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Introduction

In eukaryotes, gene expression is regulated by chromatin organiza-
tionand transcriptional regulators. The former categoryincludes the
arrangement of nucleosomes along DNA and histone post-translational
modifications, which, together with the three-dimensional structure of
chromatin, define the physical accessibility of DNA to various factors.
Thelatter categoryincludestranscriptionfactors (TFs), co-activators or
co-repressors, chromatinmodifierssuch as ‘readers’, ‘writers’and ‘eras-
ers’ of histone post-translational modifications, and ATP-dependent
chromatinremodellers. Notably, chromatin remodellers hydrolyse ATP
to alter nucleosome structure and regulate chromatin accessibility.
They additionally biochemically interact with various other transcrip-
tional regulators, ultimately having an integral role in facilitating the
activation and repression of gene expression programmes at the right
time and place in an organism.

Chromatin remodellers are composed of an ATPase protein and
can have multiple associated subunits. SWI/SNF (switch/sucrose
non-fermenting) was the first ATP-dependent chromatin remodeller to
bediscoveredinyeaststudiesinthe1980s (Box1).Since then, homology
searches based on the sequence conservation of the Snf2-like ATPase
domain’ have expanded the repertoire of remodellers to encompass 32
different proteins and/or protein complexesin Homo sapiens (Fig.1a).
The four canonical families are SWI/SNF, ISWI (imitation SWI), CHD
(chromodomain helicase DNA-binding) and INO8O/SWR (SWI2/SNF2-
related) (Fig. 1b).Ingeneral, ATP-dependent chromatin remodellers are
presentinincreasing diversity in higher-order species'.

Despite some commonalities in structure and biochemical func-
tion, chromatin remodellers have specific and distinct biological
activities in mammals. Recent human genetic data have revealed that
remodellers are widely but characteristically mutated in human devel-
opmental diseases and cancers, and efforts are underway to find thera-
peuticavenues to target remodellers in these pathologies’. Therefore,
amajor research question is understanding how remodellers confer
very specific and diverse functions in gene expression, physiology
and disease.

Here wereview the distinct, non-redundant and dosage-sensitive
biological roles of chromatin remodellers and the mechanisms
underlying their specificity, such as the combinatorial assembly of
subunits, interactions with TFs, and how remodellers localize on
chromatin. We discuss evidence from large-scale genetic studies of
developmental disorders and cancer that have led to insights into
the multiple, context-specific mechanisms of remodeller function,
focusing on the mammalian complexes. For additional discussions
that complement these areas, we refer readers to several excellent
recentreviews’’,

General features of chromatin remodellers
Commonalities and differences in remodeller structure

and function

Recent structural studies of remodellersin complex with nucleosomes
have greatly contributed to understanding the commonalities and
differences in their core remodelling function. Cryogenic electron
microscopy (cryo-EM) structures that highlight structure-function
relationships have beenreported for 11 human chromatin remodellers
(reviewed inrefs. 8,10; listed in Supplementary Table 1) and a repre-
sentative structure from each remodeller family are shown in Fig. 1c.
The common feature of each of the structures of chromatin remodellers
defined to date is the binding of a nucleosome. A direct nucleosomal
interaction was in fact predicted by early genetic studies in yeast that

1"13 as well as in vitro

14-18

identified suppressor mutations in histones
nucleosome remodelling studies with purified remodellers

The nucleosome is bound predominantly by the ATPase subunit,
with additional contact provided sometimes by accessory subunits,
suchas BAF47 (encoded by the gene SMARCBI) in the BAF (mSWI/SNF)
complex or ARP5 (ACTRS) and IES6 (INOSOC) inINOSO (ref.19) (Fig.1c).
(See Box1foranexplanation of the nomenclature of chromatin remod-
ellers.) Accessory subunits can assemble with the ATPase subunitinto
megadalton-sized macromolecular machines. Interestingly, BRM and
BRG1 (SMARCA2 and SMARCA4) in BAF seem to be the only ATPases to
have a SnAC domain (Fig. 1c), which anchors histone contactsina ‘C’
clamp-like structure and could have a role in BAF-specific functions.
The nucleosome can also be engaged without additional subunits,
as demonstrated by the structures of CHD (Fig. 1c), in which amino-
(N-)terminal chromodomains interact with methylated histone tails
to mediate nucleosome association’. However, many of the human
remodellers described as functioning without accessory subunits are
far less well studied and may associate biochemically with as yet uni-
dentified dedicated protein partners that confer upon them additional
functions. Inaddition, many of the cryo-EM structures have coverage of
only around 40% of the remodelling complex, with electron density not
observed or unable to beresolved for many subunits. In Supplementary
Table 1, we provide detail on the resolved structures of remodelling
complexes.

The fundamental steps in nucleosome remodelling are powered
by the binding and hydrolysis of ATP to the ATPase domain, which
forcesatranslocation of DNA along the nucleosome of approximately
onebase pair (bp) per molecule of ATP and breaks histone-nucleotide
contact in a mechanism that is usually referred to as ‘inch-worming’
the DNA along the nuclesome®?. The general term ‘nucleosome
remodelling’ or ‘nucleosome turnover’ describes several different
outcomes: linear nucleosome translation along the DNA, nucleo-
some eviction, histone variant depositioninto the nucleosome octamer
and/or nucleosome exchange. Specific remodellers have distinct roles
innucleosome dynamics. For example, ISWI-family remodellers slide
nucleosomes along DNA?"?, ATRX cooperates with death-domain-
associated protein DAXX to deposit H3.3 over repetitive DNA™>,
whereas LSH (HELLS) inserts the histone variant macroH2A?, and BAF
can evict either H3K27me3-modified nucleosomes or directly evict
Polycomb repressive complexes®®, Insome cases, these differencesin
remodelling type are facilitated by accessory domains on the remodel-
ler ATPase subunit, asin the case of the HAND-SANT-SLIDE domains of
ISWIATPases, which bind extra-nucleosomal DNA%. Auxilliary subunits
of remodelling complexes that bind DNA and modified histones also
contribute to differences in nucleosome remodelling activity.

The molecular and genetic basis of multitasking by chromatin
remodellers

In mammals, most remodellers have evolved to have multiple
non-catalytic auxiliary subunits and different functional protein
domains. That suggests the potential for a diversity of complexes with a
diversity of function, based on the combinatorial assembly of subunits,
many of which are paralogous with each other*°. For example, arecent
estimate suggests that 1,452 different BAF complexes can be assembled,
composed of around 16 subunits encoded by 29 genes®. This is prob-
ably a lower bound, because almost all BAF subunits have multiple
isoforms caused by alternative splicing. Another example is the NuRD
complex, composed of one of CHD3, CHD4 or CHDS, and one of various
paralogous subunits suchas MBD2/MBD3, GATAD2A/B, HDAC1/2 and
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Box 1

The discovery of ATP-dependent chromatin remodellers

Independent and concurrent yeast genetic studies in the laboratories
of Marion Carlson at Columbia, and Ira Herskowitz at the University of
California San Francisco (UCSF), led to the first realization that
chromatin could be regulated by the actions of large protein
complexes containing ATPases. Coincidentally, both groups were
interested in genetically defining components of cellular signalling
pathways. Marion Carlson’s group was studying the response of
yeast to nutrient signalling and sugar use. They called their mutant
strains sucrose-non-fermenting, or SNF, and found that the genes
involved were ones that might be expected, such as kinases'.
However, one of their mutant strains was unexpected, implicating

a gene called SNF2, which encoded a large ATPase'®®. Parallel and
independent studies in the Herskowitz laboratory at UCSF were
defining the requirements for mating type switching in response

to pheromones. Here again, a series of informative genes were
discovered in their screens and one encoded an ATPase that they
called SWI2'®, In a second screen for genes that might reverse part
or all of the SWI2 phenotype, they and others found genes encoding
histones and realized that these discoveries might reflect functions
in the nucleus at the termination of a signalling pathway'>'*'¥’,

When the two groups compared their results, they found that SWI2
was identical to SNF2 (reviewed in ref. 188; sequences of SNF2
determined in ref. 189). Work by Craig Peterson in the Herskowitz
laboratory demonstrated that several of the genes they discovered
were part of a large complex that came to be known as the SWI/SNF
complex'°.

Genetic studies continued to provide insight into remodeller
function when Tamkum, Scott and Kennison found that phenotypes
in flies with mutations in Pc (and Pc-like), which was later shown to
be a subunit of the Drosophila orthologue to Polycomb repressive
complex 1(PRC1), could be rescued by another mutation in a protein
called Brahma''. Cloning of Brahma (also called BRM) revealed that
it encoded an ATPase similar to the SWI2 and SNF2 proteins™'. Within
the protein, a conserved domain was discovered of approximately
60 amino acids that was the first bromodomain identified. Additional
biochemical studies also revealed that Brahma was part of a large
protein complex (reviewed in ref. 192). However, mutations in only
some of the subunits could rescue the phenotypes caused by
Polycomb complex mutations®*.

MTA1/2/3 (ref. 5) (Fig. 2). In the ISWI complex, a core ATPase, SNF2H
or SNF2L (SMARCAS or SMARCALI) is paired with one of six different
regulatory subunits that are important for histone and nucleosomal
DNA substrate recognition® (Fig. 2).

These observations raise the question of whether a single cell
contains each possible complex or whether a unique assemblyissolely
presentin asingle cell type. Early studies using immunofluorescence
showed that within asingle cell, the position of the BAF complex ATPase
could be occupied by either BRG1 or BRM****; yet both ATPases are
expressed within most cell types. Consistent with these earlier studies,
recent single-cell RNA sequencing (RNA-seq) studies of mammalian
tissues have shown that each cell type examined has the potential

In mammalian cells, studies of genomic DNase accessibility had
revealed that during development, genetic regulatory regions became
accessible so that they could receive a signal from the cell membrane
before they expressed the receptors that would trigger the activation
of the gene'®. Somehow, the nucleus was prepared to receive
signals from the cell membrane during development, as though
developmental transitions involved the coordinated preparation of
the chromatin accessibility with the expression of the receptors that
would send signals into the nucleus, a conclusion that was reinforced
by genetic receptor-switch experiments performed later in several
laboratories'®*"'*®, Purification of the proteins that bound to these
tissue-specific DNase-sensitive sites'®*'”” and positional cloning
led to the identification of mammalian homologues of the proteins
discovered in yeast and flies'®****91% a5 well as several new proteins
not present in these organisms. Further biochemical, proteomic and
next-generation-sequencing studies have since identified 16 subunits
encoded by 29 different genes in humans®'®°, forming a family of
mammalian BAF (Brahma-associated factor) or mSWI/SNF complexes
(Fig. 2a). Many other remodellers with homologous Snf2-like-ATPase
domains have now been characterized (Fig. 2).

A note on chromatin remodeller complex subunit gene

and protein names

In part owing to contributions from diverse research groups in
discovering the genes and protein components of remodeller
complexes, many alternative names have entered the literature.

We choose to present the HUGO Gene Nomenclature Committee
gene name in italics, and related names commonly used to refer to
the human genes or the protein products in upright text, writing both
at first mention. Subsequently, we refer to only the protein or gene,
depending on which was being discussed. For example, ARID1B is the
gene responsible for encoding the protein BAF250B. For BAF complex
subunits such as BAF250B, the numerical suffix after ‘BAF’ refers to
the molecular weight in kilodaltons of the subunit observed on a
SDS-PAGE gel, and the capital letter refers to the paralog, making

the names of subunits easy to recall. Confusingly, different names for
complexes are also used in the literature, such as BAF, also known as
mSWI/SNF (mammalian SWI/SNF). Supplementary Table 1 lists each
remodeller and common alternative names that one might encounter.

(interms of expressed mRNAs for subunit families) to forma diversity
of possible complexes®. Conceptually, these studies suggest the first
model whereby each cell contains a diversity of complexes predicted
by combinatorics, creating arange of different complexes with distinct
composite surfaces capable of interacting withambient TFs and other
nuclear proteins. Such a model could explain how these complexes
carry out multiple different functions within a single cell. Whereas
chromatin remodeller complexes such as BAF are present at about
300,000-500,000 complexes per cell*’, most of the TFs that they
interactwith are presentin numbers of the order 0f10,000 molecules
percell”. Thus, ifa TF or aDNA repair or recombination protein binds
to one subset of BAF remodelling complexes within a specific cell,
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other combinatorial assemblies are free to interact with different TFs
atthe sametime, illustrating how biochemical multitaskingis accom-
plished. This 50-fold or more abundance over TFs leads to a technical
difficulty inimmunoprecipitation studies, as antibodies against a TF
often co-immunoprecipitate the remodeller, but antibodies against the
remodeller often fail to reveal the relevant, functionally linked TF?35%,

Support for the second model, that certain cells contain unique
remodeller assemblies, stems from the observation that certain paralo-
gous subunits (and/or isoforms) have been found to be tissue-specific
in expression. These include BAF45A, BAF45B, BAF45C and BAF45D
(encoded by PHF10,DPF1, DPF3and DPF2, respectively), or BAF53A and
BAF53B (ACTL6A and ACTL6B) in BAF complexes*’, or CHD3, CHD4
and CHD5 in NuRD complexes**% Since many TFs are also cell-type-
specificintheiractions and/or expression patterns, the combinatorial
use of subunits could permit remodellers to bring lineage specificity to
their functions. Indeed, as we discuss in the later section about remod-
ellers in development, switches in complex subunit composition can
be necessary and sufficient for directing differentiation, and direct
reprogramming experiments thatinduce certain remodeller subunits’
expression or downregulate paralogous subunits have successfully
converted cell types***.

Anoteworthy recent exampleillustrating theimportance of asym-
metric, cell-specific expression of specific subunits in the earliest
stages of development was observed in studies examining the role of
the mouse embryonic-stem-cell-specific esBAF complex in determining
cellfate®; this specialized BAF complex includes BRG1 but not BRM, and
BAF155 (encoded by SMARCCI) but notits paralog BAF170 (SMARCC2)*.
During early embryogenesis, the formation of the trophectoderm,
which gives rise to the placenta, arises from initial asymmetry in the
four-cell or eight-cell embryo. Hippo signalling by the TFs YAP and
TEAD have acritical role in the designation of trophoblast and results
intheactivation of the homeobox factor CDX2, amajor determinant of
the formation of trophoblastic cells. One of the first hallmarks of early
trophoblastic differentiation is the asymmetric expression of cyto-
plasmickeratins 8 and 18. The asymmetric expression of keratin 8 and
18 in mouse and human four-cell or eight-cell blastomeres resulted
from differential expression of BAF155 in the vegetal blastomere®.
By manipulating the cells in which BAF155 was more highly expressed
at the two-cell state, the authors could increase both YAP-TEAD sig-
nalling as well as keratin expression, indicating that heterogeneities
atthecellularlevelin BAF complexesinthe developingembryo havea
critical role in defining the first steps in designating the placenta and
embryo.

Dosage-sensitivity of chromatin remodellers in mammals
Chromatin remodellers were once thought to be dosage-insensitive
with largely redundantactivity. This hypothesis originated from early
geneticstudies of chromatin remodelling genes in yeast, which found
that RSC/Sth1was the only remodeller essential for yeast viability**.
Furthermore, deletion of any individual yeast remodeller had only
modest effects on nucleosome positioning, as characterized both
by MNase-sequencingin cells and in recombinant preparations of puri-
fied complexes, and the effects of deleting a single remodeller could be
compensated for by related remodellers®® . However, recent human
genetics studies have revealed both a surprising intolerance to the
loss of function (LoF) and dosage sensitivity of chromatin remodelling
genes. Fromatherapeutic development perspective, dosage sensitiv-
ity could define targets at which a drug might exert a maximum effect
without having to remove all the activity of the gene product.

Analysis of the genomes 0f 141,456 individuals has permitted esti-
mates of both intolerance to LoF and constraint on missense variants
forevery humangene®. Remodeller complexes are remarkablein that
the estimated intolerance of their subunits to LoF (as well as constraint
on missense variants) are among the most severe of all human genes
(Fig.3a). The copy numbers of many genes encoding remodeller subu-
nits are conserved across 13 mammalian genomes from mice to humans
(Fig. 3b). Remodeller subunit genes, compared to all other genes, are
statistically significantly enriched (Fisher’s exact P<107%) in regions
specific to human pathogenic copy number variation (CNV)*. Subunits
of remodellers may show triplosensitivity, when an extra gene copy
produces aphenotype. For example, triplosensitivity for Brwd1, abro-
modomain histone ‘reader’ that assembles substoichiometrically into
BAF complexes in the mammalian brain, was found to be responsible
for Down-syndrome-related molecular and behavioural phenotypes
in a Down syndrome mouse model®. A separate analysis of all vari-
ants in DECIPHERY, a database of genetic information on individuals
with developmental disorders, found that almost 50% of the variants
in the four major remodeller families were copy number losses*®. Tight
regulation of gene expression across evolution is a characteristic of
haploinsufficient genes, which are defined as those intolerant to the
loss of asingle allele (often classified by a probability of intolerance to
LoF (pLI) score > 0.9 (ref. 59)).

Intriguingly, subunits within the same complex often do not show
the same intolerance to LoF or constraint as their neighbours. Analysis
of the differences between subunit intolerance to LoF and constraint
on missense variation can thus generate informative structural and
functional hypotheses. Compare the vastly differentintolerance toloss
offunction (pLIscores) between integral members of the BAF complex
such as SMARCA4 or SMARCAZ2 (encoding the ATPases) (Fig. 2a), and
other BAF subunits such as PHF10 (BAF45A) (Fig.2b). Subunits tolerant
to LoF (pLI-0) may be tangential in structure for remodeller function;
forexample, BAF45Ais the last subunit to be added to the pBAF complex
duringitsassembly, and it may not beintegral to asemi-functional pBAF
complex®. Paralogous subunits, such as the BAF subunits BCL7A, BCL7B
and BCL7C, are oftentolerant to LoF variation, perhaps because one can
be substituted for another. In other cases, tolerance to LoF variation
may tell us about subunits that are only expressed in or have important
functionsinadultlife (whenthese metrics are lessinfluenced by selective
pressure) or specific tissue types. An example of such a subunit is the
neuron-specific BAF subunit ACTL6B*, in which deleterious recessive
mutations cause autismspectrumdisorder®® but the subunit is specific
in function and expression to postmitotic neurons. Other remodellers
found to be tolerant to loss might truly be redundant in humans; for
example, CHD1L and ZRANB3have both been found with high-confidence
homozygous LoF variantsin at least oneindividual® (Fig. 2j, Fig. 3a). From
atherapeutic development perspective, theidentification of individuals
withhomozygous LoF variantsinagene can oftenindicate the tolerability
of pharmacologically targeting the encoded protein®.

The multitasking potential of remodellers, through different
protein surfaces or by cell-specific subunit expression, could also
explain the disparitiesin mutational burden amongadjacent subunits
within the same complex. For example, deleterious mutations in the
core ARIDIB (encoding the largest BAF subunit, BAF250B) are the most
common de novo mutationsin humanintellectual disability®, indicat-
ingacritical and LoF-sensitive role in human neurodevelopment. Yet,
adjacent subunits known to be part of neuronal BAF complexes, such
asBCL7A or SMARCD2 (BAF60B) (see Fig. 1c), seemto be LoF-insensitive
and are not implicated in neurodevelopmental disorders, as defined
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Fig.1| The family of human chromatin remodellers. a, The 32 human chromatin
remodellers cluster into families based on sequence similarity of their ATPase
domains. The tree was constructed from a multiple sequence alignment of only
the ATPase domains of human chromatin remodellers. b, The four canonical
sub-families of chromatin remodellers are shown with their defining Snf2-family
helicase-like ATPase domain highlighted along with distinguishing auxiliary
domains often present in sub-family members. ¢, The structure of remodellers
from each of the major families: the BAF or mSWI/SNF complex (Protein

DataBase (PDB): PDBDEV_00000056), SMARCAS or SNF2h (ISWIcomplexes)
(PDB: 6ne3), CHD4 (PDB: 6ryr) and INO8O (PDB: 6hts). Each displays an example

of how the ATPase domain, in red, of remodellers contacts the nucleosome,
assisted by non-ATPase domains such as the SnAC (Snf2 ATP coupling), and/or by
auxiliary subunits. An example of other subunits in the BAF complex s labelled.
Other subunitsingrey are not labelled for simplicity; see Fig. 2 and Supplementary
Table1for adetailed list of subunits. DExDc, Asp, Glu, X, Asp motif and DEAD-like
helicases superfamily; HAND, secondary structure of four a-helices, three of
whicharein an L-shape configuration; HSA, helicase/SANT-associated; PHD, plant
homeodomain; QLQ, GIn, Leu, GIn motif; SANT, switching-defective protein 3
(Swi3), adaptor 2 (Ada2), nuclear receptor co-repressor (N-CoR), transcription
factor (TF)IIIB; SLIDE, SANT-like ISWI domain.

by the same genome-sequencing efforts (Fig. 2a). This parsing out of
functions probably reflects specific interactions between the subunits
of the remodeller and lineage-specific TFs or epigenetic regulators
found within a given cell type and developmental stage. Testing this
hypothesis will almost certainly require analysis of the hotspot muta-
tions withinagiven subunit and identification of the interactions lost
inthese mutated complexes.

Loss of remodellers or their subunits may also inhibit their ability
tobalanceglobal processesinthe cell. Studies using chemicalinducers
of proximity and degron tags (Box 2) suggest that the BAF complex can
regulate the distribution of Polycomb repressive complexes 1and 2
(PRC1 and PRC2) by direct, ATP-dependent eviction of PRC17, or, by
evicting nucleosomes that have repressive modifications. Polycomb
repression is known to be dosage-sensitive®, and BAF or other
remodellers may titrate the dosage of other epigenetic complexes.

Thereis apossibility of redundant remodelling functionsin mam-
mals. The high rate of nucleosome exchange — several times per cell
cycle® — could be due toaredundant function of remodellers over the
large majority of the genome where nucleosomes are not positioned,
but rather rapidly randomized after cell division®®. At these largely
intergenicregions, containingcritical, developmentally active enhanc-
ers, several remodellers might contribute to nucleosome mobility
or the rapid rate of exchange at a specific genomic region. A LoF- or
dosage-sensitive, non-redundant function of aspecific remodeller does
not preclude redundant functions governing rapid rates of nucleosome
mobility and exchange over other parts of the genome. Teasing out
these redundant functions from the critical, context-specific func-
tions of remodellers will be key to understanding the roles individual
remodellers have in epigenetic, metabolic or other pathways during
human development and disease.

Genomic localization of remodellers
Acriticalmechanism underlying the biological specificity of chromatin
remodellersis probably theirintrinsic localization. In part, remodeller
localization arises from the domains or subunits that bind atleast one
of three substrates: TFs, histone modifications and extra-nucleosomal
DNA. Some examples are the CHDs, which have chromodomains that
bind methylated histone tails’ or NuRD complex methyl-binding-DNA
(MBD) subunits®’. However, remodeller biological function seems spe-
cific enough that chromatin-binding domains alone cannot predict
targeting. One of the most well studied roles of remodellers has been
their assistance of TFs®, Interactions with TFs are particularly intrigu-
ing, notonly because of their DNA-sequence-specific binding capability,
butalsobecause TF expression and/or activity is often lineage-specific,
whichmightthenimpartbiological specificity to remodeller function.
Here we provide a perspective on recent models that have emerged
concerning the interaction between remodellers and TFs.

Models of cooperation between remodellers and TFs

Three models of remodeller-TF cooperation are commonly evoked
(Fig. 4). Inthe first, TFs use their sequence-specific binding sites to
initiate the process of nucleosome remodelling, then recruit remodel-
lers (Fig. 4a).In some cases, these TFs are ‘pioneer’ TFs, such as FOXA1,
and/or pluripotency factors, such as OCT4 or SOX2, that can bind to
nucleosomal DNA**’° and remodel nucleosomes on their own and
recruitother TFsand remodellers. But the relatively limited sequence
specificity of nearly allmammalian TFs seems to be incompatible with
apure version of such a ‘TF-first” model, given that most TFs have
thousands or even millions of potential recognition sequences but
bind only a fraction of them”". Also, kinetic recruitment studies in
which the remodeller or the TF is brought to an endogenous locus
within minutes using chemically induced proximity’? and conditional
knockout studies in mouse embryonic stem cells, have showed that
some pioneer factors such as OCT4 and SOX2 require recruitment
by the BAF complex for creating genomic accessibility to support
binding”>".

In another model, genome-wide ATP-dependent remodelling of
nucleosomes establishes an accessible landscape for the TF to exploit
and bind to a specific site (Fig. 4b). This model is supported by the
observation that nucleosome turnover occurs many times per cell
cycle across most of the genome®. The vast majority of the genome
does not have stably positioned nucleosomes®, presumably as aresult
oftherapid nucleosome turnover and the relative lack of stably bound
chromatin-binding proteins that could exert a phasing (regular, arrayed
positioning) effect. Therefore, a TF could find an opportunity for
binding a specific locus within a few hours eveniif it could not bind to
nucleosomal DNA. Also supporting this model are recent studies apply-
ing degron tags or PROTACs (Box 2) that degrade BRG1and/or BRMin
human cancer celllines that found that acute degradation results in loss
of TF binding at thousands of lineage-specific enhancers”.

Localization specificity in the second model would come from
remodeller subunits that recognize histone modifications and
often subunits that bind features of DNA without absolute sequence
specificity, such as ARID domains (which bind AT-rich regions), HMG
domains (which bind kinked DNA) or the MBD1/2/3 methylated-DNA-
binding domains. In BAF, subunits such as BAF57 bind to topologically
restricted DNA in the form of a cruciform structure’. Remarkably,
this cruciform-binding domain is a hotspot for mutations in diffuse
malignant meningiomas’’. Recent ATAC-seq studies in mouse embry-
onic stem cells have suggested that the binding of certain TFs relies
selectively on specific chromatin remodelling pathways’®. For example,
inmouse embryonicstem cells, CTCF bindingis dependent on SNF2H,
the ATPase of the ISWIcomplex, but not BRG1 (BAF complex), whereas
REST binding is BAF but not ISWI-dependent’®. It remains to be investi-
gated whether this specificity arises from specific remodeller function
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Fig.2| Chromatin remodelling complexes in human development and
disease. a-j, The human chromatin remodelling complexes are shown

with their composition of subunits. Subunits, where possible, reflect the
actual position and relative size in the available structures of remodeller
complexes. Paralogous subunits that can be substituted for one another are
displayed as A/B/C, and subunits are coloured according to their probability
ofintolerance to loss-of-function (pLI) scores for their encoding genes in the
human genome™*', Developmental disorders associated by protein-truncating
variants and predicted deleterious missense mutations found in the genes
encoding remodeller subunits are labelled, compiled from large-scale
sequencing studies of de novo mutations in individuals with autism spectrum
disorder (ASD) and developmental delay and/or (idiopathic) intellectual
disability (DDID)*"'*"78, congenital heart disease (CHD)"”’, as well as manual

curation of variants in the literature from case studies (Supplementary

Table 2). *****: false discovery rate (FDR) < (0.05, 0.01, 0.001) of association
with ASD from the Autism Sequencing Consortium®; —/-, homozygous
mutation; ATR-X, X-linked alpha-thalassaemia/mental retardation; AVSD,
atrioventricular septal defect; CHARGE, coloboma, heart defect, atresia
choanae, growth retardation, genital abnormality, and ear abnormality;

COFS, cerebro-oculo-facio-skeletal; DOORS, deafness, onychodystrophy,
osteodystrophy, mental retardation, seizures; GAND, GATAD2B-associated
neurodevelopmental disorder; ICF,immunodeficiency, centromeric instability
facial anomalies spectrum; IHH, idiopathic hypogonadotropic hypogonadism;
NEDDFL, neurodevelopmental disorder with dysmorphic facies and distal limb
anomalies; NEDFASB, neurodevelopmental disorder with dysmorphic facies,
sleep disturbance and brain abnormalities.

dictated by the chromatin landscape, or selective TF-remodeller
biochemical interactions.

‘Assisted loading’ or ‘dynamic assisted loading’”’ is a third model
that proposes asynthesis of the two more parsimonious mechanisms
proposed above (Fig. 4c). Thismodel accounts for the fact that differ-
ent TFs exist on a continuum of ability to bind nucleosomal DNA, as
illustrated by recent large-scale analyses of TF positional binding bias®.
Here, the observation is made that some TFs and remodellers have
comparable on and off rates for binding to chromatin, and act simul-
taneously to open nucleosome-occluded DNA. Recent single-molecule
studies of the dynamics of chromatin remodellers® and TFs** have
reported short (1-10 s) residence times of each, supporting this obser-
vation, whichimplies that binding of any individual remodeller or TF is
tootransienttocreate astable, accessiblestate onits own. Studies using
small-molecule inhibitors of the BAF ATPases BRG1 and BRM found
rapid (within 10 min) losses in accessibility genome-wide in mouse
embryonicstem cells****, albeit by using high (10 pM) concentrations of
alow-nanomolarinhibitor (ICy, < 5 nM; Box 2), which may have resulted
inoff-targetinhibition. Other, less finely detailed kinetic studies have
also suggested a co-dependent assisted-loading model, asin the case
of BAF and OCT4 (ref. 73), BAF and the glucocorticoid receptor®, BAF
and YAP-TEAD*, or BAF and ASCLI1 (ref. 86).

Questions about these three localization models have motivated
structural studies to define the interfaces responsible for remodeller—
TFinteractions. Recent work has mapped out astructured hinge region
in OCT4 that is responsible for the interaction with BRG1 and CHD4
(ref. 87). Theregionis not homologous to the hinge regionsin the other
OCT4-related POU family of TFs and possibly explains how OCT4 is
abletoactasapioneer factorin concert with the BAF complex. GATA3,
another pioneer TF, was also shown to co-immunoprecipitate BRGland
co-bind onchromatin inamanner correlated with its pioneer activity®®.
Further structural work defining critical remodeller-TF interfaces will
help to elucidate mechanisms of remodeller-TF cooperation.

Localization as a determinant of function

Genomic distributions of remodelling complexes are presumed to
reflect their sites of involvement. However, a different model is sug-
gested by the fact that their sites of occupancy do not always associate
with their sites of action, as determined by rapid conditional deletion,
degradation or inhibition of the remodellers and subsequent measure-
ment of transcription, nucleosome positioning®, redistribution of
interacting regulators such as Polycomb®, or chromatin accessibility.
Inarecentstudy, upon BAF ATPaseinhibitionininduced human neural
cultures, only 69% of loci that changed in chromatin accessibility were
bound by BAF®. These investigations have in some cases revealed a

potential gap in our understanding. The disparity between the locali-
zation of the remodeller and regions of remodeller function suggests
thatsome or many of the sites occupied by remodellers, as determined
by ChiP, might be sites where they are resting orin storage, and that sites
whereaccessibility is regulated by the remodeller might be the product
ofarapid ‘hitand run’mechanismthat can only be captured by rapidly
acting chemical probes over timescales of seconds. Another interpre-
tation of these observations is that remodellers of different composi-
tions stand in reserve to be made use of to respond to environmental
signalling such as steroid hormones®, metabolic or developmental
events. The use of new fast-acting probes and tools to study remodeller
kineticsinliving cells (Box 2), as well as single-molecule imaging stud-
ies and related assays to track remodellers inside cells, will probably
berequired to elucidate the contribution of localization to function.

Chromatin remodellers in developmental disease
Deleterious, de novo and/or inherited mutations in genes encod-
ing chromatin remodellers and their associated subunits have been
implicated in dozens of human developmental diseases (Fig. 2,
Supplementary Table 2). Genes encoding members of CHD, INO8O,
SWI/SNF, ATRX and ISWIcomplexes were mutatedin almost 1in 10 cases
in DECIPHER®”*%, In keeping with the themes of non-redundancy, bio-
logical specificity and multitasking explored earlier, the mutational
burden of remodellers in developmental disorders is distinctive to
particular subunits and disorders.

Genetic perturbations to remodellers in animal and cellular
models have revealed how they control critical, rate-limiting processes
in developmental progression. Remodellers maintain pluri- or
multi-potency and self-renewal capacity in stem cells and progeni-
tors, and direct differentiation and lineage commitment. They also
prepare chromatin to help the cell respond to environmental signals
as well as directly respond to environmental stimuli, helping to main-
tain plasticity throughout the adult life of an organism. Ata molecular
level, these processes are mediated by the biophysical mechanisms
discussed above, includinginteractions with TFs and ATP-dependent
nucleosome remodelling. Here, we review these prototypical functions
of remodellers in development and what we know about how the
mutations found in human individuals might cause disease. We focus
particularly, but not solely, on neurodevelopment, an area in which
recent human genetics studies have led to fundamental mechanistic
insights through new structural and systems approaches.

Remodellersimplicated in neurodevelopmental disorders
Pathogenic mutations in remodellers are over-represented in
human neurodevelopmental and psychiatric disorders, including
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Fig.3|The dosage sensitivity of humanremodellers. a, Remodeller genes are
among the most sensitive to loss in human individuals. The constraint against
missense variation and the intolerance to loss-of-function are plotted for all
human genes. Genes encoding remodeller ATPase subunits are labelled and
coloured by complexif applicable. Other complex subunits are coloured but left

unlabelled for simplicity. All data is from gnomAD**". b, Remodelling complex
genes are enriched among all genes conserved in copy number across mammals
and enriched in known pathogenic copy number variants (CNVs), suggesting
strong selective pressure on their dosage. The treein part bis adapted from

ref. 56, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/).

autism spectrum disorder (ASD), intellectual disabilities, epilepsy
and schizophrenia. Indeed, in a recent analysis of missense and
protein-truncating de novo variants in individuals with various
neurodevelopmental disorders, genes encoding the BAF complex and
CHD-family chromatin remodellers ranked first and fourth, respec-
tively, in frequency of mutations®. In a targeted, large-scale exome
sequencing study of 11,986 individuals with ASD, the CHD-family
remodeller CHD8 had the second-highest rate of disruptive (truncat-
ing or deleterious missense) de novo variationamong any gene”. In this

same cohort, ARID1B had the third-highest rate of disruptive variants
in ASD and, in an older study examining 1,333 children with severe,
idiopathic developmental disorders®, ARID1B was the most signifi-
cantly enriched for de novo mutations. Mutations in remodellers are
predominantly heterozygous, reflecting their dosage-sensitive roles,
and in most cases de novo, suggesting that they are disease-causing.
The BAF complex s particularly implicated in a set of rare syn-
dromic and non-syndromic intellectual disabilities—the BAFopa-
thies, such as Coffin-Siris syndrome and Nicolaides-Baraitser
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Box 2

Understanding remodeller function using fast-acting,

cell-permeable small molecules

Chemically induced proximity for in vivo kinetic biochemical
studies
Chemically induced proximity (CIP) is a fundamental mechanism
underlying the role of post-translational modification, allostery
and subcellular localization®°. CIP-regulated phenomena appear
to be all-or-nothing events, because the probability of an effective
collision between two molecules is inversely related to the cube
of the distance between them. Bromodomain proteins that bind
acetylated histones and bring along large co-activator complexes
to contribute to transcription elongation are an example of CIP
and its regulatory effects on chromatin. Efforts to understand the
complexities of in vivo chromatin remodelling have led to the
development of approaches that use bifunctional ligands, acting
via CIP?*° to recruit a chromatin regulator or TF to a precise position
in the genome, and studying the minute-by-minute consequences
within the natural chromatin state of a living cell. This approach
allows analysis of long-range interactions, phase transitions,
topology, complex combinations of histone modifications as well
as of epigenetic memory not assayed by conventional approaches.
In addition, this system operates at the physiological effective
molarity of the various molecules contributing to transcriptional
and epigenetic regulation. An example is the chromatin in vivo
assay (CiA), consisting of mice with arrays of DNA-binding sites
(GAL4 or ZFHD1) inserted by homologous recombination into a
gene of interest, such as Oct4 (ref. 201). Chromatin regulators
of interest can then be reversibly localized to these sites upon
addition of a cell-permeable, bifunctional small molecule, which
binds to ligand-binding tags on the chromatin regulator and an
expressed DNA-binding domain. The gene of interest could be
studied in a variety of developmental timepoints in an animal,
and be compared to the unmodified second allele, serving as
a control. The ability to wash out localization using competitor
small molecules and the rapid permeability of the bifunctional
molecule allows measurement of the orderly sequence of
biochemical events following recruitment of the remodeller
(or another chromatin or transcriptional regulator) to the locus.
Washout studies also allow the assay of chromatin-based memory
across cell passages. CIP has been extended to use with nuclease-
dead Cas9 (dCas9) tagged to a small-molecule-binding domain,
as a way to localize chromatin remodellers or other transcriptional
regulators to any locus of interest that would be targetable with
a guide RNA (gRNA). Finally, efforts to develop molecules that
induce proximity of entirely endogenous, untagged, chromatin
regulators and sequence-specific transcription factors, which
could have therapeutic implications, have recently been
reported®.

Several molecular mechanisms of chromatin remodellers
have been investigated effectively using CIP (see the Box 2 table).
For example, the opposition between BAF and Polycomb was
found to involve direct interaction with Polycomb complexes and

ATP-dependent eviction”’?, Directly targeting the BAF complex

to bivalent gene promoters was found to induce transcription

and cause loss of H3K27me3 levels in as little as 15 minutes*”.

In other studies, the remodeller HELLS (LSH) was found to insert
the histone variant macroH2A?2%* at sensitive loci. As these
examples illustrate, chemical induced proximity tools can shed
light on the multiple ATP-independent and ATP-dependent actions
of remodeller complexes on native chromatin substrates, which is
important in light of the context-specific functions of remodellers
in development and disease.

Chemical inhibitors and degraders

A rapidly growing area of interest in both academic and pharma-
ceutical drug development is the optimization of cell-permeable,
nanomolar-affinity small-molecule inhibitors to ATPase, bromo-
domains, and other subunits in different remodellers?*>°¢,

In addition, degrons®-°° and PROTACSs (proteolysis targeting
chimeras), which work on the basis of CIP'®*?°°?'° can quickly
(within hours) degrade remodeller subunits. Many more are
unpublished but in the patent literature owing to their obvious
therapeutic applications. These have been used to inactivate
remodellers and measure downstream consequences on
chromatin and cell biology. For example, BAF ATPase inhibitors,
degraders and degron tags have been used to measure the
minute-scale effects of BAF inhibition or loss on genome-wide
accessibility, TF binding®?", and Polycomb complex redistribution
in mouse embryonic stem cells®. A small molecule identified as
a BAF250A inhibitor in a screen for inhibitors of BAF-mediated
gene repression has been used to study the BAF250A-containing
complex’s activity in de-repressing the HIV long terminal
repeat in T lymphocytes?®, killing cancer cells in synergy with
ATR inhibitors®”, and promoting BAF-mediated memory T cell
formation in mice to enhance the efficacy of chimeric antigen
receptor T cell (CAR-T) immunotherapy'*’. We note that BAF
ATPase inhibition in cancers has been of particular recent
interest”” and BAF-targeting chemical inhibitors and degraders
have been reviewed previously™.

DNA-barcoded nucleosome arrays

Recently, high-throughput DNA-barcoded nucleosome arrays have
enabled analysis of interactions between purified remodellers
(ISWI**® and BAF?%) and modified nucleosomes. By coupling binding
assays with in vitro chromatin accessibility measurements based
on restriction enzyme cutting, the effects of complex nucleosome
modifications on activity versus binding can be measured. Despite
informative results, in vitro approaches are unable to discern the
effects of long-range in vivo interactions, topological features,
effective intranuclear molarity, and other aspects of chromatin
structure yet to be defined.
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(continued from previous page)

Name Chromatin regulator targeted

Approach

Chemical inducer of proximity (CIP)-based

CiA (chromatin in vivo assay)  SS18 (BAF complex)?"? Zinc-finger and GAL4-binding site arrays knocked-in upstream of Oct4-eGFP
HELLS (LSH)® to create a CiA:OCT4 mouse. FKBP12-ZFHD1 or GAL4-ABI1 expressed with
Hp1 (ref. 201) chromatin regulator fused to FRB or PYL1. Addition of a cell-permeable
e CIP ligand, rapamycin or abscisic acid, that dimerizes FRB and FKBP12 or
DOTIL ABI1and PYL1, respectively, recruits the chromatin regulator to the locus
immediately (<5min).
FIRE-Cas9 (FKBP/FRB SS18 (BAF complex)™® FRB-fusion chromatin complex (HP1, BAF, VPR) recruited with rapamycin to

inducible recruitment for
epigenome editing by Cas9)

MCP-FKBP with a double-MS2 loop gRNA that binds MCP, associated with
dCas9 at a locus.

HDAC-containing complexes?'® BRD4, BRPF1,
and CBP and EP300%"”

Chemical epigenetic
modifiers

FKBP-binding compound, FK506, covalently linked to a binder of a chromatin
modifier, such as an HDAC inhibitor, and recruited to FKBP-dCas9.

Inhibitors

ATPase subunit inhibitors BRG1and BRM (BAF complex)?*842°¢
CHD4 (NuRD complex) and SMARCAS

(ISWI complex)?°® CHD1L.>'8%

Allosteric inhibitors of ATPase activity, selective to paralogs (BRMO14

(ref. 206) is a selective, ICs,<5nM allosteric inhibitor of BRG1and BRM
ATPase activity) or with characterized off-targets (ED2-AD101 (ref. 208) is a
micromolar allosteric inhibitor of both CHD4 and SMARCAS5 ATPase activity).
Micromolar ICs, inhibitors of CHD1L ATPase activity have also been reported
with anti-colorectal cancer cell and xenograft activity”®%"°,

Bromodomain inhibitors BRG1, BRM and PBRM1 (BAF including pBAF
complex)?*° BRD9?*" (non-canonical ncBAF
complex)

BRD8?%? (TIP60 complex)

BAZ2A/B**, BPTF?**?*> and CECR2%%

(ISWI complex)

PBRM?1-specific (pBAF complex)®?’

Various inhibitors have been optimized for binding of remodeller
bromodomains with Kj values of ~1-200nM, with different specificities. For
example, PFI-3 is a BRG1, BRM and PBRM1 bromodomain inhibitor with Kj of
~89nM (ref. 220). BI-7273 and BI-9564 are selective inhibitors of BRD9 with
Ky values ~15nM (ref. 221). DNO2 is a selective inhibitor of bromodomain 1 of
BRD8 with K, of 34nM (ref. 222). GSK2801 is semi-selective for BAZ2A/B at
~200nM but also binds BRD9 (ref. 223). DC-BPi-11 has a ~25nM K, (ref. 224).
BZ1 has 6.3nM Kj, for the bromodomain of BPTF?*°. NVS-CECR2-1 binds the
CECR2 bromodomain with a K, ~80nM (ref. 226). Compound 16 is selective
to bromodomain 2 of PBRM1 over BRG1/BRM with a K;, ~290nM (ref. 227).

BAF modulators BAF250A or a spatially associated surface

(BAF complex)*®

Modulator of BAF250A-containing BAF-complex-mediated transcription
(BRD-K98645985 or BD98) with ECs, of ~2.4 uM (ref. 205).

YEATS domain inhibitor YEATS4% (TIP60 complex)

Compounds 4d and 4e are selective YEATS4 binders with K, of 33nM and
37nM (shown in ref. 228).

Acetyltransferase activity KAT5** (TIP60 complex)

NU9056 is a 2uM inhibitor of histone acetyltransferase activity of TIP60

inhibitor HDAC1/2 (NURD complex) (ref. 229). Various HDAC1and HDAC2 inhibitors reported”.
Degrons/degraders
PROTAC (proteolysis BRG1and BRM’*?'° or BRM-specific*®' PROTACs degrade their respective protein by recruiting an endogenous E3

(BAF complex)
BRD9 (ncBAF complex)'®%%°
BRD7 and BRD9”*” (pBAF and ncBAF complexes)

targeting chimera)

ligase and then the proteosomal machinery.

BRG1 (human BAF complex)®*
BRG1 (mouse BAF complex)®°

Degron tag

A dTAG?* degron, in which the gene is tagged with FKBP12 and then a
synthetic ligand that binds FKBP12 and an endogenous E3 ligase degrades
the protein, was engineered with SMARCA4 (BRG1) in HAP1 cells. An
auxin-inducible degron®*, with a similar concept where the gene is tagged
with an IAA17 degron along with overexpression of the plant F-box protein
TIR1, which co-localizes upon addition of auxin, was engineered with
Smarca4 (Brg1) in mouse embryonic stem cells.

syndrome. Patients with these syndromes have some phenotypic
overlap, characterized by intellectual disability, microcephaly,
seizures, stunted growth, agenesis of the corpus callosum and
digit abnormalities®. Recently, BAF was also implicated in Down
syndrome through its assembly of BRWDI1 as a putative subunit in
mammalian brains; this protein is encoded within the triplicated
region of human chromosome 21 causal for Down syndrome?®. Het-
erozygous mutations in the CHDs, including CHD1, CHD2, CHD3,
CHD4, CHDS5, CHD6, CHD7, and CHDS are all implicated in related

neurodevelopmental disorders with many phenotypes shared with
BAFopathies, such as intellectual disability, but with subtle differ-
encesin presentation that may inform their mechanisms of action.
For example, individuals with CHD3 mutations® and those with
CHDS8 mutations present with macrocephaly”*, in contrast to the
microcephaly associated with BAFopathies. This is ageneral theme:
the disorders tabulated in Fig. 2 and Supplementary Table 2 have
imperfectly overlapping phenotypes related to developmental
delays and intellectual disabilities.
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Cell biological and molecular roles of remodellersin
development

The clinical phenotypes connected to mutations in remodellers arise
fromthe critical roles that they have in directing the stereotyped devel-
opment of the brain and other organs. Genetic perturbations in mice
haverevealed essential roles for most major remodelling complexesin
maintaining embryonic-stem-cell self-renewal and pluripotency, and
inmany cases, pre-implantation development’. Conditional knockout
studies inspecific tissues have alsoidentified complexes that are essen-
tial for lineage-specific progenitor cell proliferation, such as CHD8 in

a (Pioneer) transcription factor (TF) recruits remodeller

TF

\ TF binding site

Remodeller

Nucleosome displacement
and/or translocation

C Assisted loading

Fig. 4 |Models of remodeller-TF interactions. Three models of remodeller—
transcription factor (TF) interactions are shown. a, A pioneer TF that can

bind a motif on nucleosomal DNA recruits remodellers to a nucleosome viaa
biochemicalinteraction. b, Remodeller activity and genome-wide localization,

neural progenitors™, INO80 in embryonic endocardial progenitors,
orspecialized BAF complexes containing BAF53A* and BAF170 in neural
progenitors*®®’, The microcephaly phenotypes observed in patients
with BAF complex mutations may be related to the essential functions
of BAF in regulating progenitor proliferation.

Switches in subunit composition within a complex often dictate
lineage commitment. For example, in neurogenesis, the mammalian
BAF complex undergoes sequential developmental changes in subunit
composition from an embryonic-stem-cell-specific complex (esBAF),
required for pluripotency, to a neural-progenitor complex (npBAF),

b General genome-wide remodelling activity

Histone PTM- or DNA
binding domain, such
as bromodomain, AT
hooks, methyl-binding

Nucleosome displacement
and/or translocation

remodeller
on
remodeller
off

Nucleosome displacement
and/or translocation

constrained modestly by histone post-translational modifications (PTM) and/or
DNA sequences that remodeller domains or complex subunits can recognize,
creates accessibility for TF binding. ¢, Remodeller and TF activity cooperate
based on their respective on- and off-rates k to nucleosomal DNA.
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Glossary

Assay for transposase-
accessible chromatin with
sequencing (ATAC-seq)

An assay to measure accessible (open)
chromatin that uses the transposase
Tnb, which preferentially targets open
chromatin sites to insert sequencing
primers.

Dosage sensitivity

Genetic dosage sensitivity defines

steps in a biological pathway in which a
reduction in functional protein or a gainin
protein copy leads to a phenotypic effect.

Chromatin
immunoprecipitation

(with sequencing)

An assay to measure chromatin-protein
interactions by immunoprecipitating
the DNA bound to a protein (ChIP) and
sequencing it (ChlP-seq).

Haploinsufficiency
Haploinsufficient genes are a subset
of dosage-sensitive genes where
loss of function of a single allele
produces a phenotype, defining
arate-limiting role forageneina
biological process.

Constraint on missense
variants

A transcript is more intolerant of
variation (more constrained) if there
are fewer rare missense variants per
transcript observed than expected (as

Micrococcal nuclease
digestion with sequencing
(MNase-seq)

An assay to determine nucleosome
structure where genomic DNA is treated
with micrococcal nuclease, which
digests open DNA, leaving sequences
bound by nucleosomes and other
chromatin-bound proteins.

predicted by a sequence-context-based
mutational model)®'.

required for progenitor proliferation, and finally to an exquisitely
specific neuronal complex (nBAF), found only in postmitotic neurons
and required for dendritic morphogenesis*>*’. The switch from npBAF
to nBAF subunits, such as from BAF53A (npBAF-specific) to BAF53B
(nBAF-specific), is governed by microRNAs, repressed in progenitors
by the transcription factor REST, that bind to the 3’ untranslated region
of Actléa (encoding BAF53A)*. A similar switchis found in myogenesis,
where mir-133 and miR1/206 repress Smarcdl (BAF60A) and Smarcd2
(BAF60B), required for stem cell proliferation, causing a switch to
Smarcd3 (BAF60C)-containing complexes that turn on muscle-specific
transcription'®'°!, In the ISWIfamily, Smarca$ (SNF2H) is essential for
early mouse embryo development and enriched in embryonic stem
cellsand proliferating neural progenitors; its close homologue Smarcal
(SNF2L) is dispensable for survival but active in differentiated cells
and required for neurogenesis'®. Similar changes in activity and/or
patterns of expression are present for CHD family members, including
CHD3/4/5 of the NuRD complex’.

Social behaviour and chromatin remodelling: from flies
tomammals

A critical contribution of remodellers to development is their role in
mediating the response of a cell or organism to experience, to stimu-
lus and to signals from the environment. This is reflected in partin
the frequency of mutations in remodelling complexes connected to
disorders of learning, memory and social behaviour, such as ASD.
De novo transcription is critical for formation of long-term memory,
synaptic plasticity, and the construction of neural circuitry'®, and
remodellers both prepare accessible chromatin to receive a signal
fromthe membrane and respond biochemically by post-translational

modifications (for example)'°*. For example, the NuRD complex has
beenshowntorespondtoneuronalactivity (resulting from, forexample,
amouserunningonarotarod), by depositing the histone variant H2A.Z
atcerebellar granule-cell gene promoters and inactivating them. The
core NuRD ATPase Chd4 is thus essential for sensorimotor encoding
and dendrite architecture'®. The neuronal-specific nBAF complex is
also required for connecting neurons through dendritic outgrowth
and synaptic specificity. Early studies inmice found that several nBAF
subunits, including BAF53B, BRG1, BAF57, BAF45B and CREST were
required for activity-dependent dendritic outgrowthin hippocampal
and cortical neurons'**'?’,

The broader relationship between behaviour and chromatin
remodelling has perhaps been most studied with the nBAF complex.
Recently, characterization of the nBAF-specific BAF53B subunitin
Mendelian recessive autism® found that ASD-associated missense
mutations in ACTL6B (encoding BAF53B) produced social and learn-
ing defects in adult mice. In the olfactory system of flies, which is
important for social communication, deletion of the orthologue of
BAF53B, Bap55, had been found to cause a perfect dendritic retarget-
ing phenotype, in which dendrites project to the wrong glomerulus
with100% penetration'®®. The retargeting defect could be rescued with
wild-type human BAF53B but were reproduced by human BAF53B with
ASD mutations®’. Then, specific deletion of another ASD-linked BAF
subunit, Arid1b, in only the serotonergic neurons of the adult mouse
brain was also shown to produce deficits in social behaviour'®. Social
and hyperactive behaviours in mice bearing Actl6b or Arid1b muta-
tions could be rescued with aselective serotoninreceptor 1b receptor
agonist, which inhibits neural activity'®. This finding suggests that an
excess of neural activity might underly socialimpairments in mice with
BAF mutations. These studies have raised questions about which BAF
target genes are responsible for this rapid change in social behaviour
and what circuit-specific roles the BAF complex, or other remodel-
lers, could have. Remodeller complexes such as BAF may act not just
cell-specifically but also circuit-specifically, by mediating the response
to experience and governing neuronal plasticity.

Structural genetics elucidates critical mechanistic roles

The mutations in remodellers in developmental disorders are often
missense and cluster in regions. This has provided an opportunity for
mechanistic dissection, by mapping hotspot regions of mutations onto
recent structural dataonremodeller complexes. One study examined
carboxy- (C-)terminal mutations in SMARCBI (ref. 92) in Coffin-Siris
syndrome that mapped to key nucleosome-remodeller contacts™.
Parallelinvestigations had shown that cancer mutationsinthe SMARCA4
SnAC domain defined an interaction site with the nucleosomal acidic
patch™. Mapped together on the BAF structures, these two groups of
human mutations defined a‘C’ clamp for the nucleosome unique to the
nucleosome remodelling mechanism of the BAF complex'. As sug-
gested by this study of a specific set of mutations, arecent large-scale
genotype-to-phenotype map of neurodevelopmental disorder muta-
tions onto the BAF complex structure highlighted perturbations to
ATPase activity and nucleosome engagement as correlating with severe
clinical phenotypes®. Characterization of the mutational landscape
can also raise new questions about the specific roles of remodeller
subunits. For example, missense variants in the ATPase domains of
SMARCA4 and SMARCA2, which can compensate for one another and
are co-expressed in the brain, have been found in two related intel-
lectual disabilities, Coffin-Siris syndrome and Nicolaides-Baraitser
syndrome. Interestingly, there are no SMARCA4 mutations reportedin
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Nicolaides-Baraitser syndrome and no SMARCA2 mutations reported
in Coffin-Siris syndrome®, suggesting distinct neurodevelopmental
rolesrelated to ATPase subunit function that have yet to be elucidated.

Along-standing question has been the role of 3-actinand actin-like
proteinsin ATP-dependent chromatin remodelling. B-actin, once con-
sidered solely cytoskeletal, is a subunit of the BAF as well as the TIP60
and INO80 complexes'?. De novo heterozygous missense'” and LoF™*
mutationsin ACTB, encoding -actin, are associated with rare intellec-
tual disabilities such as Baraitser-Winter syndrome and other devel-
opmental disorders that have very similar phenotypic characteristics
to the disorders linked to chromatin remodellers (Fig. 2). Cryo-EM
structures have shown that actin binds adjacent to the ATPase domain
of the remodeller™™ (Fig. 1c), suggesting coupling, as in myosin,
to the ATPase exchange mechanism™®, -actin binds adjacent to an
actin-related protein (ARP), such as BAF53A or BAF53B (both homolo-
goustotheyeast protein ARP4) in BAF complexes, or BAF53A and ARP8
(ACTRS) in INOSO0®, Deletion of the ACTB gene in mouse fibroblasts
caused genome-wide increasesin H3K27me3, dissociation of BRG1from
chromatin, and disruption of neuronal reprogramming, phenotypes
that were dosage-dependent'”. Other work discovered that B-actin
deletionin mouse fibroblasts affects three-dimensional genome struc-
ture through amechanisminvolving both the BAF complexand EZH2,
the catalytic subunit of PRC2 (ref. 118). However, the deletion of B-actin
also led to genome-wide increases in H3K9me3, and the mechanistic
origin of some of the gene-expression phenotypes mightincluderoles
unrelated to chromatin remodelling. These investigations highlight
how subunits important in development can contribute to functions
beyond nucleosome remodelling activity.

Just as the emerging studies of developmental disease hot-
spot mutations in BAF complex subunits have led to mechanistic
understanding’?, mutations in other remodellers can provide insight
into or validate their unique biological roles during development. An
example is ATRX, which was discovered through profiling of genetic
lesions in patients with alpha-thalassemia, mental retardation, X-linked
syndrome; it was named for this intellectual disability"? and was origi-
nally best known for depositing H3.3 in heterochromatin, including at
telomeres®?*'?°, However, recent biochemical studies in postmitotic
mouse neurons have revealed that ATRX also responds to neuronal
activity, by repressing spurious transcription of minor satellite regions
by recognizing the combination of activity-dependent H3S10 phospho-
rylation and H3K9me3 (ref.121). Similarly, we consider the remodeller
SMARCADI, whichis commonly mutated in syndromes where patients
lack fingerprints (Basan syndrome and adermatoglyphia) (Fig. 2).
SMARCADI1 has been shown to haveacritical role insilencing genes by
promotion of H3K9me3 deposition coincident with reducing histone
acetylation at these sites'”. The Basan syndrome and adermatoglyphia
mutations in SMARCADI suggest a link to an as yet uncharacterized
biological rolein epithelial development, underlining the remarkable
non-redundancy and biological specificity encoded in chromatin
remodelling complexes.

Chromatin remodellers in cancer

Analogous tothe uniqueroles of remodellersin human development,
recent large-scale tumour sequencing studies have showed that remod-
ellers have biologically specific functionsin human cancers. Cell-and
context-specific function is reflected in the mutation rates of genes
encoding the subunits of remodeller complexes across cancers of
different origins: different complexes and subunits of even the same
complex can have vastly different mutational burdens in different

cancers (Fig. 5). Many remodellers are statistically significantly mutated
above the background mutation rate of a tumour (Fig. 5), suggesting
that these mutations confer agrowth advantage to the cancer cell.

The BAF complex, as a whole, is the most frequently mutated
chromatin remodelling complex in cancer. Indeed, around 20% of all
malignancies have BAF-subunit alterations (reviews in refs. 3,4,123),
and the mutation rate of BAF subunits in almost all cancers (32/34
surveyed by The Cancer Genome Atlas) is far above background rates
(Fig.5).ARID1A is the most frequently mutated subunit, but mutation
rates differ substantially between other BAF subunits and certain
cancers are much more likely to have particular subunits mutated,
suggesting that BAF subunit mutations are not all equivalent at pro-
moting tumorigenesis. That observation is in line with the metaphor
of chromatin remodellers as a combinatorial assembly of complexes,
whereby different surfaces formed by different subunits have specific
roles in certain cell types, thereby defining specific targets for drug
development. Other remodellers, such ATRX, are mutated particularly
frequentlyinonly certain cancers (such as pancreatic neuroendocrine
tumours, gliomas and sarcomas), and afew complexes, such asINO8O,
areless frequently mutatedin cancer. Remodellers appear toactlike the
function keys on your computer keyboard, showing different activity
or essentiality depending on the cellular genetic context.

Given cancer-context-dependent geneticlesions, a primary area of
investigationisinunderstanding the unique contributions of different
remodelling complexes to cancer progression. Many excellent reviews
on the contributions of specific chromatin remodellers in cancer
have been published®>”%'*, One stimulating observation that has
motivated researchis thatremodellers can act as tumour suppressors
orasoncogenes, depending on cellular genetic context. The molecular
mechanisms by which remodellers suppress tumour progression or
activate oncogenesis can involve modulation of chromatin acces-
sibility at lineage-specifying regulatory regions such as enhancers,
interactions with other chromatin modifiers and TFs, and regulation
of chromatin-templated processes such as DNA damage response
and overall genome maintenance. From a therapeutic standpoint,
remodeller mutations canalsoresultin vulnerabilities in other genes,
producing synthetic lethal pathways amenable to therapeutic target-
ing. Mutations in remodellers can also sensitize or de-sensitize the
tumour to cancer therapies. Inthe following section we focus on these
overarching mechanistic themes of how remodellers canboth suppress
tumour progression or contribute toit.

Remodellers as tumour suppressors

Thefirst studies implicating remodellers as tumour suppressors came
from observations that many cancer cell lines appeared to have lost, or
had highly repressed, alleles of SMARCA4 (refs.124,125). Classic tumour
suppressors are characterized by inactivation of both alleles'?, and
conclusive evidence that BAF functions as a tumour suppressor came
later instudies examining biallelic inactivating mutationsin SMARCBI,
a core subunit of the BAF complex, in patients with malignant rhab-
doid tumours'” and atypical teratoid rhabdoid tumours* ™. In those
tumour types, the first allele of SMARCBI is often lost in the germline
and followed by aloss of the second allele somatically in tumour tissue.
Advances intumour genome sequencing studies have since uncovered
deleterious mutations in almost every BAF subunit. Some mutations are
very specific to particular tumours, such as PBRM1 losses in 41% of clear
cell renal carcinoma™', whereas others are among the most mutated
genesacross tumours categorized by The Cancer Genome Atlas, such as
ARIDIA, altered (mostly by truncating mutations) in 8% of all patients'
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Mutations in chromatin remodellers in human cancers
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Fig. 5| Enrichment of non-synonymous cancer mutations in chromatin
remodelling complexes. Non-synonymous mutations include missense
mutations, nonsense mutations, fusions, frameshifts, in-frame deletions and
splice site mutations. The enrichment of mutations in a gene observed above
those expected is adjusted for gene length and the calculated background
mutation rate in the cancer. Pvalues were computed as in ref. 180 by, for a

given cancer, comparing the observed number of mutations k with the cancer’s
background mutation rate r, adjusted for gene length, with the assumption that

k could be approximated by a Poisson distribution. The background rate was
calculated from the total number of mutations per gene length for all genes in
that cancer. All data was from The Cancer Genome Atlas Project (TCGA Research
Network) plus refs. 181,182 accessed from the cBioPortal'®>'** using the R package
‘cgdsr’. TP53, animportant tumour suppressor, and HBB, rarely mutated in
cancer, are plotted as comparisons. Adenocac., adenocarcinoma; DLBCL,

diffuse large B cell lymphoma; endocer., endocervical; SCC, squamous cell
carcinoma.

and ranked fourth in a recent study of tumour-suppressor genes'*.

That study also nominated multiple other BAF subunits as tumour
suppressors aswell as ATRX (18th) and CHD8 (87th). Further, targeted
sequencing studies continue to identify remodellers as tumour sup-
pressors such as CHD5 (in gliomas and neuroblastomas)** and CHD1
(prostate cancer)™.

Why particular subunits are mutated inonly particular cancersisan
important question. One answer may bein the cell-of-origin of the can-
cer,inwhich a particular remodeller may be critical for developmental
processes discussed earlier, such as lineage specification or regulation
of pluripotency. Arecent study sought toidentify the cellular origin of
rhabdoid tumours by single-cell transcriptomics and genetically engi-
neered mouse models™®. The researchers generated various genetically
engineered mouse models with five different cell-type-specific and
inducible losses of Smarcbl, finding that only selective Smarcbl loss
in Sox2-positive, embryonic day 6.5 precursor cells was sufficient to
resultinrhabdoid tumour growth. Further cell-specificknockout of one
allele of Smarcbl in primordial germ cells led to tumours resembling
the MYC subtype of atypical teratoid rhabdoid tumours. Although
these studies nominated primordial germ cells as one potential cell of
origin for MYC-subtype atypical teratoid rhabdoid tumours, tumour
penetrance was not 100% and there may also be other cells of origin.
The work suggests a critical role for SmarcbhI in the development of
Sox2-positive embryonic precursors and primordial germ cells.

Consistent with a dosage-dependent mechanism, many tumours
haveremodeller LoF mutationsin only one allele. Forexample, ARID1A
mutations in many ovarian clear cell carcinoma, gastric cancer, pri-
mary breast tumours and nearly all hepatocellular carcinomas are
heterozygous'™’. Cancer cellular and mouse models of ARIDIA heterozy-
gosity further suggested that it acts in a haploinsufficient manner™”.
In separate studies, Smarca4 heterozygosity also caused mammary
tumours in mice by a haploinsufficient mechanism™®. Given the sta-
tistical enrichment of mutations in several other dosage-dependent
remodellers across tumour types (Figs. 3 and 5), it may be likely that
their haploinsufficiency mediates arole in tumour progression as well.

Synthetic lethal pathways involving remodellers. The high rates of
inactivation of remodellersin tumours has raised the question of how
they can be targeted therapeutically. A growing area of research is in
identifying synthetic lethal pathways involving remodellers, in which
inactivation of the remodeller sensitizes the cell to alterations in
another gene, or vice versa. Recent efforts using functional genomics
and chemical screens has uncovered a variety of such synthetic lethal
interactions involving remodellers. These efforts have nominated
many kinases, epigenetic modifiers, DNA damage response factors and
receptor signalling pathways as therapeutic vulnerabilities in particular
tumours. The BAF complex, again, has been well studied in this regard;
acompiled table of syntheticlethalinteractionsis provided in ref.139
andincludes many targets of already FDA-approved therapies such as

the Abl kinase (dasatinib), PARP (olaparib), and CDK4/6 (palbociclib).
Synthetic lethality has also nominated and/or validated remodel-
ler biological mechanisms of action; for example, ATRX knockout
in glioma cells and immortalized astrocytes sensitized these cells
to PARP inhibition'*°, consistent with its role in responding to DNA
damage. The synthetic lethal genes may also be the paralogs of the
subunits altered in the cancer. For example, ARID1B is a vulnerability
inARIDIA-deficient tumours,and SMARCA2 (BRM) is asyntheticlethal
vulnerability in SMARCA4 (BRG1)-deficient tumours™"'*2, The latter
finding suggests that developing BRM-specific inhibitors could be
therapeuticin cancers that have lost BRG1. Both those vulnerabilities
were found by searching recent data from large-scale knockout and
knockdown studies mapping dependenciesin hundreds of cancer cell
lines'* and ongoing expansion of such data will probably yield further
context-specific therapeutic targets.

Remodellers and cancer immunotherapy. Remodeller mutations
can also promote responses to other cancer therapies by more com-
plex mechanisms. One of the major areas of current investigation is
understanding how tumour mutations can contribute to sensitivity
or resistance to immunotherapies. Immune checkpoint inhibitors
and CAR-T therapies have had transformative, curative outcomes for
many patients with cancer, but many patients do not respond, and most
tumour types cannot currently be targeted with immunotherapies.
A recent set of preclinical studies in mice** and clinical retrospective
analyses' showed that ARIDIA loss improves tumour responses to
checkpointinhibitors, and related studies have also nominated other
BAF subunits such as PBRMI (refs.146,147) in having similar sensitizing
roles. BAF loss is hypothesized to sensitize cells to interferon-gamma
signalling, resulting inincreased recruitment of tumour-killing effec-
tor T cells™. Inother studies, inhibiting BAF during the activation and
generation of CAR-T cells promoted T effector cellmemory and efficacy
against osteosarcoma and glioma tumour mouse models'*’. Given the
criticalroles remodellers haveinboth oncogenesis and in development,
we anticipate that further investigation of their roles in promoting
antitumour immune response will yield fresh therapeutic targets.

Molecular mechanisms of remodeller contributions to tumour
suppression. One molecular mechanism of how remodellers may
function astumour suppressorsisinregulating chromatin accessibil-
ity atregulatoryregions.Inrhabdoid tumours, for example, SMARCB1
loss destabilizes the BAF complex and diminishes its ability to main-
tain enhancer activity at critical differentiation genes and to oppose
Polycomb-mediated repression at bivalent promoters°*'. CHDI,
usually deleted (-10%) in prostate cancer', normally co-enriches on
chromatin at lineage-specific enhancers with the androgen receptor.
CHD1 loss redistributes androgen receptor to other accessible chro-
matin to promote tumour progression™>. CHD5, atumour suppressor
often deleted in neuroblastomas, is part of the NuRD complex, and
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facilitates Polycomb repression along with the NuRD complex histone
deacetylases (HDACs)"*. One critical point is that remodeller tumour
suppressor function is often lineage-specific; for example, CHD1 is
rarely deleted in non-prostatic cancers despite ubiquitous expression
innormal tissue. Inkeeping with the theme of multifunctionality, these
transcription-regulatory roles are not mutually exclusive with other
mechanisms detailed below.

Asecond molecular mechanism of how remodellers may function
astumour suppressorsisin genome maintenance. A hallmark of cancer
is genome instability and many studies have shown that remodellers
have arole in the normal maintenance of DNA integrity. As an exam-
ple, during cell division, topoisomerase Il enzymes function in DNA
decatenation by acomplex mechanisminvolving single-strand cleav-
age of DNA, pass-through and ligation. Simple observations of cellsin
whichSMARCA4 was deleted led to the finding that many cells failed to
complete mitosis and were characterized by anaphase bridges: strands
of DNA remaining between chromosomes attempting to separate'®.
Biochemical studies revealed that BAF complexes interact with and
are essential for the binding of topoisomerase Il across the genome'.
Furthermore, using non-small-cell lung cancer cell lines and mouse
models, researchers found that SMARCA4 mutations are genetic
biomarkersthat predict enhanced sensitivity to topoisomerase Il inhib-
itors in response to EZH2 inhibition™®. In tumours from breast cancer
patients, mutations in BAF subunits, Polycomb subunits, and the lysine
demethylase KDM4B emerged as predictive of responses to treatment
with topoisomerase Il inhibitors (anthracyclines)™. Thus, chromatin
remodelling via BAF complexes appear to be a major determinant of
the function of topoisomerase Il in maintaining DNA integrity.

Remodellers have also been implicated directly in the repair of
double-strand breaks. The pBAF complex containing PBRM1 (BAF180)
was found to beimportant for double-strand-break-induced transcrip-
tional silencing™®, promoting repair of a subset of DNA double-strand
breaks atearly time points after DNA damage. An ATM kinase phospho-
rylation site on BAF180 is required for silencing. Cancer-associated
BAF180 mutants are unable torestore the silencing functions, suggest-
ingthattherole of pBAF inrepressing transcription near double-strand
breaks may contribute to its tumour-suppressor activity.

Maintenance of telomeres is important for genomic stability and
cancer cell immortality. The ATRX/DAXX complex, which facilitates
theincorporation of histone variant H3.3 into telomeric chromatin'?°,
is frequently mutated in cancer, particularly in glioma, sarcoma and
pancreatic neuroendocrine tumours®™’, Cancer-associated mutations
inATRX are found throughout the gene body, and mostly lead to loss of
protein expression, unlike mutations found in patients with the intel-
lectual disability ATRX syndrome (alpha-thalassemia X-linked), which
arelocalized inthe N-terminal or helicase domains®. Loss of ATRX, or its
partner DAXX, hasbeen correlated with the alternative lengthening of
telomeres mechanism that maintains telomeres without the use of tel-
omerase, in paediatric glioblastomas and in pancreatic neuroendocrine
tumours'®®®!, The histone variant H3.3 was also found to be recurrently
mutated (K27M or G34R) in these glioblastomas, suggestinga common
pathological mechanism of actioninvolving dysregulation of the known
function of ATRX/DAXX in depositing H3.3 at telomeres*, although
these histone mutations may also dysregulate Polycomb repression
through H3K27me3 or other H3 post-translational modifications.

Remodellers as oncogenes
Remodellers function as oncogenes by virtue of regulating acti-
vating and repressive chromatin, often in cooperation with other

chromatin modifiers (such as Polycomb complexes). For example,
justasinpromoting tumour suppression by regulating repressive chro-
matin (above), NuRD complexes (containing CHD3, CHD4 or CHD5,
as well as HDACs) can promote many pro-oncogenic transcriptional
programmes by silencing tumour-suppressor genes>”'*>. Examining
structural alterations inremodeller genes can also suggest where they
act to promote oncogenesis. Perhaps the most straightforward role
of aremodeller as an oncogene is found in synovial sarcoma, where
almost100% of the cells in every case have the same genetic lesion,
with few other mutations in the genome®'?, In these cancers, the gene
encoding the SS18 subunit of BAF is translocated to the SSX family
locus, resulting in the addition of exactly 89 amino acids of SSX to the
C-terminus of SS18 (refs. 163-165). The alteration is constrained to only
one allele and the resulting fusion protein retargets the BAF complex
to evict Polycomb complexes and de-repress genes such as SOX2 and
other targets, which then drive cancer progression'*®'%%, The fusion
protein generates alarge unstructured region that has been resistant
to drug development because of its lack of structure but approaches
that degrade BAF complexes containing these fusion proteins are
promising'®. Certain other soft-tissue sarcomas contain similar trans-
locations of the gene encoding the histone acetylation reader protein
YEATS4 (ref.170), part of the TIP60 complex, although the mechanism
by which this contributes to cancer progression is not yet known.

Genomic amplifications specific to cancers can also nominate
oncogenes. Approximately 30 to 50% of squamous cell carcinoma
tumours have amplification of ACTL6A (BAF53A). This subunit is nor-
mally sub-stoichiometric with respect to the rest of the BAF complex
in normal keratinocytes, and amplification at a very early point in
carcinogenesis leads to the formation of fully stoichiometric BAF
complexes*®. The fully stoichiometric, supercharged complex directly
interacts with the YAP-TEAD transcriptional activators and leads to
the activation of YAP-TEAD target genes*. The BAF53A-containing
BAF complex evicts Polycomb morerobustly, derepressing genes that
have critical roles in squamous cell carcinoma proliferation. These
two molecular processes act like a Boolean AND gate in allowing the
cancer to be initiated and maintained™®. Interestingly, BRD9, a mem-
ber of the non-canonical ncBAF complex, is also usually amplified
in a number of patient tumours including bladder cancer, ovarian
cancer, lung squamous cell carcinoma, oesophageal carcinoma and
lung adenocarcinoma”’.

Examining the genetic exclusivity of mutational burden can also
identify context-dependent oncogenic roles, as in the case of CHD1
in prostate cancer. Recent genomic analyses showed that CHDI dele-
tion is almost always mutually exclusive with PTEN deletion'? and in
PTEN-deleted contexts, CHD1 maintains and promotes an immuno-
suppressive transcriptional program'’>'”*, This suggests that CHD1
degradation or inhibition might be a targeted therapeutic strategy in
PTEN-null prostatic cancers.

Another oncogenic possibility occurs when some remodeller
subunits are inactivated by mutation, but the remaining residual
complexes acquire a gain-of-function, and are aberrantly targeted to
activate oncogenic gene expression. In cellular models of malignant
rhabdoid tumours, SMARCBI loss leads to altered enhancer targeting
thatinactivates differentiation programs, but residual complexes main-
tain super-enhancer controlled oncogenic expression®™. Alternatively,
aberrant targeting may be a result of mutations in a TF that normally
cooperates with the remodeller. An example of thisphenomenonisin
the interaction of BAF complexes in many normal cell types with the
protein EWSR1. In Ewing’s sarcomas, EWSR1 s often genetically fused
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to ETS family TFs such as FLI1. BAF becomes re-localized by EWS-FLI
fusions to tumour-specific enhancers and contributes to oncogene
activation'™,

Conclusions

A theme that emerges from both genetic studies and biochemical
workinmammalsis that remodellers have characteristic, biologically
non-redundant and specific functions. Recent human genetic studies
have discovered hundreds of new alleles that define mutational hot-
spots within the subunits of complexes and have identified their genetic
dosage sensitivity. Remodellers are mutated in a large percentage of
cancers and developmental disorders. These findings are motivating
effortsto define precise targets for therapeutic modulation of specific
biological functions while excluding the subunits and domains with
general viability functions.

Many mechanistic questions remain about the activities of remod-
ellers in living cells on their native chromatin substrates and their
contribution tobiological phenotypes. Oneis the contribution of each
remodeller to nucleosome exchange rates, and preferences for modi-
fied nucleosomes. A second questionisinunderstanding the remarka-
ble specificity of the phenotypes produced by mutationsinremodelling
complexes. Structural studies have called attention to the formation
of varied composite surfaces, which are thought to drive the engage-
ment and functional modulation of awide variety of nuclear proteins.
Another set of questions revolves around mechanisms of recruitment
and targeting. These questions inherently demand time-resolved
studiesto be conductedinliving cells, and therefore we anticipate that
further development of tools and chemical probes for remodellers
will aid investigative efforts. The contributions of various remodel-
lers to disease progression and the possibility of pharmacological
interventions motivates these efforts.
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