed once with PBS and then resuspended with 5 volumes of Buffer
A (10 mM HEPES pH 7.9, 5 mM MgCly, 0.25 M sucrose and 0.1 % NP-40, 1 mM DTT,
200 pM PMSEF and protease inhibitors). After 10 min incubation on ice, cells were
pelleted by centrifugation at 8000 g for 10 min. Supernatant was removed and
pellets were resuspended with 5 volumes of Buffer B (25 mM HEPES pH 7.9, 1.5
mM MgCl;, 0.1 mM EDTA pH 8.0, 20 % glycerol, 700 mM NaCl, 1 mM DTT, 200 uM
PMSF and protease inhibitors. After 10 min incubation on ice, nuclei were
sonicated for 45 s with 10 % amplitude, then centrifuged at 14000 g for 15 min at
4 °C. The supernatant was transferred to a new tube and taken as nuclear extract.
Protein concentration was measured by Bradford assay (Biorad). Western Blot
analysis of protein extracts was performed by StarBright Blue 700 fluorescent
secondary antibodies (Biorad) and DyLight 800 secondary antibody (Biorad).

Imaging was carried out by ChemiDoc System (Biorad).

Gradient salt fractionation for nuclear extract

70 million cells were harvest and resuspended in 500 pl of Buffer A (10 mM HEPES
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pH 7.9, 5 mM MgCly, 0.25 M sucrose and 0.1 % NP-40, 1 mM DTT, 200 uM PMSF,
and protease inhibitors). After 10 min incubation on ice, cells were pelleted by
centrifugation at 8000 g for 10 min. Supernatant was collected as cytosolic fraction.
Nuclei pellet was resuspended with 500 pl of Buffer C (250 mM NaCl with 20 mM
HEPES-KOH pH7.9, 25 % Glycerol, 0.1 % NP-40, 0.5 mM MgClz, 0.2 mM EDTA pH
8.0, 1 mM DTT, 0.5 mM PMSF and protease inhibitors). After 2 hr incubation at 4
°C with rotation, nuclei were pelleted and supernatant was collected as 250 mM
NaCl fraction. Pellets were then incubated with 500 pl of Buffer C (500 mM NacCl)
for 2 hr at 4 °C with rotation. After centrifugation, supernatant was collected as
the 500 mM NaCl franction. Lastly, chromatin pellet was incubated with 500 pl of
Buffer C (1M NaCl) overnight at 4 °C with rotation and samples were proceeded
for sonication. Western blot analysis was performed using 1 % (cytosolic and 250
mM franction) or 3 % (500 mM and 1M fraction) of fraction proportional to total

volume.

Mass Spectrometry

Around 1-2 x 108 cells were harvested for acquisition of 20 mg of proteins, which
corresponds roughly to 10x 150 mm culture dishes. After removing culture media,
plates were washed once with cold PBS. PBS was then removed by careful
decanting. 10 mL of Urea Lysis Buffer (9 M Urea, 50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1 mM EDTA pH 8.0, 50 uM PR-619, 1 mM chloroacetamide) was added to the
first plate. After scraping cells into the lysis buffer, the buffer was transferred into
the second plate. Sequentially scraping all the plates and cells were collected in 50
mL conical tube. Lysate was sonicated for 3 times for 15 s at 20 % amplitude.
1/278 volume of 1.25 M DTT was added. After 45 min incubation at RT, 1 mL of
100 mM iodoacetamide was added and proceed with 30 min incubation at RT in
dark. 3 volumes of 50 mM Tris-HCI was introduced to acquire final concentration
of 2 M Urea. Lysate was digested by trypsin overnight at RT. Digested lysate was
purified by Sep-PaK column and lyophilized. Ubiquitinated peptides were
enriched by immunoaffinity purification (IAP) using PTMScan Ubiquitin Remnant
K-e-GG Motif Kit (Cell Signalling Technology) following manufacturer’s instruction.
Samples were analysed with liquid chromatography (LC) tandem mass
spectrometry (MS/MS) for quantitative proteome and ubiquitome profiling. For
protein and ubiquitination sites quantification, an extracted ion chromatogram

(XICs) from proteotypic peptides shared between compared conditions (TOPn
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matching) and missed cleavages were allowed. Median and scale normalization
were applied on the total signal to correct the XICs for each biological replicate. To
estimate the significance of the change in ubiquitination sites and protein
abundance, a linear model adjusted on peptides ions and biological replicates was
performed. P-value was adjusted with Benjamini-Hochberg procedure with FDR

threshold set to be 0.05.

CUT&RUN-seq

CUT&RUN was performed as previously described with minor modifications®1.62.
In brief, 1 million cells were pelleted at 600 g for 3 min at RT. After washing twice
with 1 mL of wash buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM spermidine
(Sigma) and protease inhibitors), cells were resuspended in wash buffer and ready
for binding with beads. 10 pl of Convanavalin A beads (Bang Laboratories) was
washed once with 1 mL binding buffer (20 mM HEPES pH 7.9, 10 mM KCI, 1 mM
CaClz and 1 mM MnCl;) and placed on magnet stand to remove the liquid. 10 pl of
binding buffer was used to resuspend the beads then the slurry was transferred to
cells and incubated for 10 min at RT with rotation. After brief spin-down, tubes
were placed on magnet to quickly withdraw the liquid. 50 pl of antibody buffer
(wash buffer supplemented with 0.1 % digitonin (Millipore), 2 mM EDTA and
1:100 dilution of antibody of interest) was pipetted and cells were incubated for
10 min at RT with mild agitation. Permeabilized cells were decanted carefully and
washed once with 1 mL dig-wash buffer (0.1 % digitonin in wash buffer). A
secondary rabbit anti-mouse antibody (ab6709, abcam) binding step was carried
out if the host species of primary antibodies are mouse. 50 ul of pA-MNase in dig-
wash buffer (final concentration of 700 ng/ mL) was incubated with cells for 10
min at RT with agitation. After 2 washes with 1 mL dig-wash buffer, beads were
resuspended with 100 pl dig-wash buffer and placed on heat block immersed in
wet ice to chill down to 0 °C. 2 pl of 100 mM CaCl; was added to activate pA-MNase
and incubated on heat block for 30 min. 100 pl of 2 x stop buffer (340 mM NacCl,
20 mM EDTA, 4 mM EGTA, 0.02 % digitonin, 1:200 RNase A, glycogen (50 mg/ mL)
and heterologous spike-in DNA (2 pg/ml) was added to quench pA-MNAse, and
fragments were released by 10 min incubation at 37 °C with rotation. After
centrifugation at 14000 g for 5 min at 4 °C, DNA fragments were recovered by
NucleoSpin (Macherey Nagel) or phenol-chloroform purification. Library was

prepared by Accel-NGS 2S plus DNA library Kits (Swift Biosciences) for [llumina
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barcoded system. PCR were set to 16 cycles. After post-library size selection,
library size distribution and concentration were validated by Tapestation 4200
(Agilent). Libraries were sequenced as paired-ended 100bp reads on Illumina

Novaseq platform.

Immunofluorescence (IF)

All procedures were performed at RT unless otherwise specified. Cells were
seeded on glass coverslip and were fixed in 4 % paraformaldehyde in PBS for 10
minutes. After 3 washes with PBS for 5 min, cells were permeabilized with 0.5 %
triton in PBS for 5 min. After 3 washes in PBS, cells were blocked with 4 % BSA in
PBS for 1 hour, then proceeded with primary antibody incubation(1:500 dilution
in blocking buffer) overnight at 4 °C. Following 3 washes with PBS for 5 min, cells
were incubated with secondary antibody Alexa 488 in 1:500 dilution for 1 hour.
Cells were washed 3 times in PBS for 5 min, and nuclei were counterstain with
DAPI in 2 pg/ mL (Sigma) for 2 min. Following 3 washes, glass slides were mounted
with Vectashield (Vector laboratories), sealed with nail polish and stored at 4 °C in
dark. Images were acquired by OMX super-resolution microscopy with z-stacking.

Acquisition were performed from at least 2 independent experiments.

Epigenetic drug screening

A library of 56 epigenetic drugs was ordered from Selleckchem Chemical
(Extended Data Table 2). 100 cells (WT or BAP1 KO) were seeded into 384-well
plates. 24 hours after seeding, cells were treated with compounds or vehicle
(DMSO) with titration in an 8- point, 3-fold dilutions starting at a concentration of
10 puM to test the dose-response. After 12 days of incubation with culture media
renewal, cell viability assay was carried out by luminescence detection using
CellTiter-Glo 2.0 Assay kit (Promega) following manufacturer’s instruction. Cell
viability values were normalized by DMSO control on a per-plate basis. Compound
activity was determined by computation median effective dose (ED50). A
differential score was computed as the ratio and the difference by comparison to

WT cells.

Cell viability assay in UM cells
Dose response was performed at an 8-point titration, with 3-fold serial dilution

starting at the concentration of 2 uM. Cells were plated on 96-well plates. For each
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cell line, seeding densities were as following: 4000 cells per well for UPMD WT;
2000 cells for UPMD BAP1 KO, MP41, MM66; 6000 cells per well for MP38 and
MP46. 24 h after seeding, cells were treated with either the compound or vehicle
(DMSO). After 12 days of incubation with media renewal every 3 days, cell viability
was assessed by MTT assay. Breifly, cells were incubated with 100 pl of MTT
medium (0.5 mg/ mL, Sigma) for 4 hr. The insoluble formazan was dissolved by
addition of 100 pl of lysis buffer (10 % SDS, 0.01 N HCI) with overnight incubation
at RT in dark. The absorbance was determined by SPARK microplate reader
(TECAN). The wavelength to measure the formazan product was set at 570 nm,
and reference was set at 650 nm. ED50 was analyzed by GraphPad Prism. The

experiments were repeat at least three times independently.

CUT&RUN-seq data analysis

Reads were mapped to the human reference genome (GRCh37/hgl19) with
Bowtie2 using default parameters. Aligned reads were sorted by SAM tools. PCR
duplicates  were removed  with Picard  Tools MarkDuplicates
(https://github.com/bioinfo-pf-curie/ChIP-seq). Generated BAM files were
filtered to exclude common artifact regions. (artefact regions:
https://github.com/Boyle-Lab/Blacklist/tree/master/lists). Exploratory data
analyses were performed using Galaxy Europe interface (https://usegalaxy.eu/).
Biological replicates were merged with MergeSamFiles for downstream analysis.
Reads were counted in bins of length 50, RPKM normalized, and converted to
bigWig format using bamCoverage (v3.3.2.0.0). Peaks were called with MACS2 (v
2.1.1.20160309.6) with default parameters. For control files, Igg.bam files are used,
expects for BAP1 and RING1B peaks calling, where the control files were IP
performed in respective KO-cells. Minimum FDR (g-value) cutoff for peak
detection is modified in each epitope probed. The FDR cutoff was set as 0.01 for
BAP1 and RING1B; 0.0001 for POL ii, and BRD4; 0.05 for BAP1 in CAL51 cells.
Broad peak detection FDR cutoff was set as 0.01 for H2Aub and H3K27ac; 0.0001
for H3K4mel. Genomic annotation was performed using the Bioconductor
package ChlPseeker (v1.18.0). Windows of 2 kb centered on transcription start
sites (TSSs) were defined as promoter regions. Metaplot and heatmap analyses
were performed using deepTools (v3.3.2.0.0): RPKM normalized log2 ratio
between treated files and control files (Igg or BAP1/RING1B IP in KO-cells) were
calculated by bamCompare. Matrix was prepared by computeMatrix (v3.3.2.0.0)
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for metaplot and heatmap visualization. ChromHMM (v1.22) and ChromDiff
analyses were perform using concatenation of WT and BAP1-KO sequencing files.
Biological replicates of CUT&RUN-seq for H3K4me1l, H3K27ac, H2Aub, POL ii and
BRD4; and ChIP-seq for H3K27me3, H3K4me3 were fed to the algorithm for state
emission following ChromDiff differential analysis. Only consistent transitions in
both replicates were considered. Enrichment of H2Aub across chromatin states
was analyzed by featureCounts (v2.0.1). Pair-ended fragments with both reads
aligned were considered. Chimeric fragments were discarded. Counts were then

normalized by genomic sizes.
Data availability

CUT&RUN-seq data for this study will be deposited in the Gene Expression

Omnibus. The proteome and ubiquitome data will be uploaded.
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Figure 1: Lack of evidence for PRC1-independent substrate of BAP1.

(a) Schematic representation of Mass Spectrometry analysis of ubiquitome and
proteome. [AP: immunoaffinity purification, LC-MS/MS= liquid chromatography
tandem mass spectrometry.

(b) Volcano plot showing log2-fold changes in ubiquitinated peptides (K-e-GG) of
BAP1 KO versus WT cells. Significant enrichment changes were color coded (p-adj.
< 0.05 with absolute value of log2 FC = 1). Red represented increase in enrichment
and blue represented decrease in enrichment.

(c) Volcano plot showing log2 fold changes in protein abundance of BAP1-KO
versus WT cells. Significant enrichment changes were color coded (p-adj. < 0.05
with absolute value of log2 fold changes = 1). Red represented increase in
enrichment and blue represented decrease in enrichment.

(d) Pie chart showing differentially expressed proteins in BAP1-KO versus WT cells.
Upregulated proteins were shown in red and downregulataed proteins were
shown in blue. Dashed-line pattern represented proteins that were also
differentially expressed on transcript level. E3 ligases were labeled in yellow and
deubiquitinases were labeled in green.

(e) As (b) for PRC1_BAP1-KO versus PRC1-KO cells.

(f) As (c) for PRC1_BAP1-KO versus PRC1-KO cells.
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Figure 2: BAP1 is recruited to a subset of active enhancers

(a) Genomic traces displaying CUT&RUN-seq tracks for BAP1, POL II, RING1B,
H2Aub, H3K4mel and H3K27ac.

(b) Pie charts showing genomic annotation for BAP1 and POL II peaks in HAP1
cells and BAP1 peaks in CAL51 cells.

(c) Venn diagram illustrating overlap between BAP1, POL II, H3K4me1l and
H3K27ac peaks.

(d) Heatmaps summarizing ChromHMM model of 10-state emission parameters
of concatenated set of HAP1 WT and BAP1-KO cells. H3K27me3, H2Aub, H3K4mel,
H3K4me3, H3K27ac, POL II and BRD4 were used as input files. Each row
corresponded to an emission state and each column referred as observed data of
histone marks or proteins. Emission states were color-coded. Polycomb repressive
states were labeled in greys. Active/ bivalent states were in red and pink,
respectively. Weak enhancers were in yellow and orange. Active enhancers were
in greens. Quiescence state was labeled in white. Input data were CUT&RUN-seq
performed in this study, except H3K27me3 and H3K4me3 which were ChIP-seq
obtaibed from GSE11013371,

(e) Pie chart displaying annotation of BAP1 peaks across chromatin states.

(f) Bar chart showing proportion of classes of enhancers bound by BAP1.

(g) Pie charts showing genomic annotation for RING1B peaks in HAP1 cells.

(h) Venn diagram illustrating overlap between BAP1, RING1B and POL II peaks in
HAP1 WT cells.
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Figure 3: Selective accumulation of H2Aub on enhancers upon BAP1 loss
(a) Box plot showing H2Aub signal in WT cells across chromatin states.

(b) Box plot showing log?2 fold changes of H2Aub signal between BAP1-KO and
WT status across the chromatin states.

(c) Box plot comparing log2-fold changes of H2Aub enrichment on BAP1-bound
EnhA3 or unbound EnhA3 in BAP1-KO versus WT cells.

(d) ChrommbDiff analysis showing transitions of chromatin states on BAP1-bound
enhancers in the absence of BAP1. Only consistent transitions in both replicates
were considered.

(e) Metaplot analysis displaying enrichment of H2ZAub, H3K4me1, H3K27ac and
POL Il in WT and BAP1-KO cells across stable, activating and inactivating states
at BAP1-bound enhancers.

(f) Genomic snapshots showing examples of H2Aub, H3K4me1, H3K27ac, POL 11
and BAP1 signals on BAP1-bound enhancers with stable, activating and

inactivating transitions.
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Figure 4: The acetyltransferase CBP is crucial for BAP1 recruitment

(a) Western blot analysis of H2Aub, H3K27ac and H3K4me1 in WT, BAP1-KO and
CBP-KO cells. Total H3 was used as loading control.

(b) Genomic tracks showing CUT&RUN-seq for BAP1, H3K4me1l and H3K27ac in
WT and CBP-KO cells. Blue square highlighted the BAP1 peak that was lost in CBP-
KO cells. Purple square highlighted the retained peaks and pink square highlighted
the gained peak.

(c) Venn diagram illustrating overlapping BAP1 peaks in WT and CBP-KO cells.
(d) Metaplot analysis comparing BAP1 signal in WT and CBP-KO cells on BAP1
peaks that were either lost, retained or gained in the absence of CBP.

(e) Metaplot and heatmap analysis displaying H3K4mel and H3K27ac signal in
WT and CBP-KO cells on gained BAP1 peaks in the absence of CBP.
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Figure 5: BAP1 inactivation compromises BRD4 and MED1 function

(a) Snapshot of genomic tracks for BAP1 and BRD4 in WT and BAP1-KO cells.
Regions where BRD4 binding were in BAP1-KO cells were highlighted in pink.

(b) Venn diagram showing overlap of BAP1 and BRD4 peaks on intergenic regions
and introns.

(c) Western blot analysis of total nuclear extract for BRDs and Mediator subunits
in WT and BAP1-KO cells. HDAC1 was used as loading control.

(d) Metaplot and heatmap analyses displaying BRD4 enrichment in WT, BAP1-KO
and CBP-KO cells. Enhancers enriched in BRD4 peaks defined in WT cells were
plotted.

(e) Super-resolution microscopy showing immunofluorescence against BRD4 and
MED1 with DAPI counterstain in WT and BAP1-KO cells.

(f) Bar chart displaying quantification of large BRD4 and MED1 foci in WT and
BAP1-KO cells. For each condition, more than 50 cells were analyzed for foci
quantification except BRD4 IF in WT cells (n=38). Threshold for large BRD4 foci
was set as in the range of 0.05-0.2 (um3) and above 0.2 (um3). Thresholds for large
MED1 foci was set in the range of 0.05-0.2 (um3) and above 0.2 (um3). Statistical
analysis were carried out by normality tests following Student’s t-test or Mann-
Whitney test (** represents p< 0.01, and **** represents p<0.0001.)

(g) Bar chart displaying quantification of total BRD4 and MED1 foci in WT and
BAP1-KO cells. Statistical analyses were carried out by normality tests following
Mann-Whitney test (**** represents p<0.0001.)

(h) Western blot analysis of nuclear fractionations for BRDs and Mediator subunits

in WT and BAP1-KO cells. Cyto= cytosolic fraction.
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Figure 6: Loss of BAP1 increases sensitivity to BRD4 inhibition

(a) Super-resolution microscopy showing immunofluorescence against BRD4 with
DAPI counterstain in WT and BAP1-KO cells treated with OTX015 or DMSO control.
(b) As in (c) for MED1 staining.

(c) Bar chart displaying quantification of large and total BRD4 foci in WT and
BAP1-KO cells treated with OTX015 or DMSO control. Threshold for large foci was
defined by a volume greater than 0.05 um3.

(d) As in (c) for MED1 foci, whereas the threshold for large foci was defined by a
volume above 0.01 um3.

(e) Dose response curve of 0TX015 in WT and BAP1-KO HAP1 cells. Gray dashed-
line represented WT condition and black line represented BAP1-KO condition. The
experiments were performed 3 times independently. Second and third replicates
were represented in red and blue dots, respectively.

(f) Dose response curves of 0TX015 (left panel) and BI894999 (right panel) in WT
and BAP1-KO UPMD2 cells. Blue line represented WT condition and red line
represented BAP1-KO condition. The experiments were performed at least 3 times
independently. Each circle represented one observation on dose-response.

(g) Dose response curves of 0TX015 in PDX-derived cells with BAP1 wild-type or
mutant status. Blue line represented cell lines with BAP1-WT status. Red line
represented cell lines with BAP1-mutant status. The experiments were performed
3 times independently. Each dot represented the average of observed dose-
responses from the three replicates. Error bars represented standard error of the

mean (SEM).
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Supplementary figures and figure legends

a b
BAP1KO vs WT
proteome & ubiquitome
| |
WT PRC1 KO Spearman's corr = 0.418 1 1 ANéM
BAPL + - + - - 2 I R

IR e TR

BAP1 I— — LIOO g , ; -
RING1A | *w e 3 - I .

| '— El ° °d—ow dHRS3
= = (L1 ZF%\IDS *%:e I.
RING1B s w8 ” L i o
. > °
o °

e 70 ® o I° e |

HDAC1 S — — — 4 1 1

| I

ASXL1
e |1 |
# 1 1
6 4 -2 0 2
log2.FC.proteome
c d

BAP1KO vs WT

proteome & transcriptome

5 1 1 ALDH1A2
1 | " ASXL1 ASXL1
Spearman's corr = 0.801 -
! ! % sy ng
S [ 9% <V
o I' ]
T 0
L seraem | D _ &
g TRIMS6 I £
4 00cf e
o DTX3L 8 o 1
w
) 5L°FN18°;0° !
g s #° %, 1 i
- ! I WT BAP1 KO
° I I
I 1
: * 1 1
e 1 1
-10 -5 0 5
log2.FC.proteome
Figure S1
Figure S1

(a) Western blot analysis of BAP1, RING1A and RING1B. HDAC1 was used as
loading control.

(b) Correlation plot showing proteomic and ubiquitomic analysis in BAP1-KO
versus WT cells. Differentially enriched peptides on ubiquitination level were
labeled in red (more enriched) or blue (less enriched). Correlation between
ubiquitome and proteome was determined by Spearman’s ranking.

(c) Correlation plot showing proteomic and ubiquitomic analysis in BAP1-KO
versus WT cells. Differentially enriched peptides on ubiquitination level were
labeled in red (more enriched) or blue (less enriched). Correlation between
ubiquitome and proteome was determined by Spearman’s ranking.

(d) Bar charts showing transcript level of ASXL1 representing in rpkm (reads per

kilo base per million) or tpm (transcripts per million).
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Figure S2

(a) Western blot analysis of BAP1 in CAL51 cells. LaminB1 was used as loading
control.

(b) Genomic tracks showing CUT&RUN and ChIP-seq for BAP1 in HAP1 and CAL51
cells. BAP1 ChIP-seq wass acquired from published data (GEO: GSE97326555867.72)
(c) Venn diagram illustrating overlapping BAP1 peaks performed by CUT&RUN-
seq and ChIP-seq in CAL51 cells.

(d) Venn diagram displaying overlapping BAP1 peaks between HAP1 and CAL51

cells.
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Figure S3

(a) Metaplot analysis comparing H2Aub signal between WT and BAP1-KO cells at
TSSs of upregulated and downregulated genes.

(b) Box plot depicting log2 fold changes of expression level on genes associated
with stable, activating and inactivating transition of BAP1-bound enhancers
comparing BAP1-KO and WT cells. RNA-seq data of this study was acquired from
online database GSE110142.

(c) ChrommDiff analysis showing differential chromatin states between BAP1-KO
and WT cells on enhancers that were not bound by BAP1. Only consistent
transitions in both replicates were considered.

(d) Metaplot analysis showing H3K4me1, H3K27ac and POL II signals in WT and
BAP1-KO cells across stable, activating and inactivating states of BAP1-unbound
enhancers.

(e) Genomic snapshots showing examples of H2Aub, H3K4me1, H3K27ac, POL II
and RNA transcript level on enhancers undergo activating or inactivating

transitions.
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Figure S4

(a) Metaplot analysis displaying CUT&RUN-seq for H3K4me1l and H3K27ac in WT
and CBP-KO cells. Active enhancers were defined by enrichment of H3K4me1 and
H3K27ac in WT cells.

(b) Western blot analysis of BAP1 in WT, BAP1-KO and CBP-KO cells. HDAC1 was

used as loading control.
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Figure S5

(a) Pie chart showing genomic annotation of BRD4 peaks in WT cells.

(b) Heatmap showing proteomic analysis of protein abundance for Mediator
subunits and BRDs in WT and BAP1-KO cells.

(c) Venn diagram of overlapping BRD4 peaks in WT, BAP1-KO and CBP-KO cells.
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Extended Data Table 1

List of antibodies used in this study

Antibodies Host Application Source Identifier
BAP1 mouse monoclonal |WB, C&R Santa Cruz sc-28383
BRD2 mouse monoclonal |WB Santa Cruz sc-393720
BRD3 mouse monoclonal |WB Santa Cruz sc-81202
BRD4 rabbit monoclonal |WB, C&R, IF CST 134408
CDK8 rabbit monoclonal |WB CST 17395S
H2Aub rabbit monoclonal |WB, C&R CST 82408
H3 rabbit polyclonal |WB abcam ab1791
H3K27ac rabbit polyclonal |WB, C&R abcam ab4729
H3K4mel mouse monoclonal |WB, C&R CST 53268
H4 mouse monoclonal |WB CST 2935S
HDAC1 mouse monoclonal |WB CST 5356S
LaminB1 rabbit polyclonal |WB abcam ab61048
MED1 rabbit polyclonal |IF abcam ab64965
MED1 rabbit polyclonal |WB Bethyl A300-793A
MED6 mouse monoclonal |WB Santa Cruz sc-390474
MEDS8 mouse monoclonal |WB Santa Cruz sc-365960
MED14 rabbit polyclonal |WB Invitrogen PA5-44864
MED22 mouse monoclonal |WB Santa Cruz sc-393738
MED26 rabbit monoclonal |WB CST 14950S
MED31 rabbit polyclonal |WB abcam ab98142
RING1A rabbit polyclonal |WB CST 28208
RING1B rabbit monoclonal |WB, C&R CST 5694S
RNA POLII mouse monoclonal |C&R active motif 61081
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Part 2: PRC2 complex can repress transcription independently
of PRC1 complex

(Preliminary results)

Ming-Kang Lee, Samuel Le Cam, Dina Zielinski, Michel Wassef, Andrey
Tvardovskiy, Till Bartke and Raphaél Margueron

Introduction

Polycomb repressive complex 1 and 2 (PRC1 and PRC2) regulate important
biological processes in most eukaryotes!. In mice, loss of either PRC1 and PRC2
component lead to fatal defects at implantation or early gastrulation stages?3.
Genome-wide mapping suggests that binding sites for PRC1 and PRC2 are strongly
enriched for CpG island at promoters, and that both complexes and their marks
largely co-occupy the same set of target genes*’. PRC1 and PRC2 are long
considered cooperating to maintain gene repression®. In mouse embryonic stem
cells (mESCs), simultaneous deletion of RING1B and EED introduced de-
repression of a large pool of genes that was not expressed in either RING1B or EED
deletion®. Similar observation is also reported recently during epidermis in mice19.
Hence, it fits with the long-standing view that PRC1 and PRC2 coordinate

transcriptional silencing.

Emerging studies suggest that PRC1 can act autonomously to regulate gene
expression. For example, PRC1 but not PRC2 represses a population of genes that
are crucial in epidermal development in micell. PRC1 can also be recruited to
enhancers in developing eye disc in flies and in human breast cancer cells213,
However, whether PRC2 can function independently of PRC1 remains enigmatic.
Recently, a couple of chromatin factors such as CDYL, BAHD1 and their paralogs
have been proposed to possess modules that recognize H3K27me3 and contribute
to transcriptional repression!+1°. This prompts us to investigate the
independency and interdependency of PRC1 and PRC2. By integrating genome-
editing, transcriptomic analysis and epigenomic profiling, we uncovered a subset
of genes that were repressed exclusively by PRC2. The ongoing study aims to
unravel the molecular mechanisms underlying this PRC2-mediated-PRC1-

independent transcriptional silencing.
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Results

PRC1 and PRC2 repress distinct subsets of genes

PRC1 and PRC2 complexes commonly share target genes in mESC, suggesting they
broadly co-regulate transcription. Given that removal of PRC1 impairs stemness
in mESC, it is difficult to study the direct consequences of its deletion?0-22. We have
previously established stable RING1A/B double KO and EED KO cells in human
HAP1 cells (herein referred to as PRC1-KO and-PRC2 KO, respectively)?3. Silencing
either PRC1 or PRC2 leads to gene derepression but does not impair cell
proliferation, nor does it result in any obvious cellular phenotype. Taking
advantage of this model, we wondered if we could define the respective
contributions of PRC1 and PRC2 to gene repression. We first inactivated EED in
PRC1-KO cells (Fig. 1a), thus generating stable clones fully devoid of Polycomb
machinery (herein referred to as PRC1/2-KO). Consequently, H3K27me3 and
H2Aub were no longer detectable shown by western blot (Fig. 1b). Of note,
deletion of EED in a PRC1-null context did not show severe proliferative defects

(Fig. 1c), and no morphological changes were observed (data not shown).

Next, we performed RNA-seq on PRC1-KO, PRC2-KO and PRC1/2-KO cells to
understand the transcriptomic outcomes in the loss of PRCs comparing to WT
counterparts. Differential analysis indicated that loss of PRC1 or PRC2 resulted in
derepression of large subsets of genes as anticipated, but the transcriptomic
consequences were more pronounced in PRC1/2-KO cells (Fig. 1d). PRC1-KO and
PRC2-KO led to upregulation of around 1000 and 1300 genes, respectively;
whereas approximately 1900 genes were upregulated in PRC1/2-KO cells, in
agreement with previous reports suggesting PRC1 and PRC2 redundantly repress

gene expression?10,

Out of these 1901 genes, one set of 633 genes was de-repressed by loss of either
PRC1 or PRC2, while another class consisting of 479 genes was de-repressed only
by concomitant loss of PRC1 and PRC2 (Fig. 1e). We defined the former set of
genes that was synergistically repressed by PRC1 and PRC2 (PRC1/2-synergistic),
as loss of either components gave rise to its de-repression. The latter class of genes
was only derepressed in the case where both PRC1/2 were lost, that is, was
redundantly silenced by PRC1 and PRC2 (termed as PRC1/2-redundant.) In

addition, subsets of genes that were sensitive only to deletion of either PRC1 or
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PRC2, meaning that deletion of the other complex did not affect their expression
levels. These sets of genes that were exclusively regulated by PRC1 or PRC2 were

defined as “PRC1-sensitive” and “PRC2-sensitive”.

Interestingly, while PRC1 has been reported to repress genes independently of
PRC211, however, to our knowledge, whether the same is true for PRC2 is
unknown. In order to address this question, we first evaluated how robust were
these four categories by evaluating transcription in the different genotypes (Fig.
1f). In PRC1-KO cells, PRC1-sensitive and PRC1/2-synergistic genes were
upregulated on average more than 2-fold, but not those of PRC2-sensitive and
PRC1/2-redundant genes (Fig. 1f, left panel). Coherently, the expression levels of
PRC2-sensitive and PRC1/2-synergistic genes had more than 2-fold increase in
PRC2-KO cells (Fig. 1f, middle panel). Lastly, all four categories of genes increased
at least 2-fold in PRC1/2-KO cells (Fig. 1f, right panel). In addition, expression
levels of a couple of genes in each category were further validated by RT-qPCR to
confirm the observed characteristics (Fig. 1g). Importantly, this result also
showed that the set of genes regulated by either PRC1 or PRC2 are truly distinct

and the difference are not artificial division reflecting threshold effect.

By characterizing the transcriptomic outputs, we identified different set of genes
that were regulated by PRC1/2 in distinct fashions. Remarkably, we observed
PRC2 could silence some of its targets in a PRC1-independent manner. This is
especially intriguing as PRC2 have been traditionally considered to coordinate
repression with PRC15. Our various PRCs-KO models enable to tackle directly this

question.

H3K27me3 mediates PRC2 repressive activities

PRC2 represses transcription largely through its enzymatic activity?4, even though
other mechanisms were proposed such as PRC2-EZH1-mediated chromatin
compaction?>. In order to investigate whether PRC2-mediated-PRC1-independent
gene repression requires H3K27me3 deposition, we inhibited the enzymatic
activities of EZH1/2, the catalytic subunits of PRC2, by treatment with EZHs-
specific inhibitor UNC1999 for 10 days. Bulk H3K27me2 /3 were readily detected
in the control mock treatment (inactive analog UNC2400). However, these marks

were no longer detectable upon treatment with UNC1999 as it would be seen upon
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genetic deletion of PRC2 (Fig. 2a). Of note, the bulk level of H3K27mel was
reduced but not fully abolished under UNC1999 inhibition, suggesting of residual
EZHs activities under chemical inhibition (Fig. 2a). Next, we performed RNA-seq
analysis in inhibitor-treated and mock control cells, and identified 696
differentially expressed genes (DEGs), the majority of which were de-repressed
(Fig. 2b). We noticed that the population of derepressed genes under PRC2
inhibition were smaller than the set of genes identified upon PRC2 deletion (618
genes v.s. 1274 genes). The relatively smaller pool of de-repressed genes in PRC2
inhibition could either originate from technical explanation (ie. variability
between replicates) or reflect the fact that the chemical inhibition was not as
efficient as the genetic deletion. Nonetheless, the two sets of genes show
substantial overlap (494 out of 618 genes; Fig. 2c), and the expression levels were
highly correlated within PRC2-KO de-repressed genes (r=0.86; Fig. 2d). This
indicates that PRC2 enzymatic activity, and therefore most likely H3K27me3, are

required for this repressive activity.

PRC2-sensitive genes are enriched for H3K27me3 and are weakly expressed
We performed CUT&RUN-seq for H3K27me3 and H2Aub in WT, PRC1-KO and
PRC2-KO cells to better define the epigenetic landscape of PRC2 and PRC1 target
genes. We retrieved 38316 H3K27me3 peaks in WT cells. Notably, enrichment of
H3K27me3 on these peaks markedly diminished in the absence of PRCI,
suggesting a role of PRC1 in proper PRC2 recruitment and H3K27me3 deposition
(Fig. 2e). Loss of large H3K27me3 domain could be observed in multiple genomic
sites including HOXC loci in the absence of PRC1. In contrast, HZAub accumulation
was barely compromised by PRC2 deletion (Fig. 2f). Together, these suggest that
PRC2 occupancy partially relied on PRC1; but that PRC1 recruitment was mostly
independent of PRC2. These results are consistent with the observations reported

in mESC model?1.26.27,

Focusing on PRC2-sensitive genes, we quantified enrichment for H3K27me3 and
H2Aub at the transcription starting sites (TSSs) and flanking regions of the four
categories of PRC1/2 target genes. Interestingly, PRC2-sensitive genes had the
highest enrichment of H3K27me3, while its enrichment in PRC1-sensitive genes
were close to the background level. H2Aub levels remained comparable across

each category (Fig. 2g). This result is consistent with the tight correlation between
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PRC2 function and H3K27me3 deposition but also the more debated link between
PRC1 function and H2Aub deposition. Considering our ongoing study on BAP1,
H2Aub and enhancer, it will be interesting to check whether a better correlation
between H2Aub and transcriptomic response to PRC1 deletion could be explained

by analyzing enrichment of this mark at enhancers.

Previous study suggested that the density of H3K27me3 negatively correlates
with gene expression®’. Consistently, we observed that PRC2-sensitive genes had
the lowest basal transcriptional activities among the four categories. By contrast,
PRC1-sensitive genes, which display the lowest enrichment for H3K27me3, have
the highest transcript level. Genes co-regulated by PRC1 and PRC2 show
intermediate levels of transcription (Fig. 2h). As expected, RNA polymerase ii (POL
ii) enrichment (evaluated by CUT&RUN) parallels transcription measured

through mature RNA accumulation (Fig. 2i), and anti-correlates with H3K27me3.

PRC1-independent readers of H3K27me3 could contribute to PRC2-
mediated repression

We have identified a subset of genes that are silenced exclusively by PRC2 and that
are characterized by a high enrichment for H3K27me3. So far, this mark has been
to function through the recruitment of additional factor instead of through the
direct modulation of chromatin structure. In addition to PRC1, several proteins,
including BAHD1/2 and CDYL, have been reported to contain domains recognizing
methylated H3K27me31417. Moreover, depletion of those proteins might promote
derepression of PRC2 target genes!81928. Altogether, these results lead us to
investigate whether these chromatin factors could be involved in the

transcriptional silencing maintained by PRC2 independently of PRC1.

In a PRC1-KO context, we first inactivated CDYL and BAHD1 by CRISPR-Cas9
technology. Inactivation was verified by genomic DNA genotyping and by RT-
gPCR (data not shown). We then further deleted BAHD1 deletion in the
PRC1_CDYL-KO cells to generate PRC1_CDYL_BAHD1-KO clones (herein referred
to as PRC1_gKO) (Fig. 3a). We performed RNA-seq to examine whether loss of
BADH1 and CDYL contribute to PRC2 silencing. Silencing of either gene
independently has mild consequences on gene expression (approximately 100

DEG). In contrast the combined deletion of CDYL and BAHD1 has a more
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pronounced effect on the gene expression profile with about 651 DEG (Fig. 3b).
This additive effect is consistent with that CDYL and BAHD1 both contribute to
gene repression. Importantly, these genes showed substantial but partial overlap
with the set of genes derepressed upon PRC2-KO in a PRC1-KO context (Fig. 3c, d).
In addition to being a partial overlap, we also note that the magnitude of
derepression in the PRC1_gKO vs PRC1_PRC2_KO are quite different. Taken
together, these results suggest that while BAHD1 and CDYL could contribute to
PRC2 silencing, other readers are also involved. This could be other unknown

factors or homologs of CDYL for instance.

Search for unknown readers of H3K27me3

Unbiased approach aiming at identifying H3K27me3 readers were already
implemented and resulted mostly in the identification of PRC1 subunits 15. We
therefore reasoned that repeating such approach in the absence of PRC1 complex
could help identifying less abundant interactors. We prepared nuclear extract of
WT and PRC1-KO cells and performed pull-down assay on unmodified and
H3K27me3-modified recombinant nucleosomes. The enriched peptides were then
proceeded to mass spectrometry (MS) analysis. As expected, we were able to
recover PRC2 subunits including EZH2, EED, MTF2 and PHF1, and canonical PRC1
subunits such as RING1B, CBX2/8 and PHC2/3 in H3K27me3-enriched
nucleosomes (Fig. 4a). Upon inactivation of RING1A and RING1B, several PRC1
subunits (e.g. YAF2 and PHC2/3) were destabilized and binding of PHCs were lost
(Fig, 4b,c). However, CBX2 and CBX8 remained bound to H3K27me3-nucleosomes,
suggesting their binding can occur outside of PRC1 complex (Fig. 4b).

Beyond the “usual suspects”, we discovered high enrichment for SIN3 complex
and MXI1/MNT MYC-antagonists in both WT and PRC1-KO cells (Fig.4 a, b).
SIN3/HDAC complex interacts with an array of (co-)repressors and functions to
remove acetylation mark on histone, thereby promoting gene silencing?®. MXI1
and MNT compete with MYC to form heterodimers with transcription factor MAX.
Therefore, they repress transcription by acting as MYC antagonists to prevent
MYC-mediated transcriptional activation. Interestingly, MNT and MXI1 have been
shown to interact with the SIN3 complex30. Together, we identified SIN3 complex
and MNT/MXI1 as potential H3K27me3 interacting proteins by pull-down assay.

This result still needs confirmation though independent methods and additional
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investigation to understand the possible underlying mechanism.

Perspectives and Discussion

In this study, we have established model cell lines allowing to completely
manipulate the Polycomb machinery, and therefore disentangle the respective
contribution of PRC1 and PRC2. We provided clear evidence that PRC2 could
repress transcription of a subset of genes independently of PRC1 (Fig. 1e). The
underlying mechanism might turn out to be relevant beyond mammals since PRC1

complex is reported to be absent from some species such as fungi 8.

Through a candidate-based approach, we investigated the contribution of CDYL
and BAHD1 to PRC2-mediated gene silencing. Our results show that the combined
deletion of CDYL and BAHD1 only partially explained PRC2-mediated
transcriptional repression. One of the possible explanation is the existence of the
paralogs: CDYL2 and BAHD2 (also known as BAHCC1). Studies showed that
removal of BAHD2 resulted in de-repression of PRC2 target genes!?, while CDYL2
is less well-characterized. In HAP1 cells, CDYL2 is not expressed, and no
compensatory effect was observed upon CDYL deletion. Yet, transcripts of CDYL2
become detectable in the quadruple knockouts (data not shown). Hence, we

cannot rule out that CDYL2 contribute to some level of a PRC2-mediated silencing.

Apart from that, we observed a group of genes that was exclusively de-repressed
in PRC1_gKO but no PRC1/2-KO cells (Fig. 3c). This indicates that BAHDs/CDYLs
are potentially involved in H3K27me3-independent pathways. Indeed, BAHD1

and CDYL were also shown to bind H3K9 methylation in vitro1631.

Our pull-down assay following MS analysis revealed that the SIN3/HDAC co-
repressor complex and MXI1/MNT are specifically bound to H3K27 tri-
methylated nucleosomes (Fig. 4). Interestingly, CDYL and BAHD1 interact also
with HDAC1/2 in vitro3233. [t would be interesting to understand if and how SIN3,
MXI1/MNT, CDYL, and BAHD1 coordinate H3K27me3-mediated repression.
Different biochemical, genetic, genomic approaches would be required to unravel

the detailed mechanism.
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Material and Methods

Cell culture

HAP1 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS, Gibco), 2 mM L-glutamine

(Gibco) and 1 x non-essential amino acid (Gibco).

Generation of KO cell lines

Generation of KO cells lines was performed using CRISPR-Cas9 technology as
previously described34. In brief, a STOP cassette containing an antibiotic
resistance gene followed by a polyadenylation sequence was inserted into early
exons of target genes by homologous recombination. After antibiotic selection,

clones were genotyped and complete KO was validated by western blot.

Cell proliferation assay
105 Cells were seeded on each well of a 6-well plate in technical triplicates and
were counted with Vi-CELL XR system (Beckman COULTER) at 24 hr interval for

a period of 4 days. The experiments were repeated at least 3 times.

Chemical inhibition of PRC2 activity

Cells were treated with 1 pum of UNC1999 or mock control (UNC2400) for 10 days.
Culture medium was renewed every 3 days. Cells were passaged constantly when
reached 80 % of confluence. Cells were harvest for RNA and protein extraction

after 10 days of treatment.

Preparation of nuclear extract and immunoblotting

Cells were washed once with PBS and then resuspended with 5 volumes of Buffer
A (10 mM HEPES pH 7.9, 5 mM MgCly, 0.25 M sucrose and 0.1 % NP-40, 1 mM DTT,
200 pM PMSEF and protease inhibitors). After 10 min incubation on ice, cells were
pelleted by centrifugation at 8000 g for 10 min. Supernatant was removed and
pellets were resuspended with 5 volumes of Buffer B (25 mM HEPES pH 7.9, 1.5
mM MgCl;, 0.1 mM EDTA pH 8.0, 20 % glycerol, 700 mM NaCl, 1 mM DTT, 200 uM
PMSF and protease inhibitors. After 10 min incubation on ice, nuclei were
sonicated for 45 s with 10 % amplitude, then centrifuged at 14000 g for 15 min at
4 °C. The supernatant was transferred to a new tube and taken as nuclear extract.

Protein concentration was measured by Bradford assay (Biorad). Western Blot
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analysis of protein extracts was performed by StarBright Blue 700 fluorescent
secondary antibodies (Biorad) and DyLight 800 secondary antibody (Biorad).

Imaging was carried out by ChemiDoc System (Biorad).

RNA extraction and RT-qPCR

Total RNA was isolated using Trizol-Chloroform extraction and iso-propanol
precipitation. cDNA was synthesized using High Capacity cDNA RT kit -Applied
Biosystems) and quantitative PCR was performed with technical triplicate using
SYBR green reagent (Roche) on a ViiA7 equipment (Applied Biosystems). At least
two independent experiments (biological replicates) were performed for each
assay and RT negative controls were always included. Primer sequences for gPCR

analysis are provided in Supplementary Table 1.

RNA Sequencing

50 bp single end reads were generated using the HiSeq2500 in Rapid Run mode.
Raw reads were trimmed for adapters with cutadapt (1.12) using the Trim Galore!
(0.4.4) wrapper (default settings) and subse- quently mapped to the complete
human rRNA sequence with Bowtie2 (2.2.9). Reads that did not map to rRNA were
then mapped with STAR (2.5.2b) to the full reference genome (hg19) using the
following parameters: -outSAMtype BAM SortedByCoordinate -runMode
alignReads -outFilterMismatchNmax 6 - outFilterMultimapNmax 20 -
outSAMmultNmax 20 -outSAMprimaryFlag OneBestScore. Gene counts were
generated using STAR —quant_mode (uniquely mapped, properly paired reads that

overlap the exon boundaries of each gene).

Differential Expression Analysis

Genes with CPM > 0.5 in at least 2 samples were kept for differential analysis. This
threshold was chosen based on the average log2CPM per gene to separate
expressed genes from unexpressed genes. Raw count data was normalized with
the TMM method and transformed to log2-CPM. A linear model was fit to the
normalized data and empirical Bayes statistics were computed. Differentially
expressed genes for each comparison were identified from the linear fit after
adjusting for multiple testing and filtered to include those with FDR < 0.05 and
absolute logFC > 1.
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CUT&RUN-seq

CUT&RUN was performed as previously described with minor modifications3>. In
brief, 1 million cells were pelleted at 600 g for 3 min at RT. After washing twice
with 1 mL of wash buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM spermidine
(Sigma) and protease inhibitors), cells were resuspended in wash buffer and ready
for binding with beads. 10 pl of Convanavalin A beads (Bang Laboratories) was
washed once with 1 mL binding buffer (20 mM HEPES pH 7.9, 10 mM KCI, 1 mM
CaCl2 and 1 mM MnCl2) and placed on magnet stand to remove the liquid. 10 pl of
binding buffer was used to resuspend the beads then the slurry was transferred to
cells and incubated for 10 min at RT with rotation. After brief spin-down, tubes
were placed on magnet to quickly withdraw the liquid. 50 pl of antibody buffer
(wash buffer supplemented with 0.1 % digitonin (Millipore), 2 mM EDTA and
1:100 dilution of antibody of interest) was pipetted and cells were incubated for
10 min at RT with mild agitation. Permeabilized cells were decanted carefully and
washed once with 1 mL dig-wash buffer (0.1 % digitonin in wash buffer). After 2
washes with 1 mL dig-wash buffer, beads were resuspended with 100 pl dig-wash
buffer and placed on heat block immersed in wet ice to chill down to 0 °C. 2 pl of
100 mM CaCl2 was added to activate pA-MNase and incubated on heat block for
30 min. 100 pl of 2 x stop buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA, 0.02 %
digitonin, 1:200 RNase A, glycogen (50 mg/ mL) and heterologous spike-in
DNA (2 pg/ml) was added to quench pA-MNAse, and fragments were released by
10 min incubation at 37 °C with rotation. After centrifugation at 14000 g for 5 min
at 4 °C, DNA fragments were recovered by NucleoSpin (Macherey Nagel) or
phenol-chloroform purification. Library was prepared by Accel-NGS 2S plus DNA
library Kits (Swift Biosciences) for [llumina barcoded system. PCR were set to 16
cycles. After post-library size selection, library size distribution and concentration
were validated by Tapestation 4200 (Agilent). Libraries were sequenced as paired-

ended 100bp reads on Illumina Novaseq platform.

Nucleosome pull-down assay

Approximately 150 million cells were harvest and resuspended in 500 pl of Buffer
A (10 mM HEPES pH 7.9, 5 mM MgCl;, 0.25 M sucrose and 0.1 % NP-40, 1 mM DTT,
200 pM PMSF, and protease inhibitors). After 10 min incubation on ice, cells were
pelleted by centrifugation at 8000 g for 10 min. Supernatant was collected as

cytosolic fraction. Nuclei pellet was resuspended with 500 pl of Buffer C (350 mM
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NaCl with 20 mM HEPES-KOH pH7.9, 25 % Glycerol, 0.1 % NP-40, 0.5 mM MgCl;,
0.2 mM EDTA pH 8.0, 1 mM DTT, 0.5 mM PMSF and protease inhibitors). After 2
hr incubation at 4 °C with rotation, nuclei were pelleted and supernatant was
collected as 350 mM NacCl fraction. Pellets were then incubated with 500 pl of
Buffer C (500 mM NaCl) for 2 hr at 4 °C with rotation. After centrifugation,
supernatant was collected as the 500 mM NaCl fraction. Pellets were then
incubated with 500 pl of Buffer C (750 mM NaCl) for 2 hr at 4 °C with rotation.
After centrifugation, supernatant was collected as the 750 mM NaCl fraction.
Lastly, chromatin pellet was incubated with 500 ul of Buffer C (1M NaCl) overnight
at 4 °C with rotation and samples were proceeded for sonication. All fractions
were then combined. Protein concentration was measure by Bradford assay. 500
pg of total protein was prepared for pull-down assay and proceded with Mass
Spectrometry analysis. The experiments were performed with 3 biological

replicates and each biological repeat was performed under 3 technical replicates.

CUT&RUN-seq data analysis

Reads were mapped to the human reference genome (GRCh37/hgl19) with
Bowtie2 using default parameters. Aligned reads were sorted by SAM tools. PCR
duplicates  were removed  with Picard  Tools MarkDuplicates
(https://github.com/bioinfo-pf-curie/ChIP-seq). Generated BAM files were
filtered to exclude common artifact regions. (artefact regions:
https://github.com/Boyle-Lab/Blacklist/tree/master/lists). Exploratory data
analyses were performed using Galaxy Europe interface (https://usegalaxy.eu/).
Biological replicates were merged with MergeSamFiles for downstream analysis.
Reads were counted in bins of length 50, RPKM normalized, and converted to
bigWig format using bamCoverage (v3.3.2.0.0). H3K27mes peaks were called with
MACS2 (v 2.1.1.20160309.6) with default parameters. Igg.bam files are used as
control files. Minimum FDR (g-value) cutoff for broad peak detection was set as
0.0001. Peaks with the proximity within a 2kb window were merged. Metaplot and
heatmap analyses were performed using deepTools (v3.3.2.0.0): RPKM
normalized log2 ratio between H3K27me3 files and Igg control files were
calculated by bamCompare. Matrix was prepared by computeMatrix (v3.3.2.0.0)

for metaplot and heatmap visualization.
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Supplementary Table 1: primers used for RT-qPCR in this study

Target Forward sequence Reverse sequence Amplicon size (bp)
BMP7 TCGGCACCCATGTTCATGC GAGGAAATGGCTATCTTGCAGG 150
CHD3 TGGAGATCCTTGATGCCAATGA |GCGTCCAGATCAGTGACCG 121
GATA4 GTGTCCCAGACGTTCTCAGTC GGGAGACGCATAGCCTTGT 102
PAX7 ACCCCTGCCTAACCACATC ACCCCTGCCTAACCACATC 121
ASXL3 ATTAGCCTGTCTGAATGCAATGC |GACTAAATCCAACGTGCCATCT 142
RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA 101
HES5 GGAGCGTCAGGAACTGCAC AAGAGCCTGCACCAGGACTA 73
TNR AAGAGCCTGCACCAGGACTA AAGAGCCTGCACCAGGACTA 73
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Figures and figure legends
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Figure 1: PRC1 and PRC2 repress distinct subsets of genes

(a) Western blot analysis of EED in WT and PRC1-KO cells. HDAC1 was used as
loading control.

(b) Western blot analysis of H2ZAub, H3K27me3, H3K27me3 and H3K9me3 in WT,
PRC1-KO, PRC2-KO and PRC1/2-KO cells. Total H3 was used a loading control.

(c) Growth curve of WT, PRC1-KO, PRC2-KO and PRC1/2-KO cells.

(d) MA-plot showing DEGs in PRC1-KO, PRC2-KO and PRC1/2-KO cells comparing
to WT cells.

(e) Venn diagram displaying overlap of DEGs in the PRC1-KO, PRC2-KO and
PRC1/2-KO context.

(f) Box plot showing average log2 fold changes of the four classes of genes in PRC1-
KO, PRC2-KO and PRC1/2-KO cells.

(g) RT-qPCR showing mRNA expression levels of PRC1-sensitive, PRC2-sensitive,
PRC1/2-redundant and PRC1/2-synergistic genes. Gene expression was first

normalized to TBP, FC was then normalized comparing WT condition.
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Figure 2: PRC2-sensitive genes are enriched for H3K27me3 and are weakly
expressed

(a) Western blot analysis of H3K27me3, H3K27me3 and H3K27mel in WT cells
after UNC1999 or UNC2400 treatment. Nuclear extract for PRC1/2-KO cells was
used as negative control for background signal. H4 is used as loading control.

(b) Volcano plot showing the DEGs in cells treated with UNC1999 comparing to
mock control. Red dots represented upregulated genes and blue dots represented
downregulated genes.

(c) Venn diagram displaying overlap of DEGs in EZHs-inhibitor treated WT cells
and PRC2-KO context.

(d) Plot showing correlation of expression level of the DEGs genes in PRC2-KO
cells comparing inhibitor-treated cells versus PRC2-KO cells.

(e) Meta-plot displaying CUT&RUN-seq for H3K27me3 enrichment in WT and
PRC1-KO cells.

(f) Genomic traces showing CUT&RUN-seq for H3K27me3 enrichment in WT and
PRC1-KO cells, and H2Aub level in WT and PRC2-KO cells.

(g) Meta-plots and heatmaps illustrating H3K27me3 and H2Aub density in PRC1-
sensitive, PRC2-sensitive, PRC1/2-redundant and PRC1/2-synergistic genes.

(h) Box plot illustrating the average expression levels of PRC1-sensitive, PRC2-
sensitive, PRC1/2-redundant and PRC1/2-synergistic genes in WT cells. Statistical
analysis was carried out by normality tests following Krustal-Wallis test.

(i) Meta-plots and heatmaps illustrating POL ii density in PRC1-sensitive, PRC2-
sensitive, PRC1/2-redundant and PRC1/2-synergistic genes.
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Figure 3: PRC1-independent readers of H3K27me3 could contribute to
PRC2-mediated repression

(a) Schematic representation on strategy generating various KO cells.

(b) Volcano plots displaying DEGs in PRC1_CDYL-KO, PRC1-BAHD1-KO and
PRC1_gKO comparing to PRC1-KO cells.

(c) Venn diagram displaying overlap of DEGs in the PRC1_gKO and PRC1/2-KO
cells.

(d) Heatmap showing clustering of upregulated genes in PRC1/2-KO condition
comparing to PRC1-KO condition. 2 biological replicates of each genotype (PRC1-
KO, PRC1_gKO and PRC1/2-KO) were included.
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Figure 4: Search for unknown readers of H3K27me3

(a) MA-plots showing differential protein abundance enriched in H3K27me3-
modified nucleosome pulldown comparing to unmodified counterparts. The
experiments were performed in the WT and PRC1-KO contexts.

(b) Heatmap clustering displaying enrichment of proteins that were enriched in
H3K27me3-modified nucleosome pulldown comparing to unmodified

counterparts. The experiments were performed in the WT and PRC1-KO contexts.
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Discussion
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By integration of transcriptomic, proteomic and ubiquitomic analyses performed
in various genetic knockout cell models, we consolidated that BAP1 exerts its
function mainly through regulating H2A ubiquitination. Based on our CUT&RUN-
seq, we identified that BAP1 is recruited predominantly to active enhancers highly
enriched in POL ii, BRD4 and enhancer-related histone marks. We observed that
loss of BAP1 introduced disproportional accumulation of H2Aub specifically
enriched on BAP1-bound active enhancers. While BAP1 silencing did not affect the
level H3K4mel, H3K27ac and POL II, it compromised the occupancy of BRD4 at
its target loci. We hypothesized that BAP1 is likely to contribute to the

maintenance of enhancer functionality (Figure 13).

Several aspects concerning BAP1’s action at enhancers are yet remains largely
unknown, further investigations would be of potential interest in elaborating the

nature of BAP1.

(1) Driving forces of BAP1 recruitment to enhancers.

On one hand, we uncovered an unexpected hierarchical recruitment where CBP is
generally required for BAP1 localization. However, the link between CBP and
BAP1 is far from well-characterized. CBP and its paralog p300 catalyze acetylation
on histone marks as well as TFs329385 Besides, these paralogs harbor various
domains that can interact with miscellaneous chromatin-associated factors, and
thereby acting as a transcriptional hub to foster pervasive transcription332. In line
with this idea, loss of CBP could triggers a cascade of effects that potentially
impairs BAP1 recruitment. We showed that BAP1 is recruited to H3K27ac-
enriched enhancers. However, whether H3K27ac per se, the consequence of
H3K27ac deposition (e.g. increased chromatin accessibility, recruitment of other
co-activators...etc.) or CBP itselfis required for BAP1 recruitment requires further
investigation. Artificial tether of CBP (WT or catalytically inactive form) to a given
genomic loci using dCas9 system306.307 could be of interest to dissect if CBP alone
is sufficient to initiate de novo recruitment of BAP1. If, so, whether it requires the

enzymatic activities.
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Figure 13. Summary of BAP1’s action

On the other, BAP1’s interacting partners might contain domains that confers it’s
recruitment to chromatin. ASXL1-3 contain PHD domains, a histone- or DNA-
binding module38¢, which could potentially drive BAP1 binding to DNA. BAP1 also
interacts with TFs YY1 and FOXK1/2 that recognize specific DNA motifs204210, But

163



so far there is lacking of supporting evidence and it is highly likely that they also

have respective BAP1-independent functions143.387,

In the interest to understand if BAP1 selectively binds to subsets of enhancers that
harbor particular motifs. We performed motif discovery using HOMER388 and
compared BAP1-bound enhancers with unbound counterparts. We found that
BAP1-bound enhancers were more enriched in NANOG, SOX3/6/10 binding
motifs (data not shown). Interestingly, we did not find enrichment of FOXK1/2
motifs. However, whether this enrichment entails any biological significance

requires more studies.

(2) BAP1-mediated enhancer regulations.

To this end, we observed that loss of BAP1 impaired integrity of co-activators
demonstrated by reduced genomic occupancy and condensates formation. This
perturbed enhancer function reflected on global gene downregulation. Apart from
that, the consequences of BAP1 inactivation remain to be determined. Considering
apparent reduction of MED1 condensates was observed and that BRD4 is crucial
to recruit Mediator complex118345 it is rather foreseeable that BAP1 inactivation
could give rise to reduced MED1 occupancy at enhancers. Following this rationale,
we have performed CUT&RUN-seq for MED1 but failed to obtain robust result as
we acquired presumably underestimated number of peaks (~200 sites, data not
shown). This could potentially be ascribed to the nature of Mediator complex
where direct contacts with DNA or histones are not common3°8. Alternative
approach could be including the cross-linking step in the procedure to capture

transient interactions such as ChIP-seq362363,

Aside from Mediator complex, BRD4 also recruits P-TEFb349, a complex important
for transcriptional elongation®. While POL II enrichment on BAP1-bound
enhancers remained comparable in the absence of BAP1, we observed a decreased
density at the TSSs and across the gene bodies of downregulated genes (data not
shown). It is reported that POL Il pause-release is the critical step controlling the
frequency of transcription®. Taken together, I hypothesized that interrupted
transcriptional elongation could be the main cause leading to large-scale gene
silencing. Several non-exhaustive methods could be implemented to support this

idea. For example, genome-wide profiling for CDK-9 kinase (subunit of p-TEFb)
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and different forms of phosphorylated POL 1I?11346, [n addition, live-cell imaging
tracking of transcriptional events and POL II clusters could also be feasible to

provide supportive evidence389-391,

A couple of studies show that BAP1 inactivation does not decrease but actually
increase genome-wide chromatin accessibility211220,  This is oddly
counterintuitive as enhancer inactivation accompanied by eviction of co-
activators often reduces chromatin accessibility283. If any to support this piece of
observation, our proteomic assay suggested upregulation of chromatin remodeler
BRG1 (SMARCA4) on protein level in the absence of BAP1 (data not shown).
However, whether BRG1 also showed increased chromatin occupancy requires
cautious validation. It could also be that this increased accessibility was derived
from other chromatin factors. Nevertheless, it would be interesting to illustrate

the link between loss of BAP1 (or H2Aub elevation) to increased accessibility.

(3) BAP1-bound enhancers and their cognate gene promoters

One important key to identify BAP1-regulated biological processes is to decipher
which genes are BAP1-bound enhancers associated to. While it holds true that
most enhancers controls expression of their proximal promoters311, experimental
approaches (i.e. Hi-CHIP?98) enable systematic visualization of enhancer-
promoter contacts and can accurately allocate “pairing” of enhancers to their
cognate target promoters. Not only this technique can determine genes regulated
BAP1-bound enhancers, it also provides the opportunity to scrutinize the dynamic
of enhancer-promoter contacts upon loss of BAP1l. For example, based on
observed reduction in BRD4 and MED1 condensates, a hypothesis could be that
BAP1 inactivation results in decreased promoter-enhancer contact
frequency371392, One interesting observation in our study is that while the
majority of BAP1 peaks localize at the enhancers, RING1B is largely recruited to
promoters but with substantial fraction to enhancers. By implementing Hi-ChIP
technique to pair BAP1-bound enhancers with their target promoters, it would be
intriguing to investigate if BAP1(enhancer)-RING1B(promoter) coordinate
transcription of a particular gene, but in a distant fashion. Understanding these

can deepen our knowledge on BAP1-regulated processes.
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(4) Cell-type specific recruitment of BAP1?

In pluripotent mESCs, around 90 % of RING1B peaks is located at CpG island
proximal to promoters*>46, Similarly, recent studies used HA- or Flag-tagged
version of BAP1 to map its binding sites in mESCs, and reveal a strong enrichment
at promoters while showing mild overlap with RING1B peaks?10.212, While these
results are not coherent in our and other’s observations in HAP1 and CAL51
cells?14, it could be possible that BAP1 binding is re-distributed from promoter to
enhancers in more differentiated cells or cancer cells, which is reminiscent of
RING1B occupancy at enhancers observed in flies developing tissues and human
breast cancer cells17>176, In the attempt to address this question, it could be
worthwhile to re-characterize genome-wide BAP1 binding profile by CUT&RUN-
seq in both mESCs and induced differentiating cells (such as NPCs).

(5) BAP1 and phase-separated condensates, super-enhancers and cell
identity control

A recent study shows that reconstituted chromatin intrinsically undergoes phase
separation in physiologic salt in cell nuclei, producing dense and dynamic droplets.
These droplets then disassociate with the presence of H3K27ac, in coherence with
the that acetylation renders a more open chromatin state?7¢. Interestingly, BRD4
can form a new phase-separated state with droplets, which can be immiscible with
unmodified chromatin droplets, mimicking nuclear chromatin subdomains?7.
Similar observation is reported in study on Mediator (MED1) condensates3’!. In
our study, we discovered that BAP1 loss resulted in reduced co-activators
condensates in size and in numbers, which potentially ascribes to H2Aub
accumulation at the enhancers. Considering that the canonical PRC1 complex also
has self-aggregation properties that forms distinct phase-separated Polycomb
domains393, it is speculative that increased PRC1 activities on enhancers would
compete to assemble its own Polycomb condensates with co-activators which
restrains the formation of co-activator domains, and consequently leading to a
reduction of droplets. This hypothesis can be evaluated by observations on
dynamics of BRD4 droplets formation using reconstituted chromatin with or
without the presence of PRC1 complex. In parallel, as eviction of BRD4 is
concomitantly observed in the absence of BAP1, it could also be interesting to
understand if H2Aub interfere with the binding of BRD4 to acetylated

nucleosomes using in vitro biochemical studies.
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RESUME

Chez les eucaryotes, la maintenance de I'identité cellulaire implique le contrdle précis de I'expression des genes. Ceci résulte
de l'action concertée des facteurs de transcription et des facteurs contrélant la structure de la chromatine. Les complexes
répresseurs Polycomb (PRC1 et PRC2) sont des modificateurs de la chromatine qui orchestrent la répression
transcriptionnelle en catalysant respectivement I'ubiquitinylation de H2A (H2Aub) et la méthylation de H3K27. A I'inverse,
BAP1 (BRCA1-Associated Protein 1) favorise la transcription en retirant H2Aub, agissant donc comme un antagoniste de
PRC1. Toutefois, les détails du mécanisme par lequel BAP1 régule la transcription restent mal compris. L'interaction entre
PRC1 et PRC2 est également un sujet encore débattu. Mon projet de these visait a étudier ces deux importantes questions.

(1) La protéine BAP1 est localisée a une fraction des enhancers ou elle stabilise le recrutement de BRD4.

Dans ces études, nous avons montré que BAP1 favorise la transcription en s’opposant au complexe PRC1 et que BAP1 est
inerte en son absence. Des analyses a ’échelle du génome entier ont révélé que la protéine BAP1 est recrutée a une fraction
des enhancers. Par ailleurs, I'inactivation de BAP1 ameéne al’accumulation de H2Aub et a I'altération du recrutement de BRD4.
En accord avec ces résultats, des expériences de microscopie a super résolution indiquent une réduction des condensées de
BRD4 et de MED1 dans les cellules knockout pour BAP1. Cela suggere que BAP1 a un réle crucial pour I'intégrité de certains
enhancers. De fagon importante, en traitant des cellules isogeniques avec des inhibiteurs de BET, nous avons montré que les
cellules mutantes pour BAP1 montrent une sensibilité particuliere a 'inhibition de la prolifération. Ces résultats suggérent
que promouvoir les perturbations des enhancers pourrait constituer une stratégie thérapeutique dans les pathologies ot le
gene BAP1 est muté.

(2) PRC2 réprime la transcription indépendamment de PRC1.

PRC1 et PRC2 ont été considérés depuis longtemps comme agissant de concert pour maintenir la répression. Toutefois, en
analysant les profiles transcriptomiques de cellules ou soit PRC1, soit PRC2, soit les deux sont inactivés, nous avons démontré
que PRC1 et PRC2 peuvent agir de fagon autonome pour réprimer la transcription. Au travers d’approches non-biaisées et
d’approches basées sur une sélection de genes candidats, nous essayons d’identifier les effecteurs de cette répression
dépendant exclusivement de PRC2. Cela implique 1'étude de protéines préalablement proposées comme interagissant avec
H3K27me3. Cette étude est en cours mais il est probable qu’elle va révéler de nouveaux acteurs de la répression dépendant
de PRC2.

MOTS CLES

régulation transcriptionnelle, machinerie Polycomb, BAP1, ubiquitinylation, enhancers

ABSTRACT

In eukaryotes, the maintenance of cell identity entails the precise control of gene expression, which results from the concerted
actions of transcription factors and factors controlling chromatin structure. Polycomb repressive complex 1 and 2 (PRC1 and
PRC2) are chromatin modifiers that orchestrate transcriptional repression by catalyzing H2Aub and H3K27me3, respectively.
By contrast, BRCAl-associated protein 1 (BAP1) promotes transcription by removing H2Aub, acting as an antagonist of PRC1.
However, the detailed mechanism of how BAP1 regulates transcription remains largely elusive. The interplay between PRC1
and PRC2 is also far from being fully understood. My PhD study aimed at investigating the underlying mechanisms for these
two important questions.

(1) BAP1 is recruited to a subset of active enhancers where it stabilizes BRD4 occupancy.

In these studies, we showed that BAP1 promotes transcription by opposing PRC1 activity, and that BAP1 is mostly inert in its
absence. Genome-wide analysis revealed that BAP1 is recruited to a subset of active enhancers. Besides, inactivation of BAP1
led to accumulation of H2Aub and impaired BRD4 recruitment. Consistently, super-resolution microscopy demonstrated
reduced condensates of BRD4 and MED1 in BAP1-KO cells. This suggests that BAP1 has a crucial function for the integrity of
a subset of enhancers. Importantly, by treating isogenic cells with BET inhibitors, we showed that cells mutant for BAP1
display a more pronounced proliferative response. This result suggests that further perturbation of enhancers function could
be a therapeutic strategy for BAP1-null malignancies.

(2) PRC2 represses transcription independently of PRC1.

PRC1 and PRC2 are long considered cooperating to maintain gene repression. However, analyzing transcriptomic profiles of
PRC1-null, PRC2-null and PRC1/2-null cells, we demonstrated that both PRC1 and PRC2 can autonomously repress
transcription. Through both unbiased and candidate-based approaches, we focus on identifying downstream effectors of
PRC2-mediated silencing in the absence of PRC1. This includes investigating the roles of previously proposed H3K27me3
readers. While this study is still ongoing, it is likely that it will reveal new actor for PRC2-mediated repression.
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