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Dangerous liaisons: interplay between
SWI/SNF, NuRD, and Polycomb in
chromatin regulation and cancer

Adrian P. Bracken,' Gerard L. Brien,' and C. Peter Verrijzer*

'Smurfit Institute of Genetics, Trinity College Dublin, Dublin 2, Ireland; 2Department of Biochemistry, Erasmus University

Medical Center, 3000 DR Rotterdam, the Netherlands

Changes in chromatin structure mediated by ATP-depen-
dent nucleosome remodelers and histone modifying
enzymes are integral to the process of gene regulation.
Here, we review the roles of the SWI/SNF (switch/sucrose
nonfermenting) and NuRD (nucleosome remodeling and
deacetylase) and the Polycomb system in chromatin regu-
lation and cancer. First, we discuss the basic molecular
mechanism of nucleosome remodeling, and how this con-
trols gene transcription. Next, we provide an overview of
the functional organization and biochemical activities of
SWI/SNF, NuRD, and Polycomb complexes. We describe
how, in metazoans, the balance of these activities is cen-
tral to the proper regulation of gene expression and cellu-
lar identity during development. Whereas SWI/SNF
counteracts Polycomb, NuRD facilitates Polycomb
repression on chromatin. Finally, we discuss how disrup-
tions of this regulatory equilibrium contribute to onco-
genesis, and how new insights into the biological
functions of remodelers and Polycombs are opening ave-
nues for therapeutic interventions on a broad range of can-
cer types.

Chromatin is fundamental to all processes involving the
eukaryotic genome. The nucleosome—147 bp of DNA
wrapped tightly in ~1.7 left-handed superhelical turns
around an octamer of histones H2A, H2B, H3, and H4—
is the fundamental repeating unit of chromatin. The
need to compact genomic DNA (~2 m for the human ge-
nome) to fit into the cellular nucleus (with a diameter of
only ~10 um) is often presented as the rationale for nucle-
osomes. However, the packing fraction of DNA within the
nucleus of a somatic cell is typically only about 1%, leav-
ing ample unoccupied space. Therefore, rather than solv-
ing a physical packaging problem, nucleosomes instead
provide a functional organization of the genome, enabling
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regulation of its replication, repair, and transcription. In
fact, the most pertinent consequence of packaging geno-
mic DNA into chromatin is that nucleosomes can impede
access of DNA-binding proteins, such as transcription fac-
tors. Consequently, chromatin remodeling constitutes a
fundamental level of gene expression control.

Central to chromatin organization, ATP-dependent
chromatin remodeling enzymes (remodelers) are molecu-
lar motors dedicated to the assembly, positioning, or dis-
ruption of nucleosomes (Becker and Workman 2013;
Clapier et al. 2017). By modulating the presentation of
DNA, chromatin remodelers provide a fundamental level
of gene expression control. In addition, chromatin state
isregulated through a plethora of posttranslational modifi-
cations, in particular of the unstructured N-terminal his-
tone tails that protrude from the nucleosome (Zentner
and Henikoff 2013; Allis and Jenuwein 2016). These mod-
ifications, when present at specific residues on the histone
N-terminal tails, can promote or antagonize the recruit-
ment of regulatory proteins and may directly affect the
compaction of the chromatin fiber. The local pattern of
histone modifications is closely correlated with the tran-
scriptional state of the associated gene or regulatory
DNA element. For example, histone acetylation is gener-
ally associated with active chromatin irrespective of
which residue is modified. In contrast, for histone methyl-
ation, the specific residue that is modified determines
whether it is an active or a repressive mark. For example,
while methylation of histone H3 at Lys4 (H3K4) by the
MLL/COMPASS methyltransferases is associated with ac-
tive transcription (Piunti and Shilatifard 2016), trimethy-
lation at Lys27 (H3K27me3) is central to gene silencing
by the Polycomb system (Schuettengruber et al. 2017). Al-
though remodelers and histone-modifying enzymes, such
as members of the Polycomb group, catalyze fundamental-
ly different biochemical reactions, they function in an in-
tegrated manner to determine chromatin state. Here, we
review how remodelers and Polycombs modulate the chro-
matin template to regulate gene expression. We also
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examine the interplay between the SWI/SNF (switch/
sucrose nonfermenting) and NuRD (nucleosome remodel-
ingand deacetylase) remodelers with Polycombs in human
cancer and how our expanding understanding of their biol-
ogy is guiding the development of new cancer treatments.

ATP-dependent DNA translocation drives nucleosome
remodeling

To understand how chromatin remodelers are powerful
regulators of gene transcription, it is first necessary to un-
derstand their mechanisms of action. A chromatin remod-
eling reaction can have a variety of different outcomes
(Becker and Workman 2013; Clapier et al. 2017). Through
a sliding mechanism, a remodeler can move a nucleosome
along the DNA template (Fig. 1A). Remodelers can gener-
ate a poorly understood remodeled state, in which the
DNA becomes more accessible, but the histone octamer
does not translocate to a new position. The action of
remodelers can also result in a partial disruption of the nu-
cleosome structure (e.g., through the eviction of a histone
H2A/H2B dimer), while some remodelers mediate the
exchange between histone variants. Finally, remodeling
can lead to the complete eviction of the histone octamer.
Whereas there are compelling examples of each of these
mechanisms, their relative importance in vivo remains
unclear. There are four major families of remodelers
named after their central ATPase: SWI/SNF, INOSO,
ISWI, and CHD (Fig. 1B; Becker and Workman 2013; Clap-
ier et al. 2017). Remodelers are further defined by unique
sets of associated proteins that can modulate their activity
or recruitment to chromatin. The various remodelers per-
form a wide-range of mostly nonredundant functions in
the maintenance, transmission, and expression of eukary-
otic genomes (Becker and Workman 2013; Clapier et al.
2017). For example, CHD1 and the ISWI class ACF remod-
elers mediate the formation of regular nucleosomal ar-
rays, whereas SWI/SNF mediates their local disruption.
INOB8O class remodelers catalyze the exchange between
the canonical histone H2A and the variant H2A.Z in
nucleosomes.

The basic action of the ATPase in different remodeling
complexes appears to be largely similar (Clapier et al.
2017). Here, we highlight the salient aspects of our current
understanding of remodeler function, in particular those
relevant for SWI/SNF and NuRD. All remodelers contain
a single motor subunit that belongs to the superfamily of
ATP-dependent DNA and RNA translocases and heli-
cases. The ATPase domain within the catalytic subunit
is split into two domains with homology to the ATPase
domain of the Escherichia coli RecA DNA-binding pro-
tein, referred to as lobes 1 and 2. The catalytic subunits
of remodelers contain class-specific domains that can
modulate their activity or mediate binding to DNA or his-
tones (Fig. 1B). The noncatalytic subunits of remodeler
complexes provide a plethora of additional functionalities,
including regulation of the ATPase, providing contacts
with DNA, histones, histone chaperones or sequence-spe-
cific transcription factors. A large body of studies on the
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Figure 1. ATP-dependent chromatin remodeling. (A) Different
outcomes of ATP-dependent remodeling of nucleosomes.
Remodeler action can drive the sliding of a nucleosome to anoth-
er position on the DNA, thus exposing a previously bound se-
quence. Alternatively, remodelers can make the nucleosomal
DNA more accessible, while the histone octamer remains associ-
ated. Remodeling can also disrupt the octamer structure causing
a partial disassembly, typically through eviction of histone H2A/
H2B dimers. Specialized remodelers can mediate the exchange
between histone variants. Finally, remodeling can result in the
complete eviction of the histone octamer. (B) Structural domains
of the four major Snf2 ATPase subfamilies, SWI/SNF, CHD, ISWI,
and INOS8O0. The translocase/ATPase domain of all remodelers
comprises two RecA-like lobes separated by an insertion (high-
lighted in gray). Members of the INO80 family have a longer in-
sertion than other remodelers. Each subfamily is characterized
by a unique set of additional domains, including the HSA (heli-
case SANT-associated) and post-HSA domains, SnAC (Snf2
ATP coupling), AT hooks (A/T-rich DNA-binding domains),
Bromo (bromodomains), Chromo (chromodomains), SANT-
SLIDE domain, PHD finger (plant homeodomain), HAND-
SANT-SLIDE domain, AutoN (autoinhibitory N-terminal), and
NegC (negative regulator of coupling). See the text for details
and references.

mechanisms and structures of remodelers engaged with
nucleosomes suggest a common mode of action. Funda-
mental to chromatin remodeling is the ATP-dependent
translocation of DNA along the histone core of the nucle-
osome (Saha et al. 2002; Whitehouse et al. 2003; Clapier
et al. 2017). Studies on classic translocases revealed that
they move along one of the DNA strands, named the track-
ing strand, while the other strand is referred to as the guide
strand (Fig. 2A). The ATPases of SWI/SNF, ISWI, and
CHD1 all bind to the nucleosomal DNA at superhelical
position 2 (SHL +2), which is located two helical turns
away from the nucleosomal dyad (Fig. 2B; Farnung et al.
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Figure 2. Model of nucleosome remodeling. (A) Cartoon of a ge-
neric ATP-dependent translocase RecA lobe 1 and lobe 2 moving
along the tracking strand in a 3’ to 5’ direction. A cycle of ATP-
binding and hydrolysis drives conformational changes through
which the translocase “inchworms” along the tracking strand
with 1-bp steps per every ATP hydrolysis. (B) Top and side view
of remodeler ATPase binding to a nucleosome. The ATPase sub-
units of SWI/SNF, ISWI, CHD1, and SWR1 bind the nucleosomal
DNA at superhelical position 2 (SHL +2). (C) Remodeler ATPases
make additional contacts through (1) binding to the opposite
DNA gyre, ~90 bp away; (2) contacting the histone core, typically
at an acidic patch formed by H2A and H2B; (3) binding the linker
DNA; and (4) interacting with the N-terminal tail of (usually) his-
tone H4. Due to these additional contacts, the ATPase does not
move along the nucleosomal DNA but rather pulls the DNA to-
ward the octamer dyad. Multiple cycles of ATP-binding and hy-
drolysis generates a ratcheting motion that locally distorts the
DNA and peels it off the histone core. See the text for details
and references.

2017; Liu et al. 2017; Sundaramoorthy et al. 2018; Liet al.,
2019; Yan et al., 2019). In the resting state, the two lobes
have an open conformation, separating the Walker A and
B motifs in lobe 1 from a crucial arginine in lobe 2. ATP
binding is accompanied by a conformational change (re-
ferred to as “closed state”) that creates a binding pocket
comprising the Walker A and Bmotifsin lobe 1 and the cat-
alytic arginine in lobe 2. Following ATP hydrolysis, the
two lobes open up again, creating a cycle of ATP-binding
and hydrolysis that drives movement of the translocase
along the DNA tracking strand using an inchworm mech-
anism with a 1-bp step per ATP hydrolysis (Clapier et al.
2017;Lietal., 2019). However, nucleosome remodeling in-
volves additional contacts between the remodeler and the
nucleosome (Fig. 2C). These include binding of the ATPase
to the opposite DNA gyre and the histone core. In particu-
lar, an acidic patch formed by histones H2A and H2B is
frequently in physical contact with remodelers (Dann
etal. 2017; Gamarra et al. 2018). Moreover, some remodel-
ers interact with the N-terminal tail of histone H4 or
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contain additional DNA-binding domains that bind the
linker DNA. Binding to these additional sites fixes the po-
sition of the translocase, preventing it from walking along
the nucleosomal DNA. Instead, the remodeler will now
pull the DNA toward the octamer dyad. This creates a
ratcheting cycle in which the DNA is locally distorted,
and through a combination of translational and rotational
displacement peeled off the histone core (Clapier et al.
2017; Li et al., 2019). Throughout this remodeling process
the histone core does not appear to undergo a major defor-
mation (Yan et al. 2019). In summary, nucleosome remod-
eling depends on ATP-dependent DNA translocation
driven by a motor domain that is fixed onto the nucleo-
some through additional DNA and histone contacts. Pro-
tein domains outside the RecA lobes play crucial roles in
remodeler functionality (Clapier et al. 2017). Finally, in
most remodelers, the ATPase activity is modulated by ac-
cessory subunits that determine remodeler function and
targeting to specific genomic loci.

How chromatin remodelers regulate transcription

At its most basic level, remodelers control gene transcrip-
tion by mobilizing nucleosomes to make gene regulatory
elements more or less accessible to the transcription
machinery. Nucleosomes present a barrier for RNA poly-
merase II (RNAPII), and consequently there is no basal
transcription on chromatin templates. Rather, gene tran-
scription on chromatin requires sequence-specific tran-
scription factors, which use coregulators, including
remodelers, histone-modifying enzymes, and chaperones.
Different remodelers perform diverse, nonredundant
functions in the transcription cycle. Several ISWI class
remodelers function in the assembly and generation of
regularly spaced nucleosomal arrays (Fig. 3A). This plays
a crucial role in the packaging of newly synthesized
DNA following replication. Moreover, studies in yeast re-
vealed that the generation of evenly spaced nucleosomes
in gene bodies by ISWI and CHD1 remodelers helps to re-
press cryptic initiation of transcription (Becker and Work-
man 2013; Clapier et al. 2017). SWI/SNF remodelers have
been implicated in generating an open chromatin confor-
mation at gene promoters and enhancers (Fig. 3B). Induc-
tion of the unfolded protein response transcription
program in Drosophila cells caused extensive changes in
nucleosomal DNA accessibility, without accompanying
changes in nucleosome occupancy (Mueller et al. 2017).
Several studies suggested the presence of “fragile” nucle-
osomes, with DNA that is highly accessible, at regulated
promoters (Lai and Pugh 2017). A recent study showed
that these fragile nucleosomes are partially unwrapped
RSC remodeling intermediates, which result from cooper-
ation between RSC and general regulatory transcription
factors (Brahma and Henikoff, 2019). In addition to chang-
ing DNA accessibility through remodeling, remodelers
can also affect the composition of the histone core. For ex-
ample, the INO8O class remodelers mediate the replace-
ment of canonical histone H2A by the H2A.Z variant
(Clapier et al. 2017; Lai and Pugh 2017). H2A.Z containing
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Figure 3. Remodeler functions in organizing the chromatin
template. (A) Remodelers such as the ISWI class ACF mediate
the formation of regularly spaced nucleosomal arrays; e.g., follow-
ing DNA replication or other disruptions of chromatin organiza-
tion. Well-organized arrays help prevent spurious initiation of
transcription. (B) SWI/SNF remodelers promote transcription
activation by generating an open chromatin conformation at pro-
moters and enhancers, which may involve the sliding, displace-
ment, or restructuring of nucleosomes. The relative importance
of each of these mechanisms in vivo remains to be determined.
Remodeler targeting involves recruitment by sequence-specific
transcription factors and the local chromatin state; e.g., through
recognition of acetylated histones by one of the bromodomains
of SWI/SNF. In addition, SWI/SNF remodelers counteract Poly-
comb-repressive complexes (PRCs). (C) NuRD remodelers antag-
onize SWI/SNF function. NuRD mediates nucleosome invasion
of regulatory DNA, and removal of acetylation marks. NuRD ac-
tivity is then thought to promote the subsequent recruitment of
the Polycomb system via its deacetylation of H3K27 and/or nu-
cleosome remodelling, to further the formation of repressive
chromatin. Green flags represent histone acetylation, and red
flags represent H3K27me3.

nucleosomes are enriched around transcription start sites
and increase accessibility of nucleosomal DNA.

A key mechanism of gene selectivity is the cooperation
between remodelers and sequence-specific DNA-binding
transcription factors. Remodeler recruitment can be re-
enforced by local chromatin changes. Histone acetylation
can promote the recruitment of SWI/SNF to specific loci
through recognition of acetylated histones by a bromo
domain (Becker and Workman 2013). As discussed below,
SWI/SNF and the Polycomb repressors function antago-
nistically on many regulatory DNA elements. The

Chromatin regulation by remodelers and Polycomb

NuRD complexes can oppose SWI/SNF at shared regulato-
ry elements (Fig. 3C). NuRD can generate repressive chro-
matin through nucleosome placement at regulatory DNA
elements and histone deacetylation. The Polycomb sys-
tem might further advance the formation of a repressive
chromatin environment through H3K27 methylation
and chromatin compaction (discussed below). It must be
stressed that the behavior of a substantial proportion of
promoters does not conform to generalizations derived
from averaging results from genome-wide studies, which
should be considered more as rules of thumb than as dog-
mas that apply to all genes.

Structural and functional diversification of SWI/SNF
remodelers

The large multisubunit SWI/SNF complex was the first
remodeler described and remains the best studied. SWI/
SNF was originally identified genetically in Saccharomy-
ces cerevisiae through screens for genes that were in-
volved in expression of the HO nuclease, required for
mating type switching (SWI) (Stern et al. 1984), and ex-
pression of the SUC2 invertase, required for sucrose fer-
mentation (SNF) (Neigeborn and Carlson 1984; Abrams
et al. 1986). Several of the encoded proteins, including
the Snf2 ATPase, turned out to reside in a common com-
plex, named SWI/SNF (Becker and Workman 2013; Clap-
ier et al. 2017). The observation that mutations in
histones alleviated the requirement for SWI/SNF and
changes in chromatin structure in snf2 mutants, suggest-
ed that SWI/SNF functions through targeting chromatin
(Winston and Carlson 1992, Kruger et al. 1995). Indeed,
in vitro biochemical analysis of yeast SWI/SNF revealed
ATP-dependent chromatin remodeling and increased
DNA accessibility (Cote et al. 1994). These results sup-
ported a scenario in which SWI/SNF activity opens-up
promoter chromatin to promote transcriptional activa-
tion. Following the discovery of yeast SWI/SNF, related
complexes were identified in mammalian cells that per-
formed similar chromatin remodeling and gene regulatory
functions (Imbalzano et al. 1994; Kwon et al. 1994).
There are two main subtypes of SWI/SNF complexes
that are broadly conserved among eukaryotes (Fig. 4A; Ta-
ble 1). The first includes yeast SWI/SNF, Drosophila BAP,
and mammalian BAF, while the second class includes
yeast RSC, fly PBAP, and mammalian PBAF (Mohrmann
and Verrijzer 2005). The corresponding complexes contain
a variable number of identical subunits and paralogs that
form a common core, associated with a set of signature
subunits that are unique to either SWI/SNF-BAF or
RSC-PBAF. Sthl, the ATPase of RSC, is a paralog of
Snf2, the motor subunit of SWI/SNF. RSC and SWI/SNF
contain four additional paralogs and share three subunits.
The remaining subunits are unique for each complex.
Both complexes are involved in activation of RNAPII tran-
scription of largely nonoverlapping sets of genes and have
been implicated in different aspects of DNA repair. RSC is
also involved in RNA polymerase III transcription and
several nontranscriptional chromosomal functions
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Figure 4. Composition of mammalian SWI/SNF and NuRD
complexes. (A) Schematic representation of mammalian SWI/
SNF complexes BAF, PBAF, and GBAF. Due to gene duplication
events, several components of each complex are encoded by up
to three paralogous genes in mammals. Alternative names and
orthologous subunits in yeast and Drosophila are in Table 1. (B)
Mammalian NuRD complex. A NuRD-related HDAC module
lacking CHD3-5 and MBD2/3, associated with PWWP2A/B, is
also illustrated. For details and references, see the text.

throughout the cell cycle (Clapier et al. 2017). Human
cells contain two distinct SWI/SNF ATPases, named
SMARCA4/BRG1 and SMARCA2/hBRM, which are
both equally related to yeast Swi2/Snf2 and Sthl. Either
ATPase associates with about eight additional subunits
to form a core complex shared by both BAF and PBAF. In
addition, there are two sets of mutually exclusive signa-
ture subunits that associate with the common core to
form either BAF or PBAF. Polybromo (PBRM1), BRD?7,
ARID2, and PHFIO are specific for PBAF, whereas
ARID1A/B and DPF1/2/3 define BAF. The differential in-
corporation of an array of paralogous subunits further in-
creases the functional diversity of (P)BAF complexes.
The isolated SMARCA2/4 ATPases are capable of remod-
eling in vitro, albeit at a lower level than the whole SWI/
SNF complex (Phelan et al. 1999). The association of the
core subunits SMARCB1, SMARCCI, and SMARCC2
with SMARCA4 suffices to restore untargeted remodeling
activity to the level of the full SWI/SNF complex. It is in-
structive to compare the roles of Drosophila BAP and
PBAP, because they share an identical remodeling core
(Table 1). Functional dissection of fly SWI/SNF revealed
that the subunits comprising the core play key architec-
tural or enzymatic roles, whereas the BAP- and PBAP-spe-
cific subunits determine most of the genomic targeting
and functional selectivity (Moshkin et al. 2012). BAP
and PBAP have shared functions but also unique effects
on gene expression, development, and cell cycle progres-
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sion (Mohrmann et al. 2004; Moshkin et al. 2007, 2012;
Chalkley et al. 2008). Recent comprehensive analyses of
yeast and human SWI/SNF complexes provided detailed
insights into their assembly, architecture, and functional
organization (Dutta et al. 2017; Mashtalir et al. 2018). Col-
lectively, structure—function dissection of the SWI/SNF
remodelers suggests that they could be considered holoen-
zymes, in which different modules provide different func-
tionalities that direct the remodeling activity.

Recently, a third type of mammalian SWI/SNF complex
was identified (Alpsoy and Dykhuizen 2018; Gatchalian
et al. 2018; Mashtalir et al. 2018; Michel et al. 2018),
named GBAF (glioma tumor suppressor candidate region
gene 1 [GLTSCRI1] BAF) or ncBAF (noncanonical BAF).
GBAF/ncBAF comprises BRD9, GLTSCR1/1L, SMAR
CA2/4, ACTL6A/B, Actin, SMARCCI, SMARCDI,
BCL7, and SS18/L1 (Fig. 4A; Table 1). Surprisingly GBAF
lacks the conserved core subunit SMARCBI, which stim-
ulates chromatin remodeling activity and genomic target-
ing of the canonical SWI/SNF complexes (Phelan et al.
1999; Kia et al., 2008; Nakayama et al. 2017; Sen et al.
2017; Wang et al. 2017). The presence of genes with ho-
mology to the GBAF-specific subunits in Drosophila raise
the possibility that GBAF might be evolutionarily con-
served. BRD9 plays a key role in directing GBAF to a spe-
cific set of genomic loci, in part through binding to BRD4
(Gatchalian et al. 2018; Michel et al. 2018). GBAF targets
includes CTCF- and promoter-proximal sites (Michel
et al. 2018), and in embryonic stem cells (ESCs), loci asso-
ciated with naive pluripotency (Gatchalian et al. 2018). In
summary, the SWI/SNF remodelers comprise a wide
range of complexes that perform specialized, rather than
generic functions.

NuRD mediates nucleosome invasion and histone
deacetylation

NuRD complexes bring together ATP-dependent chroma-
tin remodeling and HDAC activities (Fig. 4B; Kolla et al.
2015; Torchy et al. 2015). Unlike SWI/SNF, which is pre-
sent in all eukaryotes examined, NuRD remodelers, are
restricted to metazoans. Mammalian NuRD complexes
harbor one of three chromodomain ATP-dependent heli-
cases (CHD3-5) and one of the histone deacetylases
HDACI1 or HDAC?2 (Kloet et al. 2015; Kolla et al. 2015;
Torchy et al. 2015). CHD3-5 are unique amongst the
CHD family in that they possess double PHD fingers in
their N terminus (Fig. 1B). In addition, NuRD complexes
contain one of two scaffolding proteins (GATAD2A/B),
histone chaperones (RBBP4/7), one histone tail- and
DNA-binding protein (MTA1-3), and one of the CpG-
binding proteins (MBD2/3). Notably, MBD2, but not
MBD3, has been proposed to preferentially bind methylat-
ed CpG residues (Menafra and Stunnenberg 2014). Alter-
natively, DNA methylation has been suggested to be
required for the binding of both MBD2 and MBD3 (Hainer
et al. 2016). Finally, the small DOCI (deleted in oral can-
cer 1) protein is an integral subunit of all NuRD complex-
es and plays a role in its recruitment to target loci (Reddy
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Table 1. SWI/SNF class remodeler subunits in yeast, flies, and
humans

S. D i human
y RSC BAP | PBAP BAF [ PBAF | GBAFIncBAF
Swi2/Snf2 | Sthi BRM SMARCA2/hBRM
SMARCA4/BRG1
ARP9 BAP55 ACTL6A/BAF53A
ACTL6B/BAF53B
ARP7 ACT5C ACTB
Swi3 Rsc8 MOR SMARCC1/BAF155
SMARCC2/BAF170 |
Swp73/Snf12 | Rscé BAP60 SMARCD1/BAF60A
SMARCD2/BAF60B |
SMARCD3/BAF60C |
Snf5 Sfh1 SNR1 SMARCB1/SNF5/BAF47/INIT |
BCL7 BCL7A
BCL7B
BCL7C
BAP111 SMARCE1/BAF57
Rsci PBRM PBRM1/BAF180
Rsc2
Rsc4
Rsc9 BAP170 ARID2/BAF200
SAYP PHF10/BAF45A
BRD7 BRD7
Swit OSAleyelid ARID1A/BAF250A
ARID1B/BAF2508
D4 DPF1/BAF45B
TTH DPF2/BAF45C
DPF3/BAF45D
SS18 SS18/SSXT SS18/SSXT
(CG10555) SS18L1/CREST SS18L1/CREST
CG11873 GLTSCR1
GLTSCRIL
CG7154 (BRD7) BRDY
Rit102
Snf6
Snf11
Taf14
Snf11
Swp82
Rsc3
Rsc30
Rsc7
Rsc14
Rsc58
Hitl1

A list of subunits of SWI/SNF class remodelers in S. cerevisiae,
Drosophila, and humans. Alternative names are indicated.
Color shading corresponds to conservation across species and
subcomplexes. See the text for details and main references.

et al. 2010; Spruijt et al. 2010; Mohd-Sarip et al. 2017).
NuRD performs pivotal functions during development
and stem cell differentiation (dos Santos et al. 2014).
NuRDs can act as transcriptional corepressors, which
are recruited through sequence-specific transcription fac-
tors to induce robust gene silencing (Kehle et al. 1998;
Reddy et al. 2010; Chudnovsky et al. 2014; Masuda et al.
2016; Liang et al. 2017). However, a global role for NuRDs
in fine-tuning transcription has also been observed, in par-
ticular in ESCs (Gunther et al. 2013; Shimbo et al. 2013;
Bornelov et al. 2018). Genome-wide studies revealed
that CHD4 associates with the majority of promoters
and enhancers in the mammalian genome, where it damp-
ens the levels of cognate gene transcription (Whyte et al.
2012; Reynolds et al. 2012a; Glnther et al. 2013; Shimbo
et al. 2013; Bornelov et al. 2018). Binding to the histone
H3.3 variant might help to recruit NuRD to regions of ac-
tive chromatin, where it then fine-tunes the level of tran-
scription (Kraushaar et al. 2018). Temporal analysis of
gene repression induced by the transcription factor Ikaros
revealed that NuRD drives nucleosome invasion, RNAPII
eviction, and reduced activator binding at target loci
(Liang et al. 2017). This required chromatin remodeling
by CHD4 but was independent of HDAC activity. Histone
deacetylation occurs later and contributes to the mainte-
nance of gene silencing. The use of a MBD3-inducible sys-
tem in ESCs revealed wide association with active
chromatin, and a role for MBD3-NuRD in transcriptional
dampening that mainly involves nucleosome invasion

Chromatin regulation by remodelers and Polycomb

(Bornelov et al. 2018). Again, deacetylation of H3K27 fol-
lowed attenuation of transcription, rather than preceding
it. Thus, a model is emerging in which NuRD acts broadly
at many enhancers and promoters to dampen and fine-
tune active gene expression (Bornel6v et al. 2018). In sum-
mary, NuRD acts as a global modulator of transcription
but can also function as a transcription factor recruited
corepressor. These different modes of NuRD action might
reflect a difference in the level of local NuRD recruitment
by transcription factors versus a more general affinity of
NuRD for open chromatin.

NuRD refers to a multitude of different protein assem-
blages. Consequently, studies based on a single subunit
may only reflect the function of a particular subset of
NuRD complexes. For example, MBD2-NuRD, rather
than MBD3-NuRD, appears to form repressive chromatin
(Gunther et al. 2013; Menafra and Stunnenberg 2014).
Whereas Mbd3 KO mice are early embryonic lethal,
Mbd2 KO mice are viable (Hendrich et al. 2001; Kaji
et al. 2006; Reynolds et al. 2012a). Therefore, caution
must be taken not to generalize observations based on a
particular subunit to all NuRD family complexes. The
NuRDs appear to be more loosely assembled than SWI/
SNF, and separation of remodeling- and HDAC modules
has been reported (Kunert et al. 2009; Zhang et al. 2016,
2018; Link et al. 2018). These submodules may associate
with selective partners that recruit them to distinct geno-
mic loci. For example, a complex comprising the Droso-
phila Mi2 ATPase and the zinc-finger homeobox protein
MEPI has been identified (Kunert et al. 2009). A NuRD-re-
lated HDAC module, lacking CHD3-5 and MBD2/3, asso-
ciates with PWWP2A/B, which recognizes the active
chromatin features H2A.Z and H3K36me3 (Fig. 4B). Re-
cruitment of this module by PWWP2A/B to active genes
reduces the level of histone acetylation to decrease tran-
scriptional elongation (Link et al. 2018; Zhang et al.
2018). Thus, some NuRD subunits are also part of alter-
nate complexes that lack either remodeling or HDAC
activity.

Polycomb-repressive complexes (PRCs) in Drosophila
and mammals

Polycomb group (PcG) proteins are a large family of
conserved chromatin regulators that are essential for
maintaining cellular identity in higher eukaryotes
(Schuettengruber et al. 2017). PcG genes were discovered
in Drosophila as repressors of homeotic (Hox) genes
(Kassis et al. 2017; Schuettengruber et al. 2017). The
maintenance of established patterns of Hox and other
developmental gene expression requires the antagonistic
activities of the PcG and Trithorax group (TrxG) pro-
teins. While the PcG proteins maintain repression, the
TrxG proteins contribute to sustaining active gene tran-
scription. The names of many of the PcG genes were in-
spired by the phenotype of extra sex combs appearing on
the second and third pair of legs of male flies, when nor-
mally these bristles only form on the first pair of legs.
This distinctive phenotype is caused by the derepression
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of the sex combs reduced Hox gene and provided a pow-
erful diagnostic for subsequent genetic screens to identi-
fy additional PcG- and TrxG genes (Kassis et al. 2017).

In Drosophila, most PcG proteins function as part of two
broad classes of multiprotein complexes, named PRC1
and PRC2 (Kassis et al. 2017; Schuettengruber et al.
2017). The core of Drosophila PRC2 is formed by E(z), Su
(z)12, CAF1-p55, and Esc (Fig. 5A). E(z) is a SET domain
containing histone methyltransferase that, as part of
PRC2, trimethylates histone H3K27 (H3K27me3), which
is essential for PcG repression (Pengelly et al. 2013). There
are two main forms of PRC2 in flies, defined by whether
they contain the alternative subunits Pcl (Polycomb-
like) or Jarid2 (Nekrasov et al. 2007; Herz et al. 2012).
The PRCI1 class is further subdivided into canonical
(cPRC1) and noncanonical PRC1 (ncPRC1) (Fig. 5B). Dro-
sophila cPRC1 comprises Pc, Psc [or Su(z)2], Ph, and Sce
(also known as dRing), and while Scm associates with
cPRC1, it is considered a substoichometric subunit.
cPRC1 binds PRC2-mediated H3K27me3 via the chromo-
domain of Pc (Cao et al. 2002; Fischle et al. 2003) and
is thought to mediate repression through chromatin
compaction and loop formation (Francis et al. 2004; Entre-
van et al. 2016; Ogiyama et al. 2018). Fly ncPRC1, original-
ly named dRAF (dRing-associated factors), is defined
by a core complex composed of Sce, Psc, and Kdm2 but
lacks Pc and Ph and can include Rybp (Lagarou et al.
2008; Fereres et al. 2014). ncPRC1 couples the removal
of the active H3K36me2 mark with the deposition of
H2AK118ub, whereas cPRCI1 lacks appreciable H2A ubig-
uitylation activity (Lagarou et al. 2008). While the
H2AK118ub mediated by ncPRCI1 is required for viability
and helps to promote PRC2 mediated H3K27me3, it is not
essential for Hox gene repression (Kalb et al. 2014; Pen-
gelly et al. 2015).

In mammals, PcG proteins perform essential functions
during development, cell differentiation and disease
(Schuettengruber et al. 2017). As in Drosophila, genome-
wide binding studies in mammalian cells confirmed that
PcG proteins directly bind to the gene loci of Hox and oth-
er key developmental regulators (Schuettengruber et al.
2007). Although the key PcG proteins, PRC organization,
and histone modifications are all conserved, the Poly-
comb system has expanded in mammals, compared with
flies (Schuettengruber et al. 2017). In mammals, both
cPRC1 and ncPRCI1 are defined by a heterodimeric
RING-PCGF (PcG ring finger) core, which can function
as an E3 ubiquitin ligase to monoubiquitinate H2AK119
(Lys118 in Drosophila) (Wang et al. 2004; McGinty et al.
2014; Blackledge et al. 2015). There are two variants of
the RING subunit in mammals, RING1A and RINGI1B,
each of which can form a heterodimer with one of six var-
iants of the PCGF subunit PCGF1-6 (Fig. 5B; Gao et al.
2012). cPRCI1 contains either PCGF2 (MEL18) or PCGF4
(BMI1) in addition to one chromobox (CBX2, CBX4,
CBX6, CBX7, or CBX8), one sex combs midleg (SCMH],
SCML1, and SCML2), and one polyhomeotic (PHC1-3)
subunit (Simon and Kingston 2009).

As in flies, the PRC2 complex is responsible for medi-
ating all H3K27mel/2/3 on chromatin (Conway et al.
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2015; Hojfeldt et al. 2018). The core PRC2 complex is
composed of one of the two histone H3K27 methyltrans-
ferases, Ezhl or Ezh2, together with Suzl2 and Eed,
which are required for histone methytransferase activity
(Margueron and Reinberg 2011). In addition, several ac-
cessory proteins associate with core PRC2, which are
thought to modulate the recruitment and enzymatic ac-
tivity of the complex (Fig. 5A; Laugesen et al. 2019). Dro-
sophila Pcl has three mammalian homologs (Phfl, Mtf2,
and Phf19), while Jarid2 and Aebp2 (Jing in flies) are con-
served as well. Additional interacting proteins include
Epop, Palil, and Pali2 (Holoch and Margueron 2017; Con-
way et al. 2018). Comprehensive proteomic analyses
showed that PRC2 primarily assembles into two mutual-
ly exclusive combinations, termed PRC2.1 and PRC2.2
(Alekseyenko et al. 2014; Hauri et al. 2016). PRC2.1 is de-
fined as containing one of the three Pcl proteins, while
PRC2.2 is defined as containing Aebp2 and Jarid2 (Mar-
gueron and Reinberg 2011; Holoch and Margueron
2017). There is additional variation within the PRC2.1
subtype, such that one Pcl protein is a constant and defin-
ing feature, while the presence of EPOP and PALIl are
mutually exclusive (Alekseyenko et al. 2014; Hauri
et al. 2016). Therefore, while PRC2.1 and PRC2.2 are sim-
ilar to Drosophila Pcl-PRC2 and Jarid2-PRC2, respective-
ly, additional accessory proteins of PRC2.1 have emerged
during evolution, providing additional opportunities for
regulation (Fig. 5A).

Mechanisms of recruitment and formation of Polycomb-
repressive domains

The recruitment of PcG proteins has been well-studied in
flies. It is mediated by specific cis-regulatory DNA se-
quences named Polycomb response elements (PREs) (Kas-
sis et al. 2017). PREs are essential for the establishment
and propagation of Polycomb-repressed chromatin (Bustu-
ria et al. 1997; Coleman and Struhl 2017; Laprell et al.
2017). The sequence-specific transcription factor Pho
plays a central role in the recruitment of PRC1 and
PRC2 to PREs (Brown et al. 1998; Frey et al. 2016; Erceg
et al. 2017; Kassis et al. 2017). Pho and PRC1 bind to
PREs cooperatively, generating a nucleosome free region
(Mohd-Sarip et al. 2006, Schuettengruber et al. 2014).
Pho associates with Sfmbt to form PhoRC (Klymenko et
al. 2006). Next, Scm, through binding to Sfmbt, PRCI,
and PRC2, provides a functional link between these three
complexes (Kang et al. 2015; Frey et al. 2016). SAM-
domain mediated polymerization of Sem and Ph might
further contribute to the generation of PcG silenced do-
mains or long-range interactions, possibly directed by
H3K27me3 (Kang et al. 2015; Wani et al. 2016). While
PHO-binding sites are necessary, they are not sufficient
for PRC recruitment, consistent with the essential contri-
butions of additional transcription factors (Kassis et al.
2017; Brown et al. 2018). In summary, PcG recruitment
in flies is achieved through a network of protein-protein
interactions and DNA-binding that tether PRCs to regula-
tory DNA elements. Rather than a universal hierarchical
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process, PcG repression involves a mix of cooperative and
redundant mechanisms that differ in different contexts
(Kassis et al. 2017; Brown et al. 2018; De et al. 2019).

In mammals, the role of PRC2-mediated H3K27me3 in
directing cPRC1 to target genes via chromodomains with-
in its CBX subunits (the mammalian Pc homologs) is well-
defined (Margueron and Reinberg 2011). Indeed, the ma-
jority of H3K27me3 and PRC2-associated genes are
cobound by cPRC1 complexes in multiple mammalian
cell types (Boyer et al. 2006; Bracken et al. 2006). After
binding, cPRC1 is thought to confer gene repression by
chromatin compaction through its CBX and PHC1-3 sub-
units (Isono et al. 2013; Lau et al. 2017). While the role of
H3K27me3 in directing cPRCI is well-defined in mam-
malian cells, much less is known about the role of
PRC2-mediated H3K27me2 (Conway et al. 2015).
H3K27me2 is present on almost all intergenic euchroma-
tin regions in both mammals and Drosophila (Ferrari et al.
2014; Conway et al. 2015; Lee et al. 2015) and has been
proposed to form a repressive “genomic blanket” to pre-
vent the misfiring of cell type-specific enhancers of alter-
native lineages (Conway et al. 2015). Thus, the PRC2
complex is believed to contribute to the maintenance of
cellular identity via both H3K27me3 and H3K27me2.

As in Drosophila, ncPRCI1 is responsible for the majori-
ty of H2A monoubiquitination in mammalian cells (Black-
ledge et al. 2014). The ncPRCI1 assemblages all lack the
CBX (Pc in flies) and PHC (Ph in flies) proteins (Gao et al.
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2012). Instead, they contain one of the paralogs RYBP or
YAF2 that interact directly with RING1A or RINGI1B. An-
other distinctive feature of mammalian ncPRC1 assem-
blages is that they contain any of PCGF1/3/5/6, each of
which associates with specific additional subunits (Fig.
5B). For example, PCGF6-containing ncPRC1 harbors sev-
eral transcription factors, including E2F6, MAX, and
MGA, whereas the PCGF1-containing ncPRCI1 includes
the lysine demethylase KDM2B together with BCOR,
SKP1, and the deubiquitylating enzyme USP7 (Fig. 5B).
KDM2B can bind to unmethylated CpG islands via its
CxxC motif and recruits PCGF1-ncPRC1, which can
then deposit H2AK119ub (Fig. 5C; Wu et al., 2013; Black-
ledge et al. 2014). This H2AK119ub modification has
been suggested to contribute to the recruitment of
PRC2.2 via its Jarid2 subunit, which contains a ubiqui-
tin-binding motif (Cooper et al. 2016). Supporting this
model, reduced H2AK119ub in ESCs lacking either
RINGI1 proteins or combinations of ncPRCI-specific
PCGFs leads to a partial reduction in PRC2 and
H3K27me3 levels on Polycomb target genes (Blackledge

Figure 5. Polycomb group protein complexes and chromatin re-
pression. (A) Schematic representation of PRC2.1 and PRC2.2
complexes. Drosophila melanogaster PRC2 components are
shown in the colored ovals, and their mammalian homologs are
also indicated. In mammals, PRC2 has a trimeric enzymatic
core composed of EZH1/2-SUZ12-EED. PRC2.1 contains one
PCL protein and the vertebrate- and eutherian-specific proteins
PALI1/2 and EPOP, respectively. In PRC2.2, these proteins are re-
placed by AEBP2 and JARID2. (B) Schematic representation of
cPRC1 and ncRCl1. D. melanogaster PRC1 are indicated in the
colored ovals. The names of their sometimes multiple mammali-
an homologs are also indicated. The enzymatic core of PRC1 is a
RING-PCGF heterodimer (which is present in cPRC1) and
ncPRCI. In ¢cPRC1, RING-PCGF associates with one of each of
the CBX, PHC, and SCM proteins. In ncPRC1, RING-PCGF asso-
ciates with either a RYBP or YAF2 subunit. (Right panels) The dif-
ferent ncPRC1 complexes are defined by their specific PCGF
subunit, which in turn associate with divergent subsets of inter-
acting proteins. (C) Multiple ways of PRC recruitment to chroma-
tin. As detailed in the text, KDM2B binds CpG islands (CGIs),
thus targeting ncPRC1 (1) and H2A ubiquitylation (2). Poly-
comb-like proteins also bind CpG islands (3) and mediate
H3K27 methylation by PRC2.1 (4). (5) H3K27me3 is recognized
by EED, which then allosterically activates PRC2, thus facilitat-
ing the establishment of H3K27me3 domains. (6) The ncPRC1
mark H2Aub is recognized by JARID2, promoting local
H3K27me3 by PRC2.2. (7) H3K27me3, in turn, is bound by
CBX proteins in cPRC1 complexes that mediate chromatin com-
paction. (8) PCGF3/5/6 ncPRCI1 complexes harbor sequence-spe-
cific DNA binding proteins that target H2Aub to chromatin.
While, they also target nonclassical PcG sites, they may also con-
tribute to promoting deposition of H3K27me3 via PRC2.2 bind-
ing to H2Aub. (D) Recruitment of the various PRC complexes
generates a repressive chromatin environment characterized by
H3K27me3, H2Aub, and chromatin compaction mediated by
long-range interactions involving SAM domain-mediated poly-
merization of the CBX2 and PHCI1-3 subunits. These PcG si-
lenced domains are sometimes referred to as Polycomb bodies
(red), that are separate in nuclear space from open transcribed
chromatin (green).
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etal.2014; Fursovaetal.2019; Scelfoetal. 2019). However,
while the loss of RING1A/B in both mouse colon and skin
cells in vivo leads to complete loss of H2AK119ub, global
levels of H3K27me3 are maintained (Chiacchiera et al.
2016; Cohen et al. 2018). Therefore, it appears that while
recognition of H2AK119ub by JARID2-PRC2.2 contrib-
utes to local accumulation of H3K27me3 in some con-
texts, it cannot be the sole mechanism. It is likely that
even in the absence of H2A ubiquitylation, Polycomb-
like proteins can still direct PRC2.1 to mediate
H3K27me3. Supporting this, Drosophila embryos engi-
neered to lack all H2AK118ub maintain the repression of
Hox genes and do not exhibit a Polycomb phenotype (Pen-
gelly et al. 2015). Furthermore, the loss of Pcl, but not
Jarid2, leads to Hox gene derepression in Drosophila. Al-
though the mechanisms still need to be worked out in
mammalian cells, Polycomb-like proteins may provide al-
ternate means of engagement with chromatin through
binding to H3K36me2/3 and H3K27me3 via their con-
served Tudor domain (Ballaré et al. 2012; Brien et al.
2012, 2015; Cai et al. 2013) or interaction with GC-rich
DNA via their winged helix (WH) domain (Choi et al.
2017; Li et al. 2017; Perino et al. 2018).

In summary, it is clear that there are multiple interde-
pendent interactions between the various PRCs that medi-
ate their association with chromatin in mammalian cells
(Fig. 5C). The ncPRC1 complexes can direct H2AK119ub
to chromatin via either KDM2B binding to CpG islands
or DNA-binding transcription factors. The H2AK119ub
modification is in turn recognized by PRC2.2, which
then deposits H3K27me3. PRC2.1 is targeted to chromatin
via its Polycomb-like proteins. The combined action of
both PRC2 subtypes results in a genomic profile of
H3K27me3, which is then recognized by ¢cPRCI. The ac-
tivities of ¢cPRC1 mediate long-range interactions and
compact the chromatin via SAM-directed oligomeriza-
tion, generating Polycomb-repressed domains (Fig. 5D).
In conclusion, despite the general conservation of the Pol-
ycomb system in multicellular eukaryotes, expansion and
subfunctionalization in vertebrates enables diverse mech-
anisms of recruitment and fine-tuning of gene expression.

Regulatory interplay between NuRD, Polycomb, and
SWI/SNF

The SWI/SNF, NuRD, and PcG complexes do not func-
tion in isolation but are part of a regulatory network
that also involves other chromatin regulators and tran-
scription factors. This was first highlighted by genetic
studies in Drosophila that identified suppressors of PcG
mutations, forming the TrxG genes (Kennison and Tam-
kun 1988; Kassis et al. 2017; Schuettengruber et al.
2017). The TrxG genes encode a diverse set of proteins in-
volved in various aspects of chromatin regulation and
transcription (Kassis et al. 2017; Schuettengruber et al.
2017). They include the MLL/COMPASS histone H3K4
methyltransferases (that includes Trx), subunits of the
mediator complex, the cohesin subunit Rad21, the Brd4-
related fs(1)h, the remodelers Brm and Kismet, and the se-

944 GENES & DEVELOPMENT

quence-specific DNA-binding proteins Gaga and Zeste.
TrxG genes were identified in two different ways. Some,
including the founding member trx, were identified as ac-
tivators of Hox gene expression. Others, such as Brm,
were discovered in screens for suppressors of Pc mutations
(Kennison and Tamkun 1988; Kassis et al. 2017). Brm en-
codes the fly homolog of yeast Swi2/Snf2 (Table 1; Tam-
kun et al. 1992). The SWI/SNF core subunit Moira (Mor)
and BAP-selective subunit Osa were also identified as sup-
pressors of Pc (Kennison and Tamkun 1988; Collins et al.
1999; Crosby et al. 1999; Kal et al. 2000). Direct tests re-
vealed that the PBAP signature subunits Bap170, Poly-
bromo, and Sayp are also suppressors of Pc (Chalkley
et al. 2008). The transcription factor Zeste belongs to
the TrxG and has many binding sites within PREs. A com-
bination of biochemical and in vivo observations showed
that Zeste mediates the maintenance of an activated state
through recruitment of (P)BAP (Kal et al. 2000; Déjardin
and Cavalli 2004). Zeste binds to its DNA sites in a chro-
matin template by itself, but (P)BAP is required for tran-
scription activation (Kal et al. 2000). Zeste tethers (P)
BAP via direct binding to the TrxG subunits Mor (core),
Osa (BAP)and Bap170 (PBAP). In conclusion, genetic stud-
ies in Drosophila established that SWI/SNF and Polycomb
act antagonistically in a dosage-dependent manner. Anal-
ysis of the role of SWI/SNF in human cancer revealed the
conservation of this mechanism of gene control. In rhab-
doid tumor cells, the loss of SMARCBI compromises
SWI/SNF opposition of Polycomb repression (Kia et al.
2008; Wilson et al. 2010). Genome-wide analysis revealed
that SWI/SNF counteracts Polycomb repression of a mul-
titude of genes, in particular at bivalent promoters
(Nakayama et al. 2017, Wang et al. 2017). Artificial re-
cruitment of SWI/SNF leads to a rapid (within minutes),
ATP-dependent eviction of PRCs, which is independent
of RNAPII transcription (Kadoch et al. 2017; Stanton
et al. 2017). These studies suggest that SWI/SNF can re-
move PRCs from the chromatin through a direct mecha-
nism (Fig. 3B). Conversely, in vitro studies showed that
PRCI can inhibit chromatin remodeling by SWI/SNF
(Francis et al. 2001). Collectively, these studies suggest
that SWI/SNF and Polycomb compete in a dosage-depend-
end manner to generate opposing chromatin states.
NuRD and SWI/SNF also act antagonistically on com-
mon regulatory elements. In ESCs, SWI/SNF, and NuRD
have opposite effects on the nucleosome organization of
shared targets (Yildirim et al. 2011; Hainer et al. 2015).
Likewise, in oral squamous carcinoma cells NuRD and
SWI/SNF compete for binding to genes that encode master
regulators of the epithelial-to-mesenchymal transition
(EMT) (Mohd-Sarip et al. 2017). NuRD mediates the
formation of repressive chromatin through nucleosome
invasion, histone deacetylation, and subsequent Poly-
comb recruitment. In contrast, SWI/SNF generates open
chromatin and counteracts Polycomb. These results sug-
gest that transcriptional control involves a dynamic equi-
librium between opposing chromatin modulating
enzymes rather than a static chromatin state. In agree-
ment with thisnotion, the induction of repressive chroma-
tin in pre-B cells by the transcription factor Ikaros is
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accompanied by the replacement of SWI/SNF by NuRD
(Liang et al. 2017). The Drosophila Tkaros-related tran-
scription factor Hunchback represses the Hox genes early
in development through NuRD recruitment (Kehle et al.
1998). After expression of Hunchback ceases later in devel-
opment, gene repression is maintained by the Polycomb
system. These early observations in Drosophila first sug-
gested that NuRD might create a chromatin environment
that facilitates subsequent Polycomb repression (Fig. 3C).
This notion has been expanded by studies in mice, ESCs,
and human cancer (Morey et al. 2008; Reynolds et al.
2012b; Egan et al. 2013; Sparmann et al. 2013; Mohd-Sarip
et al. 2017). The loss of NuRD-mediated histone deacety-
lation activity in Mbd3 null ESCs correlates with a loss
of PRC2 association on a subset of CHD4 target genes
(Reynolds et al. 2012b). Thus, deacetylation of H3K27
might be a prerequisite for methylation and subsequent
stabilization of PRC2 binding (Fig. 3C). Likewise, the
depletion of CHD5 leads to a loss of H3K27me3 on
CHD5 and PRC2 cobound genes (Egan et al. 2013). The
CHD3-5 proteins all contain two PHD and two chromodo-
mains (Fig. 2A), which have been proposed to act synergis-
tically to determine their histone-binding specificity (Egan
et al. 2013). The double PHD domains bind to unmodified
H3K4, while the double chromodomains bind to
H3K27me3 in vitro (Egan et al. 2013; Paul et al. 2013).
Thus, PRC2 might also help NuRD recruitment, creating
a positive feedback loop for NuRD and PRC2 targeting to
chromatin. Alternatively, through an indirect process,
transcriptional repression by NuRD might allow the de-
fault binding of PRC2 to CpG islands of silenced genes
(Riising et al. 2014). In conclusion, at least on a subset of
regulatory sites, SWI/SNF and NuRD compete for access
to chromatin and generate opposite chromatin states.

Remodelers and Polycomb in human cancers

Cancer genome sequencing studies revealed that chroma-
tin regulatory proteins are among the most highly mutat-
ed in human cancer (Bailey et al. 2018; Grobner et al. 2018;
Ma et al. 2018). This indicates that disruptions in the bio-
chemical mechanisms that control chromatin dynamics
may play a significant role in the development of many
cancers. Approximately 30% of newly identified potential
cancer “driver” mutations occur in genes that encode
chromatin regulators. Within this functional class, genes
encoding selective SWI/SNF subunits are remarkably
prone to mutations (Kadoch et al. 2013; Shain and Pollack
2013; Masliah-Planchon et al. 2015). More than 20% of all
cancers have mutations in SWI/SNF members, making
these complexes the most frequently mutated remodelers
in cancer (Fig. 6). Genes encoding different SWI/SNF sub-
units are mutated at high frequencies in specific, nonover-
lapping malignancies, indicating that they might have
nonredundant tumor-suppressive functions. In addition
to clear truncating, loss-of-function or loss-of-expression
mutations, a substantial portion of mutations in SWI/
SNF genes are substitution mutations that are distributed
rather evenly across the coding sequence at relatively low
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Figure 6. Chromatin remodelling complexes are frequently mu-
tated in cancer. Mutations in different SWI/SNF subunits associ-
ate with different types of cancer. The percentage of mutations in
specific types of cancer are indicated. Adult cancers are shown in
blue, pediatric cancers in red. Cancer-associated mutations in
NuRD do occur but are less frequent than in SWI/SNF. The enzy-
matic core of PRC2 is subject to both activating (in diffuse large B-
cell and follicular lymphoma) and inactivating (in T-cell acute
lymphoblastic leukemia and malignant peripheral nerve sheath
tumors) mutations. The primary substrate of the PRC2 complex,
H3K27, is also the target of an oncogenic mutation in the major-
ity of pediatric diffuse intrinsic pontine glioma tumors. Mutation
rates, which are indicated for each disease, are taken from the
Cancer Genome Atlas (TCGA) pan-pediatric atlas (Gao et al.
2018) for adult cancers and for pediatric diseases from recent
pan-pediatric cancer genmics studies (Grobner et al. 2018; Ma
et al. 2018). Cancer studies are indicted by their TCGA abbrevia-
tions. For details and references, see the text.
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frequency. Although these substitutions might affect pro-
tein stability, their potential role as drivers of cancer re-
mains to be determined. Genes encoding members of
the PRC2 complex are also mutated at elevated frequen-
cies in particular cancers (Fig. 6). Intriguingly, these muta-
tions can lead to either increased or decreased levels of
H3K27me3, which varies depending on tissue or disease
subtype (Conway et al. 2015). Below, we discuss instruc-
tive examples of how altered remodeler or Polycomb func-
tion promotes the development of cancer, highlighting
our burgeoning understanding of the underlying molecu-
lar mechanisms. We start by reviewing rhabdoid tumors
and synovial sarcoma in detail, because they are the
best-understood cancers that are caused by aberant SWI/
SNF function. Next, we review examples of cancers
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with additional SWI/SNF, NuRD, or PRC2 alterations. Fi-
nally, we discuss how perturbing the balance of SWI/SNF,
NURD, and Polycomb activities may affect transcription-
al programs and cell identity to promote oncogenesis.

SMARCBI in rhabdoid tumors

The first evidence for a causative role for mSWI/SNF de-
fects in oncogenesis came from studies on rhabdoid tu-
mors (RTs) (Versteege et al. 1998; Biegel et al. 1999). RTs
are deadly pediatric cancers of the central nervous system
(CNS), kidney and soft tissues, which typically occur in
children <2 yr of age (Masliah-Planchon et al. 2015; Sredni
and Tomita 2015; Frithwald et al. 2016). These cancers are
also referred to as atypical teratoid RTs (ATRT) when lo-
cated in the CNS or extracranial malignant RTs (ecMRT)
when located elsewhere in the body. The vast majority of
RT cases (~99%) have biallelic loss of the SMARCBI1 gene
(Fig. 6). A small minority of RTs are associated with
mutations in SMARCA4 rather than SMARCBI (Schnep-
penheim et al. 2010; Hasselblatt et al. 2014). Families har-
boring germline mutations in SMARCB1 or SMARCA4
are predisposed to the development of RT, referred to as
RT predisposition syndrome (RTPS) (Sévenet et al. 1999;
Sredni and Tomita 2015). The genomes of RTs display
no substantial genomic instability and have very low mu-
tational burden, with loss of SMARCBI1 as the sole recur-
ring event (Lee et al. 2012; Lawrence et al. 2013; Chun
et al. 2016; Torchia et al. 2016; Grobner et al. 2018; Pinto
etal. 2018). Thus, inactivation of SMARCBI appears to be
sufficient to drive oncogenesis in the absence of collabo-
rating genetic abnormalities. While biallelic loss of
Smarcb1 leads to early lethality during mouse develop-
ment, haplo-insuffient mice are prone to develop tumors
that resemble human RTs, showing loss of heterozygosity
that is typical for a tumor suppressor (Klochendler-Yeivin
et al. 2000; Roberts et al. 2000; Guidi et al. 2001). Revers-
ible conditional inactivation of Smarch1 in mice revealed
that, while it is essential for the survival of most normal
cells, it also causes highly penetrant and aggressive can-
cers (Roberts et al. 2002). The vast majority of these tu-
mors were T-cell lymphoma with only rare cancers that
resembled RTs. Nonetheless, these mouse experiments
established that loss of Smarcb1 causes cancer in mouse
models. Inactivation of Smarchbl at different stages of
mouse development leads to dramatically different out-
comes (Han et al. 2016). While full Smarcb1 deletion dur-
ing early development is lethal, its partial inactivation at
embryonic day 6-10 (E6-E10) results in highly penetrant
rapid onset CNS tumors that closely resemble human
RT. In agreement with earlier observations, loss of
Smarcbl in adult mice causes lymphomas instead of
RT. The predisposition to the development of childhood
RTs is not fully penetrant among RTPS families with
germline mutations in SMARCBI, and its development
in adults from these families is extremely rare (Taylor
et al. 2000; Janson et al. 2006; Ammerlaan et al. 2008;
Sredni and Tomita 2015). However, these adults frequent-
ly develop multiple schwannomas and benign tumors in-
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volving cranial and peripheral nerves. Thus, both patient
data and mouse studies provide strong evidence for devel-
opmental stage as the major factor determining the conse-
quences of SMARCBI inactivation.

While several studies have addressed the alterations in
gene expression in RT; interpretations have been compli-
cated by the substantial heterogeneity among tumors
(Chun et al. 2016; Torchia et al. 2016; Richer et al. 2017;
Pinto et al. 2018). An embryonic gene expression signa-
ture distinguishes RT from other cancers that are
SMARCBI1-deficient (Richer et al. 2017). Consistent
with SWI/SNF’s role as a member of the TrxG, dysregula-
tion of Hox genes is frequently observed in RTs (Chun
et al. 2016; Torchia et al. 2016; Richer et al. 2017; Pinto
et al. 2018). Although more research is required to deter-
mine the significance of specific transcriptional perturba-
tions in RT, the retention of an embryonic signature is
likely a key aspect in the development of these tumors.
Furthermore, loss of SMARCBI can affect cell cycle con-
trol in multiple ways. For example, inactivation of
SMARCBI1 has been implicated in silencing of CDKN2A,
encoding the pivotal tumor suppressor pl6INK4a, in cell
lines, mouse models, and human tumors (Betz et al.
2002; Oruetxebarria et al. 2004; Kia et al. 2008; Wilson
etal. 2010; Venneti et al. 2011). CDKN2A is a well-charac-
terized target of PcG proteins, linked to their ability to
suppress cellular senescence (Jacobs et al. 1999; Bracken
et al. 2007). Therefore, a key consequence of the loss of
SMARCBI1 in RTs is that it compromises the ability of
the SWI/SNF complex to counteract Polycomb-mediated
repression of CDKN2A (Kia et al. 2008; Wilson et al. 2010).

The loss of SMARCBI does not substantially debilitate
the structural integrity of BAF or PBAF (Nakayama et al.
2017; Mashtalir et al. 2018) but does compromise their re-
cruitment to key target sites (Kia et al. 2008; Tolstorukov
et al. 2013; Nakayama et al. 2017; Wang et al. 2017). In ad-
dition, SMARCB1/Snf5 binds the SMARCA4/Snf2 cata-
lytic subunit and stimulates nucleosome remodeling by
mammalian and yeast SWI/SNF (Phelan et al. 1999; Sen
et al. 2017). Recent genome-wide studies demonstrated
that SMARCBI is important for recruitment of SWI/
SNF to developmental enhancers (Nakayama et al. 2017;
Wang et al. 2017; Erkek et al. 2019). Loss of SWI/SNF bind-
ing at these sites is associated with PRC2 binding and re-
pression of cognate developmental gene promoters,
indicating that the SWI/SNF-Polycomb antagonism ob-
served at the CDKN2A locus occurs genome wide. Impor-
tantly, EZH2 is essential for tumor formation after
conditional loss of SMARCBI1 in mice (Wilson et al.
2010), and treatment with small molecule EZH2 inhibi-
tors led to regression of RT in a xenograft model (Knutson
et al. 2013). Thus, an important aspect of RT development
is the loss of SWI/SNF antagonism to PcG repression.
While the loss of SMARCBI1 compromises both BAF and
PBAF, it does not affect GBAF that lacks this subunit
(Alpsoy and Dykhuizen 2018; Gatchalian et al. 2018;
Mashtalir et al. 2018; Michel et al. 2018). Therefore, it is
of interest that chemical probes that target the GBAF sub-
unit BRD9 inhibit proliferation of RT cell lines (Kramer
et al. 2017; Michel et al. 2018). Collectively, these
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observations suggest that RTs might be especially vulner-
able to combined targeting of BRD9 and EZH2. In addi-
tion, due to their stable genomes, the canonical tumor
suppressor pathways remained intact in RT, and might
be exploited as well. In conclusion, the detailed dissection
of gene control in RT starts to provide leads for potential
therapeutic intervention.

$S18-SSX fusions in synovial sarcoma

Synovial sarcoma is an aggressive, poorly differentiated
malignancy that can occur in patients of all ages but is par-
ticularly common in children and young adults with a
peak incidence between 20 and 30 yr of age. The hallmark
genetic abnormality is a chromosomal translocation in-
volving chromosomes X and 18, t(X;18). This rearrange-
ment fuses the N terminus of the BAF and GBAF subunit
SS18 (also known as SYT) to the C terminus of one of three
related proteins, SSX1, SSX2, or SSX4 (Clark et al. 1994; de
Leeuw et al. 1995; Skytting et al. 1999). Like RTs [other
than t(X:18)], synovial sarcoma tumors contain few, if
any, genetic abnormalities (Barretina et al. 2010; Abes-
house et al. 2017). This suggests that the SS18-SSX fusion
protein is the primary driver of disease development. In-
deed, conditional expression of SS18-SSX leads to the de-
velopment of a synovial sarcoma-like disease in mice
(Haldar et al. 2007). Similar to results observed in
Smarcb1-deficient mouse models, both cellular context
and developmental timing are critical for the ability of
§S18-SSX to induce tumors. For example, while the ex-
pression of SS18-SSX in mature muscle lineages causes
myopathy without tumorigenesis, when expressed in im-
mature muscle progenitor cells, adult mice develop aggres-
sive tumors with 100% penetrance (Haldar et al. 2007).
§$S18-SSX dominantly assembles into SWI/SNF, causing
the eviction and proteasomal degradation of both the wild-
type SS18 and SMARCBI (Kadoch and Crabtree 2013).
Therefore, in both RT and synovial sarcoma, SMARCBI1
is lacking from BAF (but not from PBAF). However, the as-
sembly of SS18-SSX into BAF, and not SMARCBI loss, ap-
pears to be the primary pathogenic alteration (McBride
et al. 2018). SS18-SSX does not associate with PBAF, but
it assembles into both BAF and GBAF (Brien et al. 2018;
McBride et al. 2018). Given their compositional differenc-
es, it is likely that incorporation of SS18-SSX has unique
functional effects as part of BAF versus GBAF. These differ-
ences need to be explored given the recent demonstration
that synovial sarcoma cells are exquisitely dependent on
GBAF function (Brien et al. 2018; Michel et al. 2018).
Depletion of SS18-SSX correlates with increased PRC2
mediated H3K27me3 and repression of many SS18-SSX
target genes (Banito et al. 2018; McBride et al. 2018).
S§S18-SSX containing BAF and GBAF appear to be more po-
tent antagonists of Polycomb function than their wild-
type counterparts (Kadoch and Crabtree 2013). This sug-
gests that SS18-SSX containing complexes may act domi-
nantly to aberrantly activate Polycomb target genes.
Consistent with this notion, SS18-SSX activates the ex-
pression of many developmental regulators (Banito et al.
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2018; McBride et al. 2018). Moreover, cells expressing
§S18-SSX appear to be blocked in their capacity to differen-
tiate (Haldar et al. 2007). Depletion of SS18-SSX triggers
downregulation of developmental gene expression signa-
tures and differentiation toward a mesenchymal cell fate
(Banito et al. 2018; Brien et al. 2018). It has also been sug-
gested that SS18-SSX associates with KDM2B, which may
lead to its mis-direction to KDM2B-bound loci (Banito
et al. 2018). Collectively, these results suggest that SS18-
SSX containing BAF and GBAF oppose Polycomb mediat-
ed repression of a primitive development transcriptional
program, causing a block to cellular differentiation.

Mutations of SWI/SNF genes in multiple other cancer
types

Studies on RT and synovial sarcomas established that de-
fects in SWI/SNF subunits SMARCBI1 and SS18 cause can-
cer. Sequencing studies revealed that the genes encoding
additional SWI/SNF subunits are frequently mutated in
awide array of other cancer types (Fig. 6). Here, we restrict
our discussion to a selection of SWI/SNF subunits for
which functional studies are beginning to provide mecha-
nistic insights. The BAF-specific ARID1A gene is the
most commonly mutated SWI/SNF component in cancer
(Fig. 6). Its function is primarily lost due to truncating mu-
tations as has been reported in multiple cancers, including
bladder cancer (Gui et al. 2011), uterine endometrial carci-
noma (Kandoth et al. 2013), and neuroblastoma (Sausen
et al. 2013). Moreover, recent pan-cancer analyses of al-
most 10,000 adult and 1600 pediatric cancers further
demonstrate the significance of ARID1A mutations in
multiple malignancies (Bailey et al. 2018; Grébner et al.
2018; Ma et al. 2018). While our mechanistic insights on
the effects of ARID1A loss are still limited, recent studies
suggested that impaired enhancer function might play a
central role. In a mouse model of colon cancer, based on
the conditional deletion of Arid1a, loss of ARID1A corre-
lated with reduced binding of SWI/SNF at enhancers and
reduced expression of cognate genes (Mathur et al.
2017). Another study established that ARID1A loss leads
to reduced chromatin accessibility at enhancers, imped-
ing transcription factor binding (Kelso et al. 2017). Consis-
tent with the observed reductions in gene expression and
chromatin accessibility, many of these enhancers had re-
duced levels of H3K27ac (Kelso et al. 2017; Mathur et al.
2017). Furthermore, the deletion of Aridla in a mouse
model of hepatocellular cancer also leads to a reduction
in chromatin accessibility and associated gene expression
(Sun et al. 2017). Truncating mutations of ARID1A abro-
gate its ability to associate with the core of the SWI/SNF
complex (Mashtalir et al. 2018). Thus, like its Drosophila
homolog Osa (Moshkin et al. 2012}, loss of ARID1a im-
pairs BAF recruitment to chromatin. Given the reductions
in both chromatin accessibility and H3K27Ac at enhanc-
ers following loss of ARID1a, it is tempting to speculate
that the absence of BAF allows NuRD to promote repres-
sive chromatin at these loci. This could contribute to an
impaired ability of these cancer cells to activate key genes
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required for differentiation. Finally, oncogene-induced
senescence and activation of p53 in hepatocellular carci-
noma cells depends on ARID1B/BAF (Tordella et al. 2016).

PBRM1 loss-of-function genetic alterations are present
in ~40% of kidney renal clear cell carcinoma (KIRC), mak-
ing it second to the VHL tumor suppressor in terms of
frequency (Fig. 6; Varela et al. 2011). Gene expression anal-
ysis revealed substantial changes due to loss of PBAF
function in these cells, which correlates with responsive-
ness to immune checkpoint therapy (Miao et al. 2018). In
an independent screen to identify barriers to killing of can-
cer cells by cytotoxic T cells, inactivation of Pbrm1, Arid2
and Brd7 was found to mediate resistance (Pan et al., 2018).
Both studies suggest that PBAF control of interferon-stim-
ulated gene expression promotes immune resistance. Loss
of PBAF function increased tumor cell secretion of chemo-
kines that recruit effector T cells. Thus, targeting
PBAF might sensitize cancer cells to immunotherapy. Par-
adoxically, in clear cell renal cell carcinoma, loss of PBAF
function might promote both tumorigenicity and suscept-
ibility to antitumor immunity.

SMARCA4 is the most commonly mutated Snf2-like
ATPase in cancer, including several adult and pediatric
malignancies (Fig. 6; Bailey et al. 2018; Gao et al. 2018;
Grobner et al. 2018; Hodges et al. 2018). Similar to
ARIDIA, many SMARCA4 mutations are predicted to
inactivate, suggesting that it functions as a tumor sup-
pressor. A portion of the cancer-associated SMARCA4
mutations occur within the ATPase domain (Hodges
et al. 2018). Introduction of these SMARCA4 ATPase mu-
tations into mouse ESCs leads to a loss of chromatin ac-
cessibility and H3K27Ac at enhancers, accompanied by
transcriptional down-regulation, and accumulation of
Polycomb and H3K27me3 at the promoters of associated
genes (Stanton et al. 2017; Hodges et al. 2018). However,
as observed for SMARCBI-deficient RT cells, increased
Polycomb activity occurs specifically at gene promoters
and not at enhancers. These observations indicate that
loss of SWI/SNF function in cancer leads to alterations
in enhancer landscapes. We speculate that this might be
due to increased NuRD activity at these sites. The re-
duced activity of SWI/SNF-dependent enhancers corre-
lates with an increased activity of Polycomb at the
associated gene promoters, and attenuated transcription.
These effects appear to alter the developmental potential
of SWI/SNF mutant cells, making them linger in an undif-
ferentiated (or incompletely differentiated) state. A recent
analysis of somatic histone mutations in cancer revealed a
substantial number of alterations in the globular domain
that have been implicated in remodeler function (Nacev
et al.,, 2019). These include mutations homologous to
yeast mutants that alleviate the need for SWI/SNF, and al-
terations in the acidic patch (Fig. 3C) that are predicted to
impair remodeling by ISWIL.

The complex roles of NuRD in human cancer

In addition to its well-established roles in cell differentia-
tion programs, disruption of NuRD function has also been
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implicated in oncogenesis. However, cancer-associated
mutations in NuRD subunits occur less frequently than
in SWI/SNF components (Kadoch et al. 2013; Bailey
et al. 2018; http://www.cbioportal.org). The gene encod-
ing the CHD5 member of NuRD is a tumor suppressor
that is frequently deleted in high-risk neuroblastoma
and glioma (Bagchi et al. 2007). It is expressed in normal
neuronal tissues and in low-risk neuroblastomas, but its
levels are reduced in tumors from high-risk neuroblasto-
ma patients (Fujita et al. 2008; Garcia et al. 2010; Egan
et al. 2013). CHD?5 is required for terminal neuronal differ-
entiation and has a dual role in facilitating the activation
of neuronal genes, as well as the repression of a cohort of
Polycomb target genes (Egan et al. 2013). Therefore, its
loss in neuroblastoma has been proposed to impede the
ability of neural cells to undergo terminal differentiation.
The role of CHD4 in human cancer is more complicated.
In some cancers, CHD4 is mutated with increased fre-
quency, but compelling evidence that these are driver mu-
tations remains lacking. Moroever, CHD4 has also been
linked with pro-oncogenic functions. The recruitment of
CHD4-NuRD by the DNA-binding transcription factor
ZFHX4 is crucial for the maintenance of therapy-resistant
tumor-initiating cells in glioblastoma (Chudnovsky et al.
2014). CHD4 is required for the maintenance of MLL-AF9
rearranged acute myeloid leukemia cells but not for
growth of normal hematopoietic cells (Heshmati et al.
2018). Conversely, MBD3-CHD4-NuRD prevents tumori-
genesis by constraining a B-cell transcriptional program
through restriction of lineage-specific enhancers and
promoters (Loughran et al. 2017). This process involves
opposing activities of NuRD and SWI/SNF, again empha-
sizing the importance of chromatin balance in develop-
mental transcription control. The DOCI subunit of
NuRD is lost in the majority of oral cancers and correlates
with tumor invasion and adverse outcomes (Shintani
et al. 2001; Mohd-Sarip et al. 2017). The loss of DOCI af-
fects recruitment of NuRD to a selection of genes that
control proliferation and EMT (Mohd-Sarip et al. 2017).
At these loci, NuRD and SWI/SNF compete for binding
and generate opposite chromatin states. SWI/SNF drives
formation of open chromatin and counters Polycomb
binding. In contrast, NuRD mediates nucleosome inva-
sion, histone deacetylation, recruitment of Polycomb
and KDMI1A, and transcriptional repression. Although
not as well explored as the connection between SWI/
SNF and cancer, these studies indicate that alterations
in NuRD integrity can contribute to oncogenesis. Muta-
tions in or deregulation of NuRD can disturb the balance
with SWI/SNF, leading to the corruption of developmen-
tal programs and proliferation control. As for SWI/SNF,
subunit-dependent gene selectivity is likely to explain
the association with specific types of cancer.

Deregulation of Polycomb function in cancer

Initial links between deregulation of Polycomb function
and cancer were related to their overexpression rather
than driver mutations (Pasini and Di Croce, 2016).
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However, there is little evidence of driver mutations in
genes encoding subunits of cPRC1 in human cancer. So,
while overexpression of PRC1 components such as
PCGF4/BMII might promote oncogenesis, it might also
be a consequence of the proportion proliferating or stem
like cells in the tumor, rather than a cause. This limited
evidence of cancer driver mutations in genes encoding
cPRCI1 subunits might be related to the high level of re-
dundancy among cPRC1 subunits, which would limit
the impact of mutations. However, somatic mutations
in the ncPRC1 subunit BCOR have been identified in
AML and myelodysplastic syndrome, and mouse studies
support a tumor suppressor function in leukemia
(Damm et al. 2013; Tanaka et al. 2017; Kelly et al. 2019).
Bcor has a key function in the regulation of the hemato-
poietic stem cell transcription network and its inactiva-
tion drives expansion of myeloid progenitor cells and
cooperates with oncogenic Kras to drive the development
of leukemia (Kelly et al. 2019). Thus, while the roles of
some PRC1 components in cancer seems mostly related
to their requirement for stem cell survival, BCOR appears
to be a bona fide tumor suppressor.

Multiple cancer genome sequencing studies have re-
vealed that the function of PRC2 is disrupted on a genetic
level in a wide array of cancers, leading to both loss and
gain of activity (Conway et al. 2015). Prior to these studies,
EZH2 was reported to be highly expressed in multiple can-
cers as a result of being an E2F-regulated gene, downstream
from the pRB pathway (Bracken et al. 2003). However, ele-
vated EZH2 expression is not considered to lead to deregula-
tion of H3K27 methylations, because the stoichiometry of
the core PRC2 complex would require correspondingly
high levels of the EED and SUZ12 subunits (Wassef et al.
2015). In 2010, recurrent heterozygous mutations of the
EZH? catalytic SET domain in 22% of Diffuse large B-cell
lymphomas (DLBCLs) and 10% of follicular lymphomas
(FLs) were reported for the first time (Fig. 6; Morin et al.
2010). These mutations were originally thought to induce
loss-of-function effects on EZH2 enzymatic activity; howev-
er, additional work demonstrated that the mutant EZH2 has
altered substrate preferences (Sneeringer et al. 2010). The
preferred activity of wild-type EZH2 is the conversion of
H3K27me0 to mel and H3K27mel to H3K27me2, while
the enzyme is relatively inefficient at the final conversion
step to H3K27me3. Owing to changes in substrate-binding
modality, lymphoma associated EZH2 SET domain mu-
tants have an enhanced ability to convert H3K27me2 to
me3. As aresult, these “change-of-function” EZH2 mutants
cooperate with the wild-type enzyme, pushing the kinetics
of PRC2 activity toward increased H3K27me3 production.
This leads to aberrantly high global levels of H3K27me3,
with concomitant reductions of H3K27me2 levels in
EZH2 mutant lymphoma cells. Importantly, in a mouse
model, conditional expression of this “change-of-function”
EZH2 mutant in B-cell lineages replicates these H3K27
methylation changes and, while augmented by overexpres-
sion of BCL2 or loss of p53, is sufficient to cause malignancy
(Béguelin et al. 2013; Souroullas et al. 2016).

Our understanding of the molecular mechanisms un-
derlying oncogenesis in these EZH2 mutant contexts is
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still limited. ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) ex-
periments have suggested that increased levels of
H3K27me3 mark the promoter regions of genes required
for cell cycle exit and terminal B-cell differentiation
(Béguelin et al. 2013; Souroullas et al. 2016). This corre-
lates with reduced expression of many of these genes, sug-
gesting that mutant EZH2 impedes the differentiation
potential of immature B-cells. Moreover, cPRC1 appears
to maintain the repression of these genes, which may be
linked to recruitment of the CBX8 containing cPRC1 via
binding to H3K27me3 at these sites (Béguelin et al.
2016). To date, the consequences of reduced H3K27me2
levels in these cells and its functional relationship with
H3K27me3 have yet to be examined. This might be im-
portant given that H3K27me2 is known to mark up to
70% of all histone H3 in normal cells (Ferrari et al.
2014). Moreover, H3K27me2 has been suggested to per-
form repressive functions at intergenic sites that are likely
altered in EZH2 mutant lymphoma cells (Ferrari et al.
2014; Conway et al. 2015).

In contrast to lymphomas, the genes encoding core
PRC2 subunits are tumor suppressors in other cancer
types. For example, in pediatric T-cell acute lymphoblas-
tic leukemias (T-ALLs) and malignant peripheral nerve
sheath tumors (MPNSTs) the EZH2, EED, and SUZ12
genes are subject to deletions or inactivating mutations
(Ntziachristos et al. 2012; Zhang et al. 2012; Lee et al.
2014). These loss-of-function alleles are associated with
reductions in the global levels of both H3K27me2 and
H3K27me3. Functional studies showed that the loss of
PRC2 activity in T-ALL and MPNST leads to aberrant ac-
tivation of some PRC2 target genes (Ntziachristos et al.
2012; Lee et al. 2014). It is likely that the loss of PRC2-me-
diated H3K27me3 at these genes leads to increased activ-
ity of SWI/SNF chromatin remodellers. The function of
PRC2 is also deregulated in pediatric diffuse intrinsic pon-
tine gliomas (DIPGs), a highly aggressive pediatric brain-
stem tumor (Mohammad and Helin 2017). The discovery
that up to 80% of DIPG have mutations in two genes en-
coding histone H3F3A (H3.3) or HIST3H1B (H3.1) led to
the finding of global reductions in H3K27me2 and
H3K27me3 in these cells (Conway et al. 2015). Subsequent
work has suggested that H3K27M can act as a dominant-
negative mutation that, at least partially, inhibits PRC2
(Mohammad and Helin 2017).

Taken together, it is clear that the function of PRC2 is
deregulated in several types of cancer, accompanied by
changes in the global levels and genomic distributions of
H3K27me2 and H3K27me3. While it remains unclear
how these epigenomic changes contribute to the develop-
ment of cancer, it is likely that they confer context-depen-
dent blocks to cellular differentiation and increased
vulnerability to aberrant cancer signaling pathways.

Therapeutic opportunities: restoring or tipping the
chromatin balance

Normal gene expression control depends on the equilibri-
um between SWI/SNF opposed by NuRD and Polycomb
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(Fig. 7A). As discussed in this review, many cancers have a
disturbance of this chromatin balance. This common fea-
ture might be exploited therapeutically. For example, in
the context of loss of SWI/SNF function, unrestrained Pol-
ycomb activity appears to mediate aberrant repression of
transcriptional programs related to cellular differentiation
and tumor suppression. Consequently, targeting PRC2
function in SWI/SNF mutant cancers may reverse the on-
cogenic chromatin changes that underlie disease develop-

<«— SWI/SNF/BRD9 inhibitors

RNAPD

@R «—Ezr2inhibitors

proliferation
(stem) cell differentiation

apoptosis
cellular senescence

viability EMT
oncogenesis

targeting PBAF-specific
subunits

Figure 7. Therapeutic opportunities. (A) Maintaining chromatin
equilibrium. Physiological gene expression depends on the ba-
lanced interplay between SWI/SNF, NuRD, and Polycomb. A dis-
turbance in this chromatin equilibrium—for example, due to loss
of one of the SWI/SNF subunits—can promote oncogenesis due to
misexpression of genes that regulate cell proliferation, cell differ-
entiation, EMT, cellular senescence, or apoptosis. A therapeutic
strategy might involve restoring the chromatin balance by com-
pensating for loss of SWI/SNF function by inhibition of PRC2
or NuRD. Conversely, loss of Polycomb function might be com-
pensated for by inhibition of SWI/SNF. (B) Tipping the chromatin
balance. Synthetic lethality provides another potential therapeu-
tic strategy for cancers with loss-of-function mutations in SWI/
SNF. The residual SWI/SNF complexes are often essential for
the viability of these tumor cells, and therefore present attractive
therapeutic targets. For example, SMARCB1 mutant RT cells
depend on BRD9 function. Alternatively, loss of ARID1A might
create a crucial requirement for PBAF or GBAF. The loss of one
subunit (e.g.,, SMARCA4 in lung cancer cells) can also create a
crucial dependency on its paralog, SMARCAZ2. Consequently, tar-
geting paralog function in these settings may provide an effective
therapeutic option. For details and references, see the text.
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ment. Consistent with this, codeletion of Ezh2 and Snf5 is
not compatible with cancer development in mice (Wilson
et al. 2010). The recent development of small-molecule
EZH2 methyltransferase inhibitors has provided an oppor-
tunity to examine the clinical utility of PRC2 inhibition
in multiple cancers, including those carrying inactivating
mutations in genes encoding SWI/SNF subunits (McCabe
etal. 2012; Knutson et al. 2013; Campbell et al. 2015). As a
proof of concept, SMARCBI1-deficient RT cells are more
sensitive to treatment with EZH2 inhibitors than wild-
type cells (Knutson et al. 2013). Moreover, EZH2 inhibi-
tion blocks the progression of SMARCBI mutant cancers
in vivo, which has motivated the establishment of ongo-
ing clinical trials with EZH2 inhibitors in RTs. Early re-
sults have reported clinical responses in a subset of
SMARCBI negative patients (Italiano et al. 2018). EZH2
inhibitor treatment of non-small cell lung cancer cells
bearing SMARCA4 mutations sensitizes these cells to
chemotherapy, an effect that is not apparent in
SMARCA4 wild-type cells (Fillmore et al. 2015). Further-
more, Aridla mutant, but not wild-type, ovarian cancer
cell lines are also sensitive to reduction of EZH2 (Bitler
et al. 2015; Kim et al. 2015). These findings indicate that
targeting PRC2 activity in SWI/SNF mutant cancers
may provide an effective means to treat this large cohort
of patients. Finally, targeting HDAC activity, particularly
HDAC?2, blocks the progression of Arid1a mutant ovarian
cancer cells (Fukumoto et al. 2018). Thus, NuRD com-
plexes, harboring HDAC1/2, may also be relevant in
SWI/SNF mutant cancers. However, the general efficacy
of HDAC inhibitors remains to be systematically exam-
ined in SWI/SNF mutant contexts.

Accumulating evidence indicates that the SWI/SNF
complexes themselves may be an effective therapeutic tar-
get in SWI/SNF mutant cancers. For example, GBAF is es-
sential for the continued growth and survival of synovial
sarcoma cells (Brien et al. 2018; Michel et al. 2018). The
selective targeting of the GBAF subunit BRD9 in a mouse
model of synovial sarcoma effectively blocked tumor pro-
gression, supporting the therapeutic promise of this ap-
proach. Synthetic lethality is another potential strategy
for cancers with loss-of-function mutations in genes en-
coding SWI/SNF subunits (Helming et al. 2014; Hohmann
and Vakoc 2014). Typically, the residual SWI/SNF com-
plexes are essential in these cancer cells, which may be ex-
ploited therapeutically (Fig. 7B). For example, SMARCBI1
deficient cells require residual SWI/SNF function, because
concomitant loss of SMARCB1 and SMARCA4 blocks
tumor development (Wang et al. 2009). Moreover,
SMARCBI mutant RT cells also depend on BRD9 function
(Krdmer et al. 2017; Michel et al. 2018). ARID1A mutant
cancer cells often require the function of its paralog
ARIDI1B (Helminget al. 2014; Kelso et al. 2017; McDonald
etal.2017). Likewise, SMARCA4 mutant lung cancer cells
depend on SMARCAZ for their continued growth and sur-
vival (Wilson et al. 2014; McDonald et al. 2017). Thus, tar-
geting paralog function in these settings may provide an
effective therapeutic option (Fig. 7B). Recent drug develop-
ment efforts are beginning to uncover molecules that spe-
cifically target SWI/SNF subunits such as ARID1A, BRD?,
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and BRDY, which will allow this idea to be tested (Hoh-
mann et al. 2016; Theodoulou et al. 2016; Remillard
et al. 2017; Brien et al. 2018; Marian et al. 2018).

The mutation of EZH2 in B-cell lymphomas motivated
the development of small-molecule inhibitors that act as
SAM-competitive binders of the SET domain and exhibit
high selectivity for EZH1/2 (Helin and Dhanak 2013;
Kim and Roberts 2016). These compounds are capable of
reducing global levels of H3K27mel/2/3 in cells, regard-
less of their EZH2 mutational status. Nevertheless,
EZH2 “change-of-function” mutant cells are particularly
sensitive to these drugs. This motivated the establishment
of clinical trials to examine their effects in lymphoma pa-
tients (Brien et al. 2016; Kim and Roberts 2016). Recent re-
porting on these ongoing clinical studies indicated
significant responses in EZH2 mutant patients, with as
many as 92% of EZH2-mutant follicular lymphoma pa-
tients responding to treatment (Italiano et al. 2018). Func-
tional studies indicated that EZH2 inhibition leads to
reductions in global H3K27me3 levels, which is associated
with up-regulation of PRC2 target genes (McCabe et al.
2012). A complicating factor is the identification of sec-
ondary mutations in both wild-type and mutant EZH2 al-
leles in B-Cell lymphoma cells lines, which can cooperate
to confer resistance to EZH2 inhibitors (Baker et al. 2015;
Gibaja et al. 2016). This emphasizes the probability that
acquired resistance to EZH2 inhibitors will also occur in
patients. Thus, alternative targets to disrupt both wild-
type and mutant EZH2 in cancer will be needed. The devel-
opment of potent EED inhibitors, which block its ability to
allosterically activate PRC2 via its engagement with
H3K27me3, might help to bypass this complication (He
etal.2017; Qietal.2017). Importantly, cell lines that had de-
veloped resistance to EZH2 SET domain inhibitors re-
mained sensitive to this EED inhibitor, indicating that
they may help to circumvent primary acquired resistance.
However, an alternative strategy may be needed to treat pa-
tients with T-ALL and MPNST that harbor loss-of-func-
tion mutations in PRC2. In the context of the chromatin
balance paradigm (Fig. 7A), it is tempting to speculate that
specific inhibitors of SWI/SNF might open up new opportu-
nities for treatment of these cancer types. In conclusion,
the detailed knowledge of the molecular mechanisms and
biology of chromatin remodelers and Polycombs, is now en-
abling the development of promising new therapeutic ap-
proaches to treat many human cancer types.

Acknowledgments

We apologize for publications not cited due to space restrictions
or our oversight. We thank Aniek van der Vaart for critical reading
of the manuscript. This work was supported in part by a Neder-
landse Organisatie voor Wetenschappelijk Onderzoek-Chemi-
sche Wetenschappen ECHO (711.014.001) grant to C.P.V. Work
in the Brien laboratory is supported by the Irish Cancer Society
(CRF18BRI) and Science Foundation Ireland (18/SIRG/5573).
Work in the Bracken laboratory is supported by Science Founda-
tion Ireland (SFI/16/IA/4562 and SFI/17/BBSRC/3415), the Irish
Research Council, Worldwide Cancer Research, the Brain Tu-

Chromatin regulation by remodelers and Polycomb

mour Charity (18-0592), and the Health Research Board (HRB-
ILP-POR-2017-078).

References

Abeshouse A AC, Adebamowo SN, Akbani R, Akeredolu T, Ally
A, Anderson ML, Anur P, Appelbaum EL, Armenia J, Auman
JT, et al. 2017. Comprehensive and integrated genomic char-
acterization of adult soft tissue sarcomas. Cell 171: 950-
965.€28. d0i:10.1016/j.cell.2017.10.014

Abrams E, Neigeborn L, Carlson M. 1986. Molecular analysis of
SNF2 and SNF5, genes required for expression of glucose-re-
pressible genes in Saccharomyces cerevisiae. Mol cell bio 6:
3643-3651. doi:10.1128/MCB.6.11.3643

Alekseyenko AA, Gorchakov AA, Kharchenko PV, Kuroda ML
2014. Reciprocal interactions of human Cl0orfl2 and
Cl170rf96 with PRC2 revealed by BioTAP-XL cross-linking
and affinity purification. Proc Natl Acad Sci 111: 2488-
2493. doi:10.1073/pnas.1400648111

Allis CD, Jenuwein T. 2016. The molecular hallmarks of epige-
netic control. Nat Rev Genet 17: 487-500. doi:10.1038/nrg
.2016.59

Alpsoy A, Dykhuizen EC. 2018. Glioma tumor suppressor candi-
date region gene 1 (GLTSCR1) and its paralog GLTSCR1-like
form SWI/SNF chromatin remodeling subcomplexes. | Biol
Chem 293: 3892-3903. doi:10.1074/jbc.RA117.001065

Ammerlaan AC, Ararou A, Houben MP, Baas F, Tijssen CC,
Teepen JL, Wesseling P, Hulsebos TJ. 2008. Long-term sur-
vival and transmission of INIl-mutation via nonpenetrant
males in a family with rhabdoid tumour predisposition syn-
drome. Br ] Cancer 98: 474-479. doi:10.1038/sj.bjc.6604156

Bagchi A, Papazoglu C, Wu Y, Capurso D, Brodt M, Francis D, Bre-
del M, Vogel H, Mills AA. 2007. CHD5 is a tumor suppressor
at human 1p36. Cell 128: 459-475. doi:10.1016/j.cell.2006.11
.052

Bailey MH, Tokheim C, Porta-Pardo E, Sengupta S, Bertrand D,
Weerasinghe A, Colaprico A, Wendl MC, Kim ], Reardon B,
et al. 2018. Comprehensive characterization of cancer driver
genes and mutations. Cell 173: 371-385.€18. doi:10.1016/j
.cell.2018.02.060

Baker T, Nerle S, Pritchard J, Zhao B, Rivera VM, Garner A, Gon-
zalvez F. 2015. Acquisition of a single EZH2 D1 domain mu-
tation confers acquired resistance to EZH2-targeted
inhibitors. Oncotarget 6: 32646-32655. doi:10.18632/oncotar
get.5066

Ballaré C, Lange M, Lapinaite A, Martin GM, Morey L, Pascual G,
Liefke R, Simon B, Shi Y, Gozani O, et al. 2012. Phf19 links
methylated Lys36 of histone H3 to regulation of Polycomb ac-
tivity. Nat Struct Mol Biol 19: 1257-1265. doi:10.1038/nsmb
2434

Banito A, Li X, Laporte AN, Roe JS, Sanchez-Vega F, Huang CH,
Dancsok AR, Hatzi K, Chen CC, Tschaharganeh DF, et al.
2018. The SS18-SSX oncoprotein hijacks KDM2B-PRCI.1 to
drive synovial sarcoma. Cancer cell 33: 527-541.e8. doi:10
.1016/j.ccell.2018.01.018

Barretina J, Taylor BS, Banerji S, Ramos AH, Lagos-Quintana M,
Decarolis PL, Shah K, Socci ND, Weir BA, Ho A, et al. 2010.
Subtype-specific genomic alterations define new targets for
soft-tissue sarcoma therapy. Nat Genet 42: 715-721. doi:10
.1038/ng.619

Becker PB, Workman JL. 2013. Nucleosome remodeling and epi-
genetics. Cold Spring Harb Perspect Biol 5: a017905. doi:10
.1101/cshperspect.a017905

GENES & DEVELOPMENT 951


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

Bracken et al.

Béguelin W, Popovic R, Teater M, Jiang Y, Bunting KL, Rosen M,
Shen H, Yang SN, Wang L, Ezponda T, et al. 2013. EZH?2 is re-
quired for germinal center formation and somatic EZH2 mu-
tations promote lymphoid transformation. Cancer cell 23:
677-692. d0i:10.1016/j.ccr.2013.04.011

Béguelin W, Teater M, Gearhart MD, Calvo Fernandez MT, Gold-
stein RL, Cardenas MG, Hatzi K, Rosen M, Shen H, Corcoran
CM, et al. 2016. EZH2 and BCL6 cooperate to assemble
CBX8-BCOR complex to repress bivalent promoters, mediate
germinal center formation and lymphomagenesis. Cancer
Cell 30: 197-213. d0i:10.1016/j.ccell.2016.07.006

Betz BL, Strobeck MW, Reisman DN, Knudsen ES, Weissman BE.
2002. Re-expression of hSNF5/INI1/BAF47 in pediatric tumor
cells leads to G1 arrest associated with induction of p16ink4a
and activation of RB. Oncogene 21: 5193-5203. do0i:10.1038/sj
.onc.1205706

Biegel JA, Zhou JY, Rorke LB, Stenstrom C, Wainwright LM,
Fogelgren B. 1999. Germ-line and acquired mutations of
INI1 in atypical teratoid and rhabdoid tumors. Cancer Res
59: 74-79.

Bitler BG, Aird KM, Garipov A, Li H, Amatangelo M, Kossenkov
AV, Schultz DC, Liu Q, Shih Ie M, Conejo-Garcia JR, et al.
2015. Synthetic lethality by targeting EZH2 methyltransfer-
ase activity in ARID1A-mutated cancers. Nat Med 21: 231-
238. d0i:10.1038/nm.3799

Blackledge NP, Farcas AM, Kondo T, King HW, McGouran JF,
Hanssen LL, Ito S, Cooper S, Kondo K, Koseki Y, et al. 2014.
Variant PRC1 complex-dependent H2A ubiquitylation drives
PRC2 recruitment and polycomb domain formation. Cell 157:
1445-1459. doi:10.1016/j.cell.2014.05.004

Blackledge NP, Rose NR, Klose RJ. 2015. Targeting Polycomb
systems to regulate gene expression: modifications to a com-
plex story. Nat Rev Mol Cell Biol 16: 643-649. d0i:10.1038/
nrm4067

Bornelov S, Reynolds N, Xenophontos M, Gharbi S, Johnstone E,
Floyd R, Ralser M, Signolet ], Loos R, Dietmann S, et al. 2018.
The nucleosome remodeling and deacetylation complex mod-
ulates chromatin structure at sites of active transcription to
fine-tune gene expression. Mol Cell 71: 56-72.e4. doi:10
.1016/j.molcel.2018.06.003

Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee
TL Levine SS, Wernig M, Tajonar A, Ray MK, et al. 2006. Poly-
comb complexes repress developmental regulators in murine
embryonic stem cells. Nature 441: 349-353. doi:10.1038/
nature04733

Bracken AP, Pasini D, Capra M, Prosperini E, Colli E, Helin K.
2003. EZH2 is downstream of the pRB-E2F pathway, essential
for proliferation and amplified in cancer. EMBO ] 22: 5323-
5335. d0i:10.1093 /emboj/cdg542

Bracken AP, Dietrich N, Pasini D, Hansen KH, Helin K. 2006. Ge-
nome-wide mapping of Polycomb target genes unravels their
roles in cell fate transitions. Genes Dev 20: 1123-1136.
doi:10.1101/gad.381706

Bracken AP, Kleine-Kohlbrecher D, Dietrich N, Pasini D, Gar-
giulo G, Beekman C, Theilgaard- Monch K, Minucci S, Porse
BT, Marine JC, et al. 2007. The Polycomb group proteins bind
throughout the INK4A-ARF locus and are disassociated in
senescent cells. Genes Dev 21: 525-530. doi:10.1101/gad
415507

Brahma S, Henikoff S. 2019. RSC-Associated subnucleosomes
define MNase-Sensitive promoters in yeast. Mol Cell 73:
238-249.¢e3. doi:10.1016/j.molcel.2018.10.046

Brien GL, Gambero G, O’Connell DJ, Jerman E, Turner SA, Egan
CM, Dunne EJ, Jurgens MC, Wynne K, Piao L, et al. 2012. Pol-
ycomb PHF19 binds H3K36me3 and recruits PRC2 and deme-

952 GENES & DEVELOPMENT

thylase NO66 to embryonic stem cell genes during
differentiation. Nat Struct Mol Biol 19: 1273-1281. doi:10
.1038/nsmb.2449

Brien GL, Healy E, Jerman E, Conway E, Fadda E, O'Donovan D,
Krivtsov AV, Rice AM, Kearney CJ, Flaus A, et al. 2015. A
chromatin-independent role of Polycomb-like 1 to stabilize
p53 and promote cellular quiescence. Genes Dev 29: 2231-
2243. doi:10.1101/gad.267930.115

Brien GL, Valerio DG, Armstrong SA. 2016. Exploiting the epige-
nome to control cancer-promoting gene-expression programs.
Cancer cell 29: 464-476. doi:10.1016/j.ccell.2016.03.007

Brien GL, Remillard D, Shi J, Hemming ML, Chabon ], Wynne K,
Dillon ET, Cagney G, Van Mierlo G, Baltissen MP, et al. 2018.
Targeted degradation of BRDY reverses oncogenic gene ex-
pression in synovial sarcoma. eLife 7: ¢41305. doi:10.7554/
eLife.41305

Brown JL, Mucci D, Whiteley M, Dirksen ML, Kassis JA. 1998.
The Drosophila Polycomb group gene pleiohomeotic encodes
a DNA binding protein with homology to the transcription
factor YY1. Mol Cell 1: 1057-1064. doi:10.1016/S1097-2765
(00)80106-9

Brown JL, Sun MA, Kassis JA. 2018. Global changes of H3K27me3
domains and Polycomb group protein distribution in the ab-
sence of recruiters Spps or Pho. Proc Natl Acad Sci 115:
E1839-€1848. doi:10.1073/pnas.1716299115

Busturia A, Wightman CD, Sakonju S. 1997. A silencer is required
for maintenance of transcriptional repression throughout Dro-
sophila development. Development 124: 4343-4350.

Cai L, Rothbart SB, Lu R, Xu B, Chen WY, Tripathy A, Rockowitz
S, Zheng D, Patel DJ, Allis CD, et al. 2013. An H3K36 methyl-
ation-engaging tudor motif of polycomb-like proteins medi-
ates PRC2 complex targeting. Mol Cell 49: 571-582.. doi:10
.1016/j.molcel.2012.11.026

Campbell JE, Kuntz KW, Knutson SK, Warholic NM, Keilhack H,
Wigle TJ, Raimondi A, Klaus CR, Rioux N, Yokoi A, et al.
2015. EPZ011989, a potent, orally-available EZH2 inhibitor
with robust in vivo activity. ACS Med Chem Lett 6: 491-
495. doi:10.1021/acsmedchemlett.5b00037

Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P,
Jones RS, Zhang Y. 2002. Role of histone H3 lysine 27 methyl-
ation in Polycomb-group silencing. Science 298: 1039-1043.
doi:10.1126/science.1076997

Chalkley GE, Moshkin YM, Langenberg K, Bezstarosti K, Blas-
tyak A, Gyurkovics H, Demmers JA, Verrijzer CP. 2008. The
transcriptional coactivator SAYP is a trithorax group signa-
ture subunit of the PBAP chromatin remodeling complex.
Mol cell bio 28: 2920-2929. doi:10.1128/MCB.02217-07

Chiacchiera F, Rossi A, Jammula S, Piunti A, Scelfo A, Ordéniez-
Moréan P, Huelsken J, Koseki H, Pasini D. 2016. Polycomb
complex PRC1 preserves intestinal stem cell identity by sus-
taining Wnt/B-catenin transcriptional activity. Cell stem
cell 18: 91-103. doi:10.1016/j.stem.2015.09.019

Choi J, Bachmann AL, Tauscher K, Benda C, Fierz B, Miiller J.
2017. DNA binding by PHF1 prolongs PRC2 residence time
on chromatin and thereby promotes H3K27 methylation.
Nat Struct Mol Biol 24: 1039-1047. doi:10.1038/nsmb.3488

Chudnovsky Y, Kim D, Zheng S, Whyte WA, Bansal M, Bray MA,
Gopal S, Theisen MA, Bilodeau S, Thiru P, et al. 2014. ZFHX4
interacts with the NuRD core member CHD4 and regulates
the glioblastoma tumor-initiating cell state. Cell rep 6: 313—
324. doi:10.1016/j.celrep.2013.12.032

Chun HE, Lim EL, Heravi-Moussavi A, Saberi S, Mungall KL,
Bilenky M, Carles A, Tse K, Shlafman 1, ZhuK, et al. 2016. Ge-
nome-wide profiles of extra-cranial malignant rhabdoid tu-
mors reveal heterogeneity and dysregulated developmental


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

pathways. Cancer cell 29: 394-406. doi:10.1016/j.ccell.2016
.02.009

Clapier CR, Iwasa J, Cairns BR, Peterson CL. 2017. Mechanisms
of action and regulation of ATP-dependent chromatin-remod-
elling complexes. Nat Rev Mol Cell Biol 18: 407-422.. doi:10
.1038/nrm.2017.26

Clark J, Rocques PJ, Crew AJ, Gill S, Shipley J, Chan AM, Guster-
son BA, Cooper CS. 1994. Identification of novel genes, SYT
and SSX, involved in the t(X;18)(p11.2;q11.2) translocation
found in human synovial sarcoma. Nat Genet 7: 502-508.
doi:10.1038/ng0894-502

Cohen I, Zhao D, Bar C, Valdes V], Dauber-Decker KL, Nguyen
MB, Nakayama M, Rendl M, Bickmore WA, Koseki H, et al.
2018. PRCI fine-tunes gene repression and activation to safe-
guard skin development and stem cell specification. Cell stem
cell 22: 726-739.e7. doi:10.1016/j.stem.2018.04.005

Coleman RT, Struhl G. 2017. Causal role for inheritance of
H3K27me3 in maintaining the OFF state of a Drosophila
HOX gene. Science 356. doi:10.1126/science.aai82.36

Collins RT, Furukawa T, Tanese N, Treisman JE. 1999. Osa asso-
ciates with the brahma chromatin remodeling complex and
promotes the activation of some target genes. EMBO ] 18:
7029-7040. doi:10.1093 /emboj/18.24.7029

Conway E, Healy E, Bracken AP. 2015. PRC2 mediated H3K27
methylations in cellular identity and cancer. Curr Opin Cell
Biol 37: 42-48. doi:10.1016/j.ceb.2015.10.003

Conway E, Jerman E, Healy E, Ito S, Holoch D, Oliviero G, Deevy
O, Glancy E, Fitzpatrick DJ, Mucha M, et al. 2018. A family of
vertebrate-specific polycombs encoded by the LCOR/LCORL
genes balance PRC2 subtype activities. Mol Cell 70: 408-
421.e8. doi:10.1016/j.molcel.2018.03.005

Cooper S, Grijzenhout A, Underwood E, Ancelin K, Zhang T,
Nesterova TB, Anil-Kirmizitas B, Bassett A, Kooistra SM,
Agger K, et al. 2016. Jarid2 binds mono-ubiquitylated H2A ly-
sine 119 to mediate crosstalk between Polycomb complexes
PRC1 and PRC2. Nat Commun 7: 13661. doi:10.1038/
ncomms13661

Cote J, Quinn J, Workman JL, Peterson CL. 1994. Stimulation of
GAL4 derivative binding to nucleosomal DNA by the yeast
SWI/SNF complex. Science 265: 53-60. doi:10.1126/science
.8016655

Crosby MA, Miller C, Alon T, Watson KL, Verrijzer CP, Gold-
man-Levi R, Zak NB. 1999. The trithorax group genemoira en-
codes a brahma-associated putative chromatin-remodeling
factor in Drosophila melanogaster. Mol cell bio 19: 1159—
1170. doi:10.1128/MCB.19.2.1159

Damm F, Chesnais V, Nagata Y, Yoshida K, Scourzic L, Okuno Y,
Itzykson R, Sanada M, Shiraishi Y, Gelsi-Boyer V, et al. 2013.
BCOR and BCORLI1 mutations in myelodysplastic syndromes
and related disorders. Blood 122: 3169-3177. doi:10.1182/
blood-2012-11-469619

Dann GP, Liszczak GP, Bagert JD, Miiller MM, Nguyen UTT,
Wojcik F, Brown ZZ, Bos J, Panchenko T, Pihl R, et al. 2017.
ISWI chromatin remodellers sense nucleosome modifications
to determine substrate preference. Nature 548: 607-611.
doi:10.1038/nature23671

De S, Cheng Y, Sun MA, Gehred ND, Kassis JA. 2019. Structure
and function of an ectopic Polycomb chromatin domain. Sci-
ence advances 5: eaau9739. doi:10.1126/sciadv.aau9739

Déjardin J, Cavalli G. 2004. Chromatin inheritance upon zeste-
mediated Brahma recruitment at a minimal cellular memory
module. EMBO ] 23: 857-868. d0i:10.1038/sj.emboj.7600108

de Leeuw B, Balemans M, Olde Weghuis D, van Kessel A. G. 1995.
Identification of two alternative fusion genes, SYT-SSX1 and
SYT-SSX2, in t(X; 18)(p11.2;q11.2)-positive synoviaol sarco-

Chromatin regulation by remodelers and Polycomb

mas. Hum Mol Genet 4: 1097-1099. doi:10.1093/hmg/4.6
.1097

dos Santos RL, Tosti L, Radzisheuskaya A, Caballero IM, Kaji K,
Hendrich B, Silva JCR. 2014. MBD3/NuRD facilitates induc-
tion of pluripotency in a context-dependent manner. Cell
Stem Cell 15: 102-110. do0i:10.1016/j.stem.2014.04.019

Dutta A, Sardiu M, Gogol M, Gilmore J, Zhang D, Florens L,
Abmayr SM, Washburn MP, Workman JL. 2017. Composition
and function of mutant Swi/Snf complexes. Cell Rep 18:
2124-2134. doi:10.1016/j.celrep.2017.01.058

Egan CM, Nyman U, Skotte J, Streubel G, Turner S, O’Connell
DJ, Rraklli V, Dolan MJ, Chadderton N, Hansen K, et al.
2013. CHDS? is required for neurogenesis and has a dual role
in facilitating gene expression and polycomb gene repression.
Dev Cell 26: 223-236. doi:10.1016/j.devcel.2013.07.008

Entrevan M, Schuettengruber B, Cavalli G. 2016. Regulation of
genome architecture and function by polycomb proteins.
Trends Cell Biol 26: 511-525. doi:10.1016/j.tcb.2016.04.009

ErcegJ, Pakozdi T, Marco-Ferreres R, Ghavi-Helm Y, Girardot C,
Bracken AP, Furlong EE. 2017. Dual functionality of cis-regu-
latory elements as developmental enhancers and Polycomb
response elements. Genes Dev 31: 590-602. doi:10.1101/gad
.292870.116

Erkek S, Johann PD, Finetti MA, Drosos Y, Chou HC, Zapatka M,
Sturm D, Jones DTW, Korshunov A, Rhyzova M, et al. 2019.
Comprehensive analysis of chromatin states in atypical tera-
toid/rhabdoid tumor identifies diverging roles for SWI/SNF
and Polycomb in gene regulation. Cancer cell 35: 95-110.¢8.
doi:10.1016/j.ccell.2018.11.014

Farnung L, Vos SM, Wigge C, Cramer P. 2017. Nucleosome-Chd1
structure and implications for chromatin remodelling. Nature
550: 539-542.. doi:10.1038/nature24046

Fereres S, Simén R, Mohd-Sarip A, Verrijzer CP, Busturia A. 2014.
dRYBP counteracts chromatin-dependent activation and re-
pression of transcription. PLoS One 9: e113255. do0i:10.1371/
journal.pone.0113255

Ferrari KJ, Scelfo A, Jammula S, Cuomo A, Barozzi I, Stiitzer A,
Fischle W, Bonaldi T, Pasini D. 2014. Polycomb-dependent
H3K27mel and H3K27me2 regulate active transcription and
enhancer fidelity. Mol Cell 53: 49-62. doi:10.1016/j.molcel
.2013.10.030

Fillmore CM, Xu C, Desai PT, Berry JM, Rowbotham SP, Lin Y],
Zhang H, Marquez VE, Hammerman PS, Wong KK, et al. 2015.
EZH?2 inhibition sensitizes BRG1 and EGFR mutant lung tu-
mours to Topoll inhibitors. Nature 520: 239-242. doi:10
.1038/nature14122

Fischle W, Wang Y, Jacobs SA, Kim Y, Allis CD, Khorasanizadeh
S. 2003. Molecular basis for the discrimination of repressive
methyl-lysine marks in histone H3 by Polycomb and HP1
chromodomains. Genes Dev 17: 1870-1881. do0i:10.1101/gad
.1110503

Francis NJ, Saurin AJ, Shao Z, Kingston RE. 2001. Reconstitution
of a functional core polycomb repressive complex. Mol Cell 8:
545-56. doi:10.1016/S1097-2765(01)00316-1

Francis NJ, Kingston RE, Woodcock CL. 2004. Chromatin com-
paction by a polycomb group protein complex. Science 306:
1574-1577. doi:10.1126/science.1100576

Frey F, Sheahan T, Finkl K, Stoehr G, Mann M, Benda C, MiillerJ.
2016. Molecular basis of PRC1 targeting to Polycomb re-
sponse elements by PhoRC. Genes Dev 30: 1116-1127.
doi:10.1101/gad.279141.116

Frithwald MC, Biegel JA, Bourdeaut F, Roberts CW, Chi SN. 2016.
Atypical teratoid/rhabdoid tumors—current concepts, ad-
vances in biology, and potential future therapies. Neuro Oncol
18: 764-778. d0i:10.1093/neuonc/nov264

GENES & DEVELOPMENT 953


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

Bracken et al.

Fujita T, Igarashi J, Okawa ER, Gotoh T, Manne J, Kolla V, Kim J,
Zhao H, Pawel BR, London WB, et al. 2008. CHD5, a tumor
suppressor gene deleted from 1p36.31 in neuroblastomas. |
Natl Cancer Inst 100: 940-949. doi:10.1093/jnci/djn176

Fukumoto T, Park PH, Wu S, Fatkhutdinov N, Karakashev §,
Nacarelli T, Kossenkov AV, Speicher DW, Jean S, Zhang L,
et al. 2018. Repurposing Pan-HDAC inhibitors for ARID1A-
Mutated ovarian cancer. Cell Rep 22: 3393-3400. doi:10
.1016/j.celrep.2018.03.019

Fursova NA, Blackledge NP, Nakayama M, Ito S, Koseki Y, Farcas
AM, King HW, Koseki H, Klose RJ. 2019. Synergy between
variant PRC1 complexes defines polycomb-mediated gene re-
pression. Mol Cell doi:10.1016/j.molcel.2019.03.024

Gamarra N, Johnson SL, Trnka MJ, Burlingame AL, Narlikar GJ.
2018. The nucleosomal acidic patch relieves auto-inhibition
by the ISWI remodeler SNF2h. eLife 7. doi:10.7554/eLife
35322

Gao Z, Zhang J, Bonasio R, Strino F, Sawai A, Parisi F, Kluger Y,
Reinberg D. 2012. PCGF homologs, CBX proteins, and RYBP
define functionally distinct PRC1 family complexes. Mol
Cell 45: 344-356. d0i:10.1016/j.molcel.2012.01.002

Gao Q, Liang WW, Foltz SM, Mutharasu G, Jayasinghe RG, Cao S,
Liao WW, Reynolds SM, Wyczalkowski MA, Yao L, et al.
2018. Driver fusions and their implications in the develop-
ment and treatment of human cancers. Cell Rep 23: 227-
238.¢3. d0i:10.1016/j.celrep.2018.03.050

Garcia I, Mayol G, Rodriguez E, Sufiol M, Gershon TR, Rios J,
Cheung NK, Kieran MW, George RE, Perez-Atayde AR,
et al. 2010. Expression of the neuron-specific protein CHD5
is an independent marker of outcome in neuroblastoma. Mol
cancer 9: 277. doi:10.1186/1476-4598-9-277

Gatchalian J, Malik S, Ho J, Lee DS, Kelso TWR, Shokhirev MN,
Dixon JR, Hargreaves DC. 2018. A non-canonical BRD9-con-
taining BAF chromatin remodeling complex regulates naive
pluripotency in mouse embryonic stem cells. Nat Commun
9: 5139. d0i:10.1038/s41467-018-07528-9

Gibaja V, Shen F, Harari J, Korn ], Ruddy D, Saenz-Vash V, Zhai H,
Rejtar T, Paris CG, Yu Z, et al. 2016. Development of second-
ary mutations in wild-type and mutant EZH2 alleles cooper-
ates to confer resistance to EZH2 inhibitors. Oncogene 35:
558-566. d0i:10.1038/onc.2015.114

Grobner SN, Worst BC, Weischenfeldt J, Buchhalter I, Kleinheinz
K, Rudneva VA, Johann PD, Balasubramanian GP, Segura-
Wang M, Brabetz S, et al. 2018. The landscape of genomic al-
terations across childhood cancers. Nature 555: 321-327.
doi:10.1038/nature25480

Gui Y, Guo G, Huang Y, Hu X, Tang A, Gao S, Wu R, Chen C, Li
X, Zhou L, et al. 2011. Frequent mutations of chromatin re-
modeling genes in transitional cell carcinoma of the bladder.
Nat Genet 43: 875-878. doi:10.1038/ng.907

Guidi CJ, Sands AT, Zambrowicz BP, Turner TK, Demers DA,
Webster W, Smith TW, Imbalzano AN, Jones SN. 2001. Dis-
ruption of Inil leads to peri-implantation lethality and tumor-
igenesis in mice. Mol cell bio 21: 3598-3603. doi:10.1128/
MCB.21.10.3598-3603.2001

Giinther K, Rust M, Leers J, Boettger T, Scharfe M, Jarek M, Bart-
kuhn M, Renkawitz R. 2013. Differential roles for MBD2 and
MBD3 at methylated CpG islands, active promoters and bind-
ing to exon sequences. Nucleic Acids Res 41: 3010-3021.
doi:10.1093 /nar/gkt035

Hainer SJ, Gu W, Carone BR, Landry BD, Rando OJ, Mello CC,
Fazzio TG. 2015. Suppression of pervasive noncoding tran-
scription in embryonic stem cells by esBAF. Genes Dev 29:
362-378. d0i:10.1101/gad.253534.114

954 GENES & DEVELOPMENT

Hainer SJ, McCannell KN, Yu ], Ee LS, Zhu L], Rando OJ, Fazzio
TG. 2016. DNA methylation directs genomic localization of
Mbd2 and Mbd3 in embryonic stem cells. eLife 5. doi:10
.7554/eLife.21964

Haldar M, Hancock JD, Coffin CM, Lessnick SL, Capecchi MR.
2007. A conditional mouse model of synovial sarcoma: in-
sights into a myogenic origin. Cancer cell 11: 375-388.
doi:10.1016/j.ccr.2007.01.016

Han ZY, Richer W, Fréneaux P, Chauvin C, Lucchesi C, Guille-
mot D, Grison C, Lequin D, Pierron G, Masliah-Planchon J,
et al. 2016. The occurrence of intracranial rhabdoid tumours
in mice depends on temporal control of Smarcbl inactivation.
Nat Commun 7: 10421. doi:10.1038/ncomms10421

Hasselblatt M, Nagel I, Oyen F, Bartelheim K, Russell RB, Schiil-
ler U, Junckerstorff R, Rosenblum M, Alassiri AH, Rossi S,
etal. 2014. SMARCA4-mutated atypical teratoid/rhabdoid tu-
mors are associated with inherited germline alterations and
poor prognosis. Acta Neuropathol 128: 453-456. doi:10
.1007/s00401-014-1323-x

Hauri S, Comoglio F, Seimiya M, Gerstung M, Glatter T, Hansen
K, Aebersold R, Paro R, Gstaiger M, Beisel C. 2016. A high-
density map for navigating the human polycomb complex-
ome. Cell rep 17: 583-595. doi:10.1016/j.celrep.2016.08.096

He Y, Selvaraju S, Curtin ML, Jakob CG, Zhu H, Comess KM,
Shaw B, The J, Lima-Fernandes E, Szewczyk MM, et al.
2017. The EED protein—protein interaction inhibitor A-395 in-
activates the PRC2 complex. Nat Chem Biol 13: 389-395.
doi:10.1038/nchembio.2306

Helin K, Dhanak D. 2013. Chromatin proteins and modifica-
tions as drug targets. Nature 502: 480-488. doi:10.1038/
naturel2751

Helming KC, Wang X, Wilson BG, Vazquez F, Haswell JR, Man-
chester HE, Kim Y, Kryukov GV, Ghandi M, Aguirre AJ,
etal. 2014. ARIDI1B is a specific vulnerability in ARID1A-mu-
tant cancers. Nat Med 20: 251-254. do0i:10.1038/nm.3480

Hendrich B, Guy J, Ramsahoye B, Wilson VA, Bird A. 2001. Close-
ly related proteins MBD2 and MBD3 play distinctive but inter-
acting roles in mouse development. Nat Med 15: 710-723.
doi:10.1101/gad.194101

Herz HM, Mohan M, Garrett AS, Miller C, Casto D, Zhang Y,
Seidel C, HaugJS, Florens L, Washburn MP, et al. 2012.. Poly-
comb repressive complex 2-dependent and -independent func-
tions of Jarid2 in transcriptional regulation in Drosophila. Mol
cell bio 32: 1683-1693. doi:10.1128/MCB.06503-11

Heshmati Y, Tiirkoz G, Harisankar A, Kharazi S, Bostrém J, Dola-
tabadi EK, Krstic A, Chang D, Ménsson R, Altun M, et al.
2018. The chromatin-remodeling factor CHD4 is required
for maintenance of childhood acute myeloid leukemia. Hae-
matologica 103: 1169-1181. doi:10.3324/haematol.2017
.183970

Hodges HC, Stanton BZ, Cermakova K, Chang CY, Miller EL,
Kirkland JG, Ku WL, Veverka V, Zhao K, Crabtree GR. 2018.
Dominant-negative SMARCA4 mutants alter the accessibili-
ty landscape of tissue-unrestricted enhancers. Nat Struct Mol
Biol 25: 61-72. doi:10.1038/s41594-017-0007-3

Hohmann AF, Vakoc CR. 2014. A rationale to target the SWI/SNF
complex for cancer therapy. Trends Genet 30: 356-363. doi:10
.1016/j.tig.2014.05.001

Hohmann AF, Martin L], Minder JL, Roe ]S, ShiJ, Steurer S, Bader
G, McConnell D, Pearson M, Gerstberger T, et al. 2016. Sensi-
tivity and engineered resistance of myeloid leukemia cells to
BRD9 inhibition. Nat Chem Biol 12: 672-679. d0i:10.1038/
nchembio.2115

Hoijfeldt JW, Laugesen A, Willumsen BM, Damhofer H, Hedehus
L, Tvardovskiy A, Mohammad F, Jensen ON, Helin K. 2018.


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

Accurate H3K27 methylation can be established de novo by
SUZ12-directed PRC2. Nat Struct Mol Biol 25: 225-232.
doi:10.1038/s41594-018-0036-6

Holoch D, Margueron R. 2017. Mechanisms regulating PRC2 re-
cruitment and enzymatic activity. Trends Biochem Sci 42:
531-542. doi:10.1016/j.tibs.2017.04.003

Imbalzano AN, Kwon H, Green MR, Kingston RE. 1994. Facilitat-
ed binding of TATA-binding protein to nucleosomal DNA.
Nature 370: 481-485. d0i:10.1038/370481a0

Isono K, Endo TA, Ku M, Yamada D, Suzuki R, Sharif J, Ishikura
T, Toyoda T, Bernstein BE, Koseki H. 2013. SAM domain po-
lymerization links subnuclear clustering of PRC1 to gene si-
lencing. Dev cell 26: 565-577. doi:10.1016/j.devcel.2013.08
.016

Italiano A, Soria JC, Toulmonde M, Michot JM, Lucchesi C, Varga
A, Coindre JM, Blakemore SJ, Clawson A, Suttle B, et al. 2018.
Tazemetostat, an EZH2 inhibitor, in relapsed or refractory B-
cell non-Hodgkin lymphoma and advanced solid tumours: a
first-in-human, open-label, phase 1 study. Lancet Oncol 19:
649-659. d0i:10.1016/S1470-2045(18)30145-1

Jacobs JJ, Scheijen B, Voncken JW, Kieboom K, Berns A, van
Lohuizen M. 1999. Bmi-1 collaborates with c-Myc in tumori-
genesis by inhibiting c-Myc-induced apoptosis via INK4a/
AREF. Genes Dev 13: 2678-2690. d0i:10.1101/gad.13.20.2678

Janson K, Nedzi LA, David O, Schorin M, Walsh JW, Bhattachar-
jee M, Pridjian G, Tan L, Judkins AR, Biegel JA. 2006. Predis-
position to atypical teratoid/rhabdoid tumor due to an
inherited INI1 mutation. Pediatr Blood Cancer 47: 279-284.
doi:10.1002/pbc.20622

Kadoch C, Crabtree GR. 2013. Reversible disruption of mSWI/
SNF (BAF) complexes by the SS18-SSX oncogenic fusion in
synovial sarcoma. Cell 153: 71-85. doi:10.1016/j.cell.2013.02
.036

Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J,
Crabtree GR. 2013. Proteomic and bioinformatic analysis of
mammalian SWI/SNF complexes identifies extensive roles
in human malignancy. Nat Genet 45: 592-601. doi:10.1038/
ng.2628

Kadoch C, Williams RT, Calarco JP, Miller EL, Weber CM, Braun
SM, Pulice JL, Chory EJ, Crabtree GR. 2017. Dynamics of
BAF-Polycomb complex opposition on heterochromatin in
normal and oncogenic states. Nat Genet 49: 213-222. doi:10
.1038/ng.3734

Kaji K, Caballero IM, MacLeod R, Nichols J, Wilson VA, Hendrich
B. 2006. The NuRD component Mbd3 is required for pluripo-
tency of embryonic stem cells. Nat Cell Biol 8: 285-292.
do0i:10.1038/ncb1372

Kal AJ, Mahmoudi T, Zak NB, Verrijzer CP. 2000. The Drosophila
brahma complex is an essential coactivator for the trithorax
group protein zeste. Genes Dev 14: 1058-1071.

Kalb R, Latwiel S, Baymaz HI, Jansen PW, Miiller CW, Vermeulen
M, Muller J. 2014. Histone H2A monoubiquitination pro-
motes histone H3 methylation in Polycomb repression. Nat
Struct Mol Biol 21: 569-571. doi:10.1038/nsmb.2833

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M,
Zhang Q, McMichael JF, Wyczalkowski MA, et al. 2013. Mu-
tational landscape and significance across 12 major cancer
types. Nature 502: 333-339. doi:10.1038/nature12634

KangH, McElroy KA, Jung YL, Alekseyenko AA, Zee BM, Park PJ,
Kuroda MI. 2015. Sex comb on midleg (Scm) is a functional
link between PcG-repressive complexes in Drosophila. Genes
dev 29: 1136-1150. doi:10.1101/gad.260562.115

Kassis JA, Kennison JA, Tamkun JW. 2017. Polycomb and tri-
thorax group genes in Drosophila. Genetics 206: 1699-1725.
doi:10.1534/genetics.115.185116

Chromatin regulation by remodelers and Polycomb

KehleJ, Beuchle D, Treuheit S, Christen B, Kennison JA, Bienz M,
Muller J. 1998. dMi-2, a hunchback-interacting protein that
functions in polycomb repression. Science 282: 1897-1900.
doi:10.1126/science.282.5395.1897

Kelly MJ, So J, Rogers AJ, Gregory G, Li ], Zethoven M, Gearhart
MD, Bardwell VJ, Johnstone RW, Vervoort SJ, et al. 2019. Bcor
loss perturbs myeloid differentiation and promotes leukaemo-
genesis. Nat Commun 10: 1347. doi:10.1038/s41467-019-
09250-6

Kelso TWR, Porter DK, Amaral ML, Shokhirev MN, Benner C,
Hargreaves DC. 2017. Chromatin accessibility underlies syn-
thetic lethality of SWI/SNF subunits in ARID1A-mutant can-
cers. eLife 6: €30506. doi:10.7554/eLife.30506

Kennison JA, Tamkun JW. 1988. Dosage-dependent modifiers of
polycomb and antennapedia mutations in Drosophila. Proc
Natl Acad Sci 85: 8136-8140. doi:10.1073/pnas.85.21.8136

Kia SK, Gorski MM, Giannakopoulos S, Verrijzer CP. 2008. SWI/
SNF mediates polycomb eviction and epigenetic reprogram-
ming of the INK4b-ARF-INK4a locus. Mol cell bio 28:
3457-3464. doi:10.1128/MCB.02019-07

Kim KH, Roberts CW. 2016. Targeting EZH2 in cancer. Nat Med
22: 128-134. d0i:10.1038/nm.4036

Kim KH, Kim W, Howard TP, Vazquez F, Tsherniak A, Wu JN,
Wang W, Haswell JR, Walensky LD, Hahn WC, et al. 2015.
SWI/SNF-mutant cancers depend on catalytic and non-cata-
lytic activity of EZH2. Nat Med 21: 1491-1496. doi:10.1038/
nm.3968

Klochendler-Yeivin A, Fiette L, Barra J, Muchardt C, Babinet C,
Yaniv M. 2000. The murine SNF5/INI1 chromatin remodeling
factor is essential for embryonic development and tumor sup-
pression. EMBO rep 1: 500-506. doi:10.1093/embo-reports/
kvd129

Kloet SL, Baymaz HI, Makowski M, Groenewold V, Jansen PW,
Berendsen M, Niazi H, Kops GJ, Vermeulen M. 2015. Towards
elucidating the stability, dynamics and architecture of the nu-
cleosome remodeling and deacetylase complex by using quan-
titative interaction proteomics. FEBS ] 282: 1774-1785. doi:10
1111 /febs.12972

Klymenko T, Papp B, Fischle W, Kocher T, Schelder M, Fritsch C,
Wild B, Wilm M, Muller J. 2006. A Polycomb group protein
complex with sequence-specific DNA-binding and selective
methyl-lysine-binding activities. Genes dev 20: 1110-1122.
doi:10.1101/gad.377406

Knutson SK, Warholic NM, Wigle TJ, Klaus CR, Allain CJ, Rai-
mondi A, Porter Scott M, Chesworth R, Moyer MP, Copeland
RA, et al. 2013. Durable tumor regression in genetically al-
tered malignant rhabdoid tumors by inhibition of methyl-
transferase EZH2. Proc Natl Acad Sci 110: 7922-7927.
doi:10.1073 /pnas.1303800110

Kolla V, Naraparaju K, Zhuang T, Higashi M, Kolla S, Blobel GA,
Brodeur GM. 2015. The tumour suppressor CHD5 forms a
NuRD-type chromatin remodelling complex. Biochem ] 468:
345-352. doi:10.1042,/BJ20150030

Kriamer KF, Moreno N, Frithwald MC, Kerl K. 2017. BRD9 inhibi-
tion, alone or in combination with cytostatic compounds as a
therapeutic approach in rhabdoid tumors. Int ] Mol Sci 18:
E1537. doi:10.3390/ijms18071537

Kraushaar DC, Chen Z, Tang Q, Cui K, Zhang J, Zhao K. 2018.
The gene repressor complex NuRD interacts with the histone
variant H3.3 at promoters of active genes. Genome Res 28:
1646-1655. doi:10.1101/gr.236224.118

Kruger W, Peterson CL, Sil A, Coburn C, Arents G, Moudrianakis
EN, Herskowitz 1. 1995. Amino acid substitutions in the
structured domains of histones H3 and H4 partially relieve

GENES & DEVELOPMENT 955


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

Bracken et al.

the requirement of the yeast SWI/SNF complex for transcrip-
tion. Genes Dev 9: 2770-2779. d0i:10.1101/gad.9.22.2770

Kunert N, Wagner E, Murawska M, Klinker H, Kremmer E,
Brehm A. 2009. dMec: a novel Mi-2 chromatin remodelling
complex involved in transcriptional repression. EMBO ] 28:
533-544. doi:10.1038/emb0j.2009.3

Kwon H, Imbalzano AN, Khavari PA, Kingston RE, Green MR.
1994. Nucleosome disruption and enhancement of activator
binding by a human SW1/SNF complex. Nature 370: 477-
481. doi:10.1038/370477a0

Lagarou A, Mohd-Sarip A, Moshkin YM, Chalkley GE, Bezstar-
osti K, Demmers JA, Verrijzer CP. 2008. dKDM2 couples his-
tone H2A ubiquitylation to histone H3 demethylation during
Polycomb group silencing. Genes Dev 22: 2799-2810. doi:10
.1101/gad 484208

Lai WKM, Pugh BF. 2017. Understanding nucleosome dynamics
and their links to gene expression and DNA replication. Nat
Rev Mol Cell Biol 18: 548-562. doi:10.1038/nrm.2017.47

Laprell F, Finkl K, Miller J. 2017. Propagation of Polycomb-re-
pressed chromatin requires sequence-specific recruitment to
DNA. Science 356: 85-88. d0i:10.1126/science.aai8266

Lau MS, Schwartz MG, Kundu S, Savol AJ, Wang PI, Marr SK,
Grau DJ, Schorderet P, Sadreyev RI, Tabin CJ, et al. 2017. Mu-
tation of a nucleosome compaction region disrupts Polycomb-
mediated axial patterning. Science 355: 1081-1084. doi:10
.1126/science.aah5403

Laugesen A, Hojfeldt JW, Helin K. 2019. Molecular mechanisms
directing PRC2 recruitment and H3K27 methylation. Mol
Cell 74: 8-18. d0i:10.1016/j.molcel.2019.03.011

Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K,
Sivachenko A, Carter SL, Stewart C, Mermel CH, Roberts
SA, et al. 2013. Mutational heterogeneity in cancer and the
search for new cancer-associated genes. Nature 499: 214-
218. d0i:10.1038/nature12213

Lee RS, Stewart C, Carter SL, Ambrogio L, Cibulskis K, Sougnez
C, Lawrence MS, Auclair D, Mora J, Golub TR, et al. 2012. A
remarkably simple genome underlies highly malignant pedi-
atric rhabdoid cancers. J Clin Invest 122: 2983-2988. doi:10
.1172/JCI64400

Lee W, Teckie S, Wiesner T, Ran L, Prieto Granada CN, Lin M,
Zhu S, Cao Z, Liang Y, Sboner A, et al. 2014. PRC2 is recur-
rently inactivated through EED or SUZ12 loss in malignant
peripheral nerve sheath tumors. Nat Genet 46: 1227-1232.
doi:10.1038/ng.3095

Lee HG, Kahn TG, Simcox A, Schwartz YB, Pirrotta V. 2015. Ge-
nome-wide activities of Polycomb complexes control perva-
sive transcription. Genome Res 25: 1170-1181. doi:10.1101/
gr.188920.114

Li H, Liefke R, Jiang J, Kurland JV, Tian W, Deng P, Zhang W, He
Q, Patel DJ, Bulyk ML, et al. 2017. Polycomb-like proteins link
the PRC2 complex to CpG islands. Nature 549: 287-291.
doi:10.1038/nature23881

Li M, Xia X, Tian Y, Jia Q, Liu X, Lu Y, Li M, Li X, Chen Z. 2019.
Mechanism of DNA translocation underlying chromatin re-
modelling by Snf2. Nature 567: 409-413. doi:10.1038/
s41586-019-1029-2

Liang Z, Brown KE, Carroll T, Taylor B, Vidal IF, Hendrich B,
Rueda D, Fisher AG, Merkenschlager M. 2017. A high-resolu-
tion map of transcriptional repression. eLife 6. doi:10.7554/
eLife.22767

Link S, Spitzer RMM, Sana M, Torrado M, Volker-Albert MC,
Keilhauer EC, Burgold T, Piinzeler S, Low JKK, Lindstrom I,
et al. 2018. PWWP2A binds distinct chromatin moieties and
interacts with an MTAl-specific core NuRD complex. Nat
Commun 9: 4300. doi:10.1038/s41467-018-06665-5

956 GENES & DEVELOPMENT

Liu X, Li M, Xia X, Li X, Chen Z. 2017. Mechanism of chromatin
remodelling revealed by the Snf2-nucleosome structure. Na-
ture 544: 440-445. doi:10.1038 /nature22036

Loughran SJ, Comoglio F, Hamey FK, Giustacchini A, Errami Y,
Earp E, Gottgens B, Jacobsen SEW, Mead AJ, Hendrich B,
et al. 2017. Mbd3/NuRD controls lymphoid cell fate and in-
hibits tumorigenesis by repressing a B cell transcriptional pro-
gram. ] Exp Med 214: 3085-3104. doi:10.1084/jem.20161827

Ma X, Liu Y, Liu Y, Alexandrov LB, Edmonson MN, Gawad C,
Zhou X, Li Y, Rusch MC, Easton J, et al. 2018. Pan-cancer ge-
nome and transcriptome analyses of 1,699 paediatric leukae-
mias and solid tumours. Nature 555: 371-376. d0i:10.1038/
nature25795

Margueron R, Reinberg D. 2011. The Polycomb complex PRC2
and its mark in life. Nature 469: 343-349. doi:10.1038/
nature09784

Marian CA, Stoszko M, Wang L, Leighty MW, de Crignis E,
Maschinot CA, Gatchalian J, Carter BC, Chowdhury B, Har-
greaves DC, et al. 2018. Small molecule targeting of specific
BAF (mSWI/SNF) complexes for HIV latency reversal. Cell
Chem Biol 25: 1443-1455.€14. doi:10.1016/j.chembiol.2018
.08.004

Mashtalir N, D’Avino AR, Michel BC, Luo J, Pan J, Otto JE, Zul-
low HJ, McKenzie ZM, Kubiak RL, St Pierre R, et al. 2018.
Modular organization and assembly of SWI/SNF family chro-
matin remodeling complexes. Cell 175: 1272-1288.€20. doi: 10
.1016/j.cell.2018.09.032

Masliah-Planchon J, Bieche I, Guinebretiére JM, Bourdeaut F,
Delattre O. 2015. SWI/SNF chromatin remodeling and human
malignancies. Annu Rev Pathol 10: 145-171. doi:10.1146/
annurev-pathol-012414-040445

Masuda T, Wang X, Maeda M, Canver MC, Sher F, Funnell AP,
Fisher C, Suciu M, Martyn GE, Norton L], et al. 2016. Tran-
scription factors LRF and BCL11A independently repress ex-
pression of fetal hemoglobin. Science 351: 285-289. doi:10
.1126/science.aad3312

Mathur R, Alver BH, San Roman AK, Wilson BG, Wang X, Agos-
ton AT, Park PJ, Shivdasani RA, Roberts CW. 2017. ARID1A
loss impairs enhancer-mediated gene regulation and drives co-
lon cancer in mice. Nat Genet 49: 296-302. doi:10.1038/ng
3744

McBride MJ, Pulice JL, Beird HC, Ingram DR, D’Avino AR, Shern
JF, Charville GW, Hornick JL, Nakayama RT, Garcia-Rivera
EM, et al. 2018. The SS18-SSX fusion oncoprotein hijacks
BAF complex targeting and function to drive synovial sarcoma.
Cancer cell 33: 1128-1141.e7. d0i:10.1016/j.ccell.2018.05.002

McCabe MT, Ott HM, Ganji G, Korenchuk S, Thompson C, Van
Aller GS, Liu'Y, Graves AP, Della Pietra A, Diaz E, et al. 2012.
EZH2 inhibition as a therapeutic strategy for lymphoma with
EZH2-activating mutations. Nature 492: 108-112. doi:10
.1038/nature11606

McDonald ER 111, de Weck A, Schlabach MR, Billy E, Mavrakis K],
Hoffman GR, Belur D, Castelletti D, Frias E, Gampa K, et al.
2017. Project DRIVE: a compendium of cancer dependencies
and synthetic lethal relationships uncovered by large-scale,
deep RNAI screening. Cell 170: 577-592.€10. doi:10.1016/j
.cell.2017.07.005

McGinty RK, Henrici RC, Tan S. 2014. Crystal structure of the
PRC1 ubiquitylation module bound to the nucleosome. Na-
ture 514: 591-596. doi:10.1038/nature13890

Menafra R, Stunnenberg HG. 2014. MBD2 and MBD3: elusive
functions and mechanisms. Front Genet 5: 428. doi:10.3389/
fgene.2014.00428

Miao D, Margolis CA, Gao W, Voss MH, Li W, Martini DJ, Norton
C, Bossé D, Wankowicz SM, et al. 2018. Genomic correlates of


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

response to immune checkpoint therapies in clear cell renal
cell carcinoma. Science 359: 801-806. doi:10.1126/science
.aan5951

Michel BC, D’Avino AR, Cassel SH, Mashtalir N, McKenzie ZM,
McBride MJ, Valencia AM, Zhou Q, Bocker M, Soares LMM,
et al. 2018. A non-canonical SWI/SNF complex is a synthetic
lethal target in cancers driven by BAF complex perturbation.
Nat Cell Biol 20: 1410-1420. doi:10.1038/s41556-018-0221-1

Mohammad F, Helin K. 2017. Oncohistones: drivers of pediatric
cancers. Genes Dev 31: 2313-2324. d0i:10.1101/gad.309013
117

Mohd-Sarip A, van der Knaap JA, Wyman C, Kanaar R, Schedl P,
Verrijzer CP. 2006. Architecture of a polycomb nucleoprotein
complex. Mol Cell 24: 91-100. doi:10.1016/j.molcel.2006.08
.007

Mohd-Sarip A, Teeuwssen M, Bot AG, De Herdt MJ, Willems SM,
de Jong RJ B, Looijenga LHJ, Zatreanu D, Bezstarosti K, van
Riet ], et al. 2017. DOC1-dependent recruitment of NURD re-
veals antagonism with SWI/SNF during epithelial-mesenchy-
mal transition in oral cancer cells. Cell Rep 20: 61-75. doi:10
.1016/j.celrep.2017.06.020

Mohrmann L, Verrijzer CP. 2005. Composition and functional
specificity of SWI2/SNF2 class chromatin remodeling com-
plexes. Biochim Biophys Acta 1681: 59-73. doi:10.1016/j
.bbaexp.2004.10.005

Mohrmann L, Langenberg K, Krijgsveld J, Kal AJ, Heck AJ, Ver-
rijzer CP. 2004. Differential targeting of two distinct SWI/
SNF-related Drosophila chromatin-remodeling complexes.
Mol cell bio 24: 3077-3088. doi:10.1128/MCB.24.8.3077-
3088.2004

Morey L, Brenner C, Fazi F, Villa R, Gutierrez A, Buschbeck M,
Nervi C, Minucci S, Fuks F, Di Croce L. 2008. MBD3, a com-
ponent of the NuRD complex, facilitates chromatin alteration
and deposition of epigenetic marks. Mol cell bio 28: 5912~
5923. doi:10.1128/MCB.00467-08

Morin RD, Johnson NA, Severson TM, Mungall AJ, AnJ, GoyaR,
Paul JE, Boyle M, Woolcock BW, Kuchenbauer F, et al. 2010.
Somatic mutations altering EZH2 (Tyr641) in follicular and
diffuse large B-cell lymphomas of germinal-center origin. Na-
ture Genet 42: 181-185. doi:10.1038/ng.518

Moshkin YM, Mohrmann L, van Ijcken WF, Verrijzer CP. 2007.
Functional differentiation of SWI/SNF remodelers in tran-
scription and cell cycle control. Mol cell bio 27: 651-661.
doi:10.1128/MCB.01257-06

Moshkin YM, Chalkley GE, Kan TW, Reddy BA, Ozgur Z, van
Ticken WF, Dekkers DH, Demmers JA, Travers AA, Verrijzer
CP. 2012. Remodelers organize cellular chromatin by counter-
acting intrinsic histone-DNA sequence preferences in a class-
specific manner. Mol cell bio 32: 675-688. doi:10.1128/MCB
.06365-11

Mueller B, Mieczkowski ], Kundu S, Wang P, Sadreyev R, Tolstor-
ukov MY, Kingston RE. 2017. Widespread changes in nucleo-
some accessibility without changes in nucleosome occupancy
during a rapid transcriptional induction. Genes Dev 31: 451—
462. doi:10.1101/gad.293118.116

Nacev BA, Feng L, Bagert JD, Lemiesz AE, Gao ], Soshnev AA,
Kundra R, Schultz N, Muir TW, Allis CD. 2019. The expand-
ing landscape of ‘oncohistone’ mutations in human cancers.
Nature 567: 473-478. do0i:10.1038/s41586-019-1038-1

Nakayama RT, Pulice JL, Valencia AM, McBride MJ, McKenzie
ZM, Gillespie MA, Ku WL, Teng M, Cui K, Williams RT,
et al. 2017. SMARCBI is required for widespread BAF com-
plex-mediated activation of enhancers and bivalent promot-
ers. Nature Genet 49: 1613-1623. doi:10.1038/ng.3958

Chromatin regulation by remodelers and Polycomb

Neigeborn L, Carlson M. 1984. Genes affecting the regulation of
SUC2 gene expression by glucose repression in Saccharomy-
ces cerevisiae. Genetics 108: 845-858.

Nekrasov M, Klymenko T, Fraterman S, Papp B, Oktaba K, Ko-
cher T, Cohen A, Stunnenberg HG, Wilm M, Miiller J. 2007.
Pcl-PRC2 is needed to generate high levels of H3-K27 trime-
thylation at Polycomb target genes. EMBO ] 26: 4078-4088.
doi:10.1038/sj.emboj.7601837

Ntziachristos P, Tsirigos A, Van Vlierberghe P, Nedjic J, Tri-
marchi T, Flaherty MS, Ferres-Marco D, da Ros V, Tang Z, Sie-
gle J, et al. 2012. Genetic inactivation of the polycomb
repressive complex 2 in T cell acute lymphoblastic leukemia.
Nat Med 18: 298-301. d0i:10.1038/nm.2651

Ogiyama Y, Schuettengruber B, Papadopoulos GL, Chang JM,
Cavalli G. 2018. Polycomb-dependent chromatin looping con-
tributes to gene silencing during Drosophila development.
Mol Cell 71: 73-88.€5. doi:10.1016/j.molcel.2018.05.032

Oruetxebarria I, Venturini F, Kekarainen T, Houweling A, Zuij-
derduijn LM, Mohd-Sarip A, Vries RG, Hoeben RC, Verrijzer
CP. 2004. P16™K% js required for hSNF5 chromatin re-
modeler-induced cellular senescence in malignant rhabdoid
tumor cells. J Biol Chem 279: 3807-3816. doi:10.1074/jbc
.M309333200

Pan D, Kobayashi A, Jiang P, Ferrari de Andrade L, Tay RE, Luoma
AM, Tsoucas D, Qiu X, Lim K, Rao P, et al. 2018. A major
chromatin regulator determines resistance of tumor cells to
T cell-mediated killing. Science 359: 770-775. doi:10.1126/sci
ence.aaol710

Pasini D, Di Croce L. 2016. Emerging roles for Polycomb proteins
in cancer. Curr Opin Genet Dev 36: 50-58. doi:10.1016/j.gde
.2016.03.013

Paul S, Kuo A, Schalch T, Vogel H, Joshua-Tor L, McCombie WR,
Gozani O, Hammell M, Mills AA. 2013. Chd5 requires PHD-
mediated histone 3 binding for tumor suppression. Cell Rep 3:
92-102. doi:10.1016/j.celrep.2012.12.009

Pengelly AR, Copur O, Jickle H, Herzig A, Miiller J. 2013. A his-
tone mutant reproduces the phenotype caused by loss of his-
tone-modifying factor Polycomb. Science 339: 698-699.
doi:10.1126/science.1231382

Pengelly AR, Kalb R, Finkl K, Miiller J. 2015. Transcriptional re-
pression by PRC1 in the absence of H2A monoubiquitylation.
Genes Dev 29: 1487-1492. d0i:10.1101/gad.265439.115

Perino M, van Mierlo G, Karemaker ID, van Genesen S, Vermeu-
len M, Marks H, van Heeringen SJ, Veenstra GJC. 2018. MTF2
recruits polycomb repressive complex 2 by helical-shape-
selective DNA binding. Nature Genet 50: 1002-1010. doi:10
.1038/s41588-018-0134-8

Phelan ML, Sif S, Narlikar GJ, Kingston RE. 1999. Reconstitution
of a core chromatin remodeling complex from SWI/SNF sub-
units. Mol Cell 3: 247-253. do0i:10.1016/S1097-2765(00)
80315-9

Pinto EM, Hamideh D, Bahrami A, Orr BA, Lin T, Pounds S, Zam-
betti GP, Pappo AS, Gajjar A, Agnihotri S, et al. 2018. Malig-
nant rhabdoid tumors originating within and outside the
central nervous system are clinically and molecularly hetero-
geneous. Acta Neuropathol 136: 315-326. doi:10.1007/
s00401-018-1814-2

Piunti A, Shilatifard A. 2016. Epigenetic balance of gene expres-
sion by Polycomb and COMPASS families. Science 352:
2ad9780. doi:10.1126/science.aad9780

QiW, Zhao K, GuJ, Huang Y, Wang Y, Zhang H, Zhang M, Zhang
J,YuZ, LiL, etal. 2017. An allosteric PRC2 inhibitor targeting
the H3K27me3 binding pocket of EED. Nat Chem Biol 13:
381-388. d0i:10.1038/nchembio.2304

GENES & DEVELOPMENT 957


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

Bracken et al.

Reddy BA, Bajpe PK, Bassett A, Moshkin YM, Kozhevnikova E,
Bezstarosti K, Demmers JA, Travers AA, Verrijzer CP. 2010.
Drosophila transcription factor Tramtrack69 binds MEPI1 to
recruit the chromatin remodeler NuRD. Mol cell bio 30:
5234-5244. doi:10.1128/MCB.00266-10

Remillard D, Buckley DL, Paulk J, Brien GL, Sonnett M, Seo HS,
Dastjerdi S, Wuhr M, Dhe- Paganon S, Armstrong SA, et al.
2017. Degradation of the BAF complex factor BRD9 by heter-
obifunctional ligands. Angew Chem Int Ed Engl 56: 5738~
5743. doi:10.1002/anie.201611281

Reynolds N, Latos P, Hynes-Allen A, Loos R, Leaford D, O’Shaugh-
nessy A, Mosaku O, Signolet J, Brennecke P, Kalkan T, et al.
2012a. NuRD suppresses pluripotency gene expression to pro-
mote transcriptional heterogeneity and lineage commitment.
Cell stem cell 10: 583-594. doi:10.1016/j.stem.2012.02.020

Reynolds N, Salmon-Divon M, Dvinge H, Hynes-Allen A, Bala-
sooriya G, Leaford D, Behrens A, Bertone P, Hendrich B.
2012b. NuRD-mediated deacetylation of H3K27 facilitates re-
cruitment of Polycomb repressive complex 2 to direct gene re-
pression. EMBO ] 31: 593-605. doi:10.1038/emb0j.2011.431

Richer W, Masliah-Planchon J, Clement N, Jimenez I, Maillot L,
Gentien D, Albaud B, Chemlali W, Galant C, Larousserie F,
et al. 2017. Embryonic signature distinguishes pediatric and
adult rhabdoid tumors from other SMARCBI -deficient cancers.
Oncotarget 8: 34245-34257. doi:10.18632/oncotarget.15939

Riising EM, Comet I, Leblanc B, Wu X, Johansen JV, Helin K.
2014. Gene silencing triggers polycomb repressive complex
2 recruitment to CpG islands genome wide. Mol Cell 55:
347-360. doi:10.1016/j.molcel.2014.06.005

Roberts CW, Galusha SA, McMenamin ME, Fletcher CD, Orkin
SH. 2000. Haploinsufficiency of Snf5 (integrase interactor 1)
predisposes to malignant rhabdoid tumors in mice. Proc
Natl Acad Sci 97: 13796-13800. doi:10.1073/pnas.250492697

Roberts CW, Leroux MM, Fleming MD, Orkin SH. 2002. Highly
penetrant, rapid tumorigenesis through conditional inversion
of the tumor suppressor gene Snf5. Cancer cell 2: 415-425.
doi:10.1016/S1535-6108(02)00185-X

Saha A, Wittmeyer J, Cairns BR. 2002. Chromatin remodeling by
RSC involves ATP-dependent DNA translocation. Genes Dev
16: 2120-2134. doi:10.1101/gad.995002

Sausen M, Leary R]J, Jones S, Wu J, Reynolds CP, Liu X, Blackford
A, Parmigiani G, Diaz LA Jr, Papadopoulos N, et al. 2013. In-
tegrated genomic analyses identify ARID1A and ARID1B al-
terations in the childhood cancer neuroblastoma. Nature
Genet 45: 12-17. do0i:10.1038/ng.2493

Scelfo A, Ferndndez-Pérez D, Tamburri S, Zanotti M, Lavarone E,
Soldi M, Bonaldi T, Ferrari KJ, Pasini D. 2019. Functional land-
scape of PCGF proteins reveals both RING1A/B-dependent-
and RINGI1A/B-independent-specific activities. Mol Cell.
$1097-2765(19)30272-2. doi:10.1016/j.molcel.2019.04.002

Schneppenheim R, Frithwald MC, Gesk S, Hasselblatt M, Jeib-
mann A, Kordes U, Kreuz M, Leuschner I, Martin Subero JI,
Obser T, et al. 2010. Germline nonsense mutation and
somatic inactivation of SMARCA4/BRGI in a family with
rhabdoid tumor predisposition syndrome. Am | Hum Genet
86: 279-284. doi:10.1016/j.ajhg.2010.01.013

Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli
G. 2007. Genome regulation by polycomb and trithorax pro-
teins. Cell 128: 735-45. doi:10.1016/j.cell.2007.02.009

Schuettengruber B, Oded Elkayam N, Sexton T, Entrevan M,
Stern S, Thomas A, Yaffe E, Parrinello H, Tanay A, Cavalli
G. 2014. Cooperativity, specificity, and evolutionary stability
of Polycomb targeting in Drosophila. Cell Rep 9: 219-233.
doi:10.1016/j.celrep.2014.08.072

958 GENES & DEVELOPMENT

Schuettengruber B, Bourbon HM, Di Croce L, Cavalli G. 2017.
Genome regulation by polycomb and trithorax: 70 years and
counting. Cell 171: 34-57. doi:10.1016/j.cell.2017.08.002

Sen P, LuoJ, Hada A, Hailu SG, Dechassa ML, Persinger ], Brahma
S, Paul S, Ranish J, Bartholomew B. 2017. Loss of Snf5 induces
formation of an aberrant SWI/SNF complex. Cell Rep 18:
2135-2147. doi:10.1016/j.celrep.2017.02.017

Sévenet N, Sheridan E, Amram D, Schneider P, Handgretinger R,
Delattre O. 1999. Constitutional mutations of the hSNF5/
INI1 gene predispose to a variety of cancers. Am | Hum Genet
65: 1342-1348. d0i:10.1086/302639

Shain AH, Pollack JR. 2013. The spectrum of SWI/SNF muta-
tions, ubiquitous in human cancers. PloS one 8: €55119.
doi:10.1371/journal.pone.0055119

Shimbo T, Du 'Y, Grimm SA, Dhasarathy A, Mav D, Shah RR, Shi
H, Wade PA. 2013. MBD3 localizes at promoters, gene bodies
and enhancers of active genes. PLoS Genet 9: €1004028. doi: 10
.1371/journal.pgen.1004028

Shintani S, Mihara M, Terakado N, Nakahara Y, Matsumura T,
Kohno Y, Ohyama H, McBride J, Kent R, Todd R, et al.
2001. Reduction of p12DOC-1 expression is a negative prog-
nostic indicator in patients with surgically resected oral squa-
mous cell carcinoma. Clin Cancer Res 7: 2776-2782.

Simon JA, Kingston RE. 2009. Mechanisms of polycomb gene si-
lencing: knowns and unknowns. Nat Rev Mol Cell Biol 10:
697-708. doi:10.1038/nrm2763

Skytting B, Nilsson G, Brodin B, Xie Y, Lundeberg J, Uhlen M,
Larsson O. 1999. A novel fusion gene, SYT-SSX4, in synovial
sarcoma. | Natl Cancer Inst 91: 974-975. doi:10.1093/jnci/
91.11.974

Sneeringer CJ, Scott MP, Kuntz KW, Knutson SK, Pollock RM,
Richon VM, Copeland RA. 2010. Coordinated activities of
wild-type plus mutant EZH2 drive tumor-associated hypertri-
methylation of lysine 27 on histone H3 (H3K27) in human B-
cell lymphomas. Proc Natl Acad Sci 107:20980-20985. doi:10
.1073/pnas.1012525107

Souroullas GP, Jeck WR, Parker JS, Simon JM, Liu JY, Paulk J,
Xiong J, Clark KS, Fedoriw Y, Qi J, et al. 2016. An oncogenic
Ezh2 mutation induces tumors through global redistribution
of histone 3 lysine 27 trimethylation. Nat Med 22: 632-640.
doi:10.1038/nm.4092

Sparmann A, Xie Y, Verhoeven E, Vermeulen M, Lancini C, Gar-
giulo G, Hulsman D, Mann M, Knoblich JA, van Lohuizen M.
2013. The chromodomain helicase Chd4 is required for Poly-
comb-mediated inhibition of astroglial differentiation. EMBO
] 32: 1598-1612. d0i:10.1038/emb0j.2013.93

Spruijt CG, Bartels SJ, Brinkman AB, Tjeertes JV, Poser I, Stun-
nenberg HG, Vermeulen M. 2010. CDK2AP1/DOC-1 is a
bona fide subunit of the Mi-2/NuRD complex. Mol Biosyst
6: 1700-1706. doi:10.1039/c004108d

Sredni ST, Tomita T. 2015. Rhabdoid tumor predisposition syn-
drome. Pediatr Dev Pathol 18: 49-58. do0i:10.2350/14-07-
1531-MISC.1

Stanton BZ, Hodges C, Calarco JP, Braun SM, Ku WL, Kadoch C,
Zhao K, Crabtree GR. 2017. Smarca4 ATPase mutations dis-
rupt direct eviction of PRC1 from chromatin. Nature Genet
49: 282-288. d0i:10.1038/ng.3735

Stern M, Jensen R, Herskowitz 1. 1984. Five SWI genes are re-
quired for expression of the HO gene in yeast. ] Mol Biol
178: 853-868. doi:10.1016/0022-2836(84)90315-2

Sun X, Wang SC, Wei Y, Luo X, Jia Y, Li L, Gopal P, Zhu M, Nas-
sour I, Chuang JC, et al. 2017. Arid1la Has context-dependent
oncogenic and tumor suppressor functions in liver cancer.
Cancer cell 32: 574-589.¢e6. d0i:10.1016/j.ccell.2017.10.007


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

Sundaramoorthy R, Hughes AL, El-Mkami H, Norman DG, Ferre-
ira H, Owen-Hughes T. 2018. Structure of the chromatin re-
modelling enzyme Chdl bound to a ubiquitinylated
nucleosome. eLife 7. doi:10.7554/eLife.35720

Tamkun JW, Deuring R, Scott MP, Kissinger M, Pattatucci AM,
Kaufman TC, Kennison JA. 1992. brahma: a regulator of Dro-
sophila homeotic genes structurally related to the yeast tran-
scriptional activator SNF2/SWI2. Cell 68: 561-572. doi:10
.1016/0092-8674(92)90191-E

Tanaka T, Nakajima-Takagi Y, Aoyama K, Tara S, Oshima M,
Saraya A, Koide S, Si S, Manabe I, Sanada M, et al. 2017. |
Exp Med 214: 2901-2913. doi:10.1084/jem.20170167

Taylor MD, Gokgoz N, Andrulis IL, Mainprize TG, Drake JM,
Rutka JT. 2000. Familial posterior fossa brain tumors of infan-
cy secondary to germline mutation of the hSNF5 gene. Am |
Hum Genet 66: 1403-1406. doi:10.1086/302833

Theodoulou NH, Bamborough P, Bannister AJ, Becher I, Bit RA,
Che KH, Chung CW, Dittmann A, Drewes G, Drewry DH,
etal. 2016. Discovery of -BRD9, a selective cell active chemical
probe for bromodomain containing protein 9 inhibition. | Med
Chem 59: 1425-1439. doi:10.1021/acs.jmedchem.5b00256

Tolstorukov MY, Sansam CG, Lu P, Koellhoffer EC, Helming KC,
Alver BH, Tillman EJ, Evans JA, Wilson BG, Park PJ, et al.
2013. Swi/Snf chromatin remodeling/tumor suppressor com-
plex establishes nucleosome occupancy at target promoters.
Nat Rev Mol Cell Biol 110: 10165-10170. doi:10.1073/pnas
1302209110

Torchia J, Golbourn B, Feng S, Ho KC, Sin-Chan P, Vasiljevic A,
Norman JD, Guilhamon P, Garzia L, Agamez NR, et al.
2016. Integrated (epi)-genomic analyses identify subgroup-
specific therapeutic targets in CNS rhabdoid tumors. Cancer
cell 30: 891-908. doi:10.1016/j.ccell.2016.11.003

Torchy MP, Hamiche A, Klaholz BP. 2015. Structure and function
insights into the NuRD chromatin remodeling complex. Cell
Mol Life Sci 72: 2491-2507. d0i:10.1007/s00018-015-1880-8

Tordella L, Khan S, Hohmeyer A, Banito A, Klotz S, Raguz S, Mar-
tin N, Dhamarlingam G, Carroll T, Gonzalez Meljem JM,
et al. 2016. SWI/SNF regulates a transcriptional program
that induces senescence to prevent liver cancer. Genes Dev
30: 2187-2198. d0i:10.1101/gad.286112.116

Varelal, Tarpey P, Raine K, Huang D, Ong CK, Stephens P, Davies
H, Jones D, Lin ML, Teague J, et al. 2011. Exome sequencing
identifies frequent mutation of the SWI/SNF complex gene
PBRMI1 in renal carcinoma. Nature 469: 539-542. doi:10
.1038/nature09639

Venneti S, Le P, Martinez D, Eaton KW, Shyam N, Jordan-Sciutto
KL, Pawel B, Biegel JA, Judkins AR. 2011. pl16INK4A and
p14ARF tumor suppressor pathways are deregulated in malig-
nant rhabdoid tumors. ] Neuropathol Exp Neurol 70: 596-609.
doi:10.1097/NEN.0b013e31822146¢ca

Versteege I, Sévenet N, Lange ], Rousseau-Merck MF, Ambros P,
Handgretinger R, Aurias A, Delattre O. 1998. Truncating mu-
tations of h\SNF5/INII in aggressive paediatric cancer. Nature
394: 203-206. doi:10.1038/28212

Wang H, Wang L, Erdjument-Bromage H, Vidal M, Tempst P,
Jones RS, Zhang Y. 2004. Role of histone H2A ubiquitination
in Polycomb silencing. Nature 431: 873-878. doi:10.1038/
nature02985

Wang X, Sansam CG, Thom CS, Metzger D, Evans JA, Nguyen PT,
Roberts CW. 2009. Oncogenesis caused by loss of the SNF5 tu-
mor suppressor is dependent on activity of BRG1, the ATPase
of the SWI/SNF chromatin remodeling complex. Cancer Res
69: 8094-8101. doi:10.1158/0008-5472.CAN-09-0733

Wang X, Lee RS, Alver BH, Haswell JR, Wang S, Mieczkowski J,
Drier Y, Gillespie SM, Archer TC, Wu JN, et al. 2017.

Chromatin regulation by remodelers and Polycomb

SMARCBI-mediated SWI/SNF complex function is essential
for enhancer regulation. Nature Genet 49: 289-295. doi:10
.1038/ng.3746

Wani AH, Boettiger AN, Schorderet P, Ergun A, Miinger C,
Sadreyev RI, Zhuang X, Kingston RE, Francis NJ. 2016. Chro-
matin topology is coupled to Polycomb group protein subnu-
clear organization. Nat Commun 7: 10291. doi:10.1038/
ncomms10291

Wassef M, Rodilla V, Teissandier A, Zeitouni B, Gruel N, Sadacca
B, Irondelle M, Charruel M, Ducos B, Michaud A, et al. 2015.
Impaired PRC2 activity promotes transcriptional instability
and favors breast tumorigenesis. Genes Dev 29: 2547-2562.
doi:10.1101/gad.269522

Whitehouse I, Stockdale C, Flaus A, Szczelkun MD, Owen-
Hughes T. 2003. Evidence for DNA translocation by the
ISWI chromatin-remodeling enzyme. Mol Cell Biol 23:
1935-1945. d0i:10.1128/MCB.23.6.1935-1945.2003

Whyte WA, Bilodeau S, Orlando DA, Hoke HA, Frampton GM,
Foster CT, Cowley SM, Young RA. 2012. Enhancer decom-
missioning by LSD1 during embryonic stem cell differentia-
tion. Nature 482: 221-225. doi:10.1038/nature10805

Wilson BG, Wang X, Shen X, McKenna ES, Lemieux ME, Cho Y],
Koellhoffer EC, Pomeroy SL, Orkin SH, Roberts CW. 2010.
Epigenetic antagonism between polycomb and SWI/SNF com-
plexes during oncogenic transformation. Cancer cell 18: 316—
328. d0i:10.1016/j.ccr.2010.09.006

Wilson BG, Helming KC, Wang X, Kim Y, Vazquez F, Jagani Z,
Hahn WC, Roberts CW. 2014. Residual complexes containing
SMARCA2 (BRM) underlie the oncogenic drive of SMARCA4
(BRG1) mutation. Mol cell bio 34: 1136-1144. doi:10.1128/
MCB.01372-13

Winston F, Carlson M. 1992. Yeast SNF/SWI transcriptional acti-
vators and the SPT/SIN chromatin connection. Trends Genet
8:387-391. d0i:10.1016/0168-9525(92)90167-3

Wu X, Johansen JV, Helin K. 2013. Fbx110/Kdm2b recruits poly-
comb repressive complex 1 to CpG islands and regulates
H2A ubiquitylation. Mol Cell 49: 1134-1146. doi:10.1016/j
.molcel.2013.01.016

Yan L, Wu H, Li X, Gao N, Chen Z. 2019. Structures of the ISWI-
nucleosome complex reveal a conserved mechanism of chro-
matin remodeling. Nat Struct Mol Biol 26: 258-266. doi: 10
.1038/s41594-019-0199

Yildirim O, Li R, Hung JH, Chen PB, Dong X, Ee LS, Weng Z,
Rando O], Fazzio TG. 2011. Mbd3/NURD complex regulates
expression of 5-hydroxymethylcytosine marked genes in em-
bryonic stem cells. Cell 147: 1498-1510. doi:10.1016/j.cell
2011.11.054

Zentner GE, Henikoff S. 2013. Regulation of nucleosome dynam-
ics by histone modifications. Nat Struct Mol Biol 20: 259-266.
doi:10.1038/nsmb.2470

Zhang]J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D,
Easton ], Chen X, Wang J, Rusch M, et al. 2012. The genetic
basis of early T-cell precursor acute lymphoblastic leukaemia.
Nature 481: 157-163. doi:10.1038/nature10725

Zhang W, Aubert A, de SeguraJM G, Karuppasamy M, Basu S, Mur-
thy AS, Diamante A, Drury TA, Balmer ], Cramard], etal. 2016.
The nucleosome remodeling and deacetylase complex NuRD
is built from preformed catalytically active sub-modules. |
Mol Biol 428: 2931-2942.. d0i:10.1016/j.jmb.2016.04.025

Zhang T, Wei G, Millard CJ, Fischer R, Konietzny R, Kessler BM,
Schwabe JWR, Brockdorff N. 2018. A variant NuRD complex
containing PWWP2A/B excludes MBD2/3 to regulate tran-
scription at active genes. Nat Commun 9: 3798. doi:10
.1038/s41467-018-06235-9

GENES & DEVELOPMENT 959


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on February 20, 2023 - Published by Cold Spring Harbor Laboratory Press

=8 1-8-3

dlevelopment

Dangerous liaisons: interplay between SWI/SNF, NuRD, and Polycomb
in chromatin regulation and cancer

Adrian P. Bracken, Gerard L. Brien and C. Peter Verrijzer

Genes Dev. 2019, 33: originally published online May 23, 2019
Access the most recent version at doi:10.1101/gad.326066.119

References This article cites 247 articles, 72 of which can be accessed free at:
http://genesdev.cshlp.org/content/33/15-16/936.full.html#ref-list-1

Creative  This article, published in Genes & Development, is available under a Creative Commons
Commons License (Attribution 4.0 International), as described at
License http://creativecommons.org/licenses/by/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the top
Service right corner of the article or click here.

1T Providing Precise Solutions for C'»' s A
your research, o e B

© 2019 Bracken et al.; Published by Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.326066.119
http://genesdev.cshlp.org/content/33/15-16/936.full.html#ref-list-1
http://creativecommons.org/licenses/by/4.0/
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.326066.119&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.326066.119.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=57163&adclick=true&url=https%3A%2F%2Fwww.usascientific.com%2F%3Futm_source%3DCSHL%26utm_medium%3DeTOC%26utm_campaign%3DCSHL_pipette%26utm_id%3DCSHL
http://genesdev.cshlp.org/
http://www.cshlpress.com

