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Abstract

Chromatin remodellers were once thought to be highly redundant and 
nonspecific in their actions. However, recent human genetic studies 
demonstrate remarkable biological specificity and dosage sensitivity 
of the thirty-two adenosine triphosphate (ATP)-dependent chromatin 
remodellers encoded in the human genome. Mutations in remodellers 
produce many human developmental disorders and cancers, motivating 
efforts to investigate their distinct functions in biologically relevant 
settings. Exquisitely specific biological functions seem to be an emergent 
property in mammals, and in many cases are based on the combinatorial 
assembly of subunits and the generation of stable, composite surfaces. 
Critical interactions between remodelling complex subunits, the 
nucleosome and other transcriptional regulators are now being defined 
from structural and biochemical studies. In addition, in vivo analyses of 
remodellers at relevant genetic loci have provided minute-by-minute 
insights into their dynamics. These studies are proposing new models for 
the determinants of remodeller localization and function on chromatin.
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identified suppressor mutations in histones11–13 as well as in vitro 
nucleosome remodelling studies with purified remodellers14–18.

The nucleosome is bound predominantly by the ATPase subunit, 
with additional contact provided sometimes by accessory subunits, 
such as BAF47 (encoded by the gene SMARCB1) in the BAF (mSWI/SNF) 
complex or ARP5 (ACTR5) and IES6 (INO80C) in INO80 (ref. 19) (Fig. 1c). 
(See Box 1 for an explanation of the nomenclature of chromatin remod-
ellers.) Accessory subunits can assemble with the ATPase subunit into 
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 contacts in a ‘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 association7. 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. In addition, many of the cryo-EM structures have coverage of 
only around 40% of the remodelling complex, with electron density not 
observed or unable to be resolved 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 
forces a translocation of DNA along the nucleosome of approximately 
one base 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 nuclesome8,20. The general term ‘nucleosome 
remodelling’ or ‘nucleosome turnover’ describes several different 
outcomes: linear nucleosome translation along the DNA, nucleo-
some eviction, histone variant deposition into the nucleosome octamer  
and/or nucleosome exchange. Specific remodellers have distinct roles 
in nucleosome dynamics. For example, ISWI-family remodellers slide  
nucleosomes along DNA21,22. ATRX cooperates with death-domain-
associated protein DAXX to deposit H3.3 over repetitive DNA23–25, 
whereas LSH (HELLS) inserts the histone variant macroH2A26, and BAF 
can evict either H3K27me3-modified nucleosomes or directly evict 
Polycomb repressive complexes27,28. In some cases, these differences in 
remodelling type are facilitated by accessory domains on the remodel-
ler ATPase subunit, as in the case of the HAND–SANT–SLIDE domains of 
ISWI ATPases, which bind extra-nucleosomal DNA29. 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 other30. For example, a recent 
estimate suggests that 1,452 different BAF complexes can be assembled, 
composed of around 16 subunits encoded by 29 genes31. 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 CHD5, and one of various 
paralogous subunits such as MBD2/MBD3, GATAD2A/B, HDAC1/2 and 

Introduction
In eukaryotes, gene expression is regulated by chromatin organiza-
tion and transcriptional regulators. The former category includes 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. 
The latter category includes transcription factors (TFs), co-activators or 
co-repressors, chromatin modifiers such as ‘readers’, ‘writers’ and ‘eras-
ers’ of histone post-translational modifications, and ATP-dependent 
chromatin remodellers. 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 
be discovered in yeast studies in the 1980s (Box 1). Since then, homology 
searches based on the sequence conservation of the Snf2-like ATPase 
domain1 have expanded the repertoire of remodellers to encompass 32 
different proteins and/or protein complexes in Homo sapiens (Fig. 1a). 
The four canonical families are SWI/SNF, ISWI (imitation SWI), CHD 
(chromodomain helicase DNA-binding) and INO80/SWR (SWI2/SNF2-
related) (Fig. 1b). In general, ATP-dependent chromatin remodellers are 
present in increasing diversity in higher-order species1.

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-
peutic avenues to target remodellers in these pathologies2. Therefore, 
a major research question is understanding how remodellers confer 
very specific and diverse functions in gene expression, physiology 
and disease.

Here we review 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 
recent reviews3–9.

General features of chromatin remodellers
Commonalities and differences in remodeller structure  
and function
Recent structural studies of remodellers in 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 been reported for 11 human chromatin remodellers 
(reviewed in refs. 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 
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MTA1/2/3 (ref. 5) (Fig. 2). In the ISWI complex, a core ATPase, SNF2H 
or SNF2L (SMARCA5 or SMARCA1) is paired with one of six different 
regulatory subunits that are important for histone and nucleosomal 
DNA substrate recognition32 (Fig. 2).

These observations raise the question of whether a single cell 
contains each possible complex or whether a unique assembly is solely 
present in a single cell type. Early studies using immunofluorescence 
showed that within a single cell, the position of the BAF complex ATPase 
could be occupied by either BRG1 or BRM33,34; 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 terms of expressed mRNAs for subunit families) to form a diversity 
of possible complexes35. Conceptually, these studies suggest the first 
model whereby each cell contains a diversity of complexes predicted 
by combinatorics, creating a range of different complexes with distinct 
composite surfaces capable of interacting with ambient 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 cell36, most of the TFs that they 
interact with are present in numbers of the order of 10,000 molecules 
per cell37. Thus, if a TF or a DNA repair or recombination protein binds 
to one subset of BAF remodelling complexes within a specific cell, 

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 kinases185. 
However, one of their mutant strains was unexpected, implicating 
a gene called SNF2, which encoded a large ATPase185. 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 SWI2186. 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 pathway12,13,187. 
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 
complex190.

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 Brahma191. Cloning of Brahma (also called BRM) revealed that 
it encoded an ATPase similar to the SWI2 and SNF2 proteins191. 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 mutations64.

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 gene193. 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 
laboratories194–196. Purification of the proteins that bound to these 
tissue-specific DNase-sensitive sites193,197 and positional cloning 
led to the identification of mammalian homologues of the proteins 
discovered in yeast and flies18,33,34,198,199 as 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 humans31,180, 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.
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other combinatorial assemblies are free to interact with different TFs 
at the same time, illustrating how biochemical multitasking is accom-
plished. This 50-fold or more abundance over TFs leads to a technical 
difficulty in immunoprecipitation studies, as antibodies against a TF 
often co-immunoprecipitate the remodeller, but antibodies against the 
remodeller often fail to reveal the relevant, functionally linked TF36,38,39.

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, DPF3 and DPF2, respectively), or BAF53A and  
BAF53B (ACTL6A and ACTL6B) in BAF complexes40, or CHD3, CHD4  
and CHD5 in NuRD complexes41,42. Since many TFs are also cell-type-
specific in their actions 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 that induce certain remodeller subunits’ 
expression or downregulate paralogous subunits have successfully 
converted cell types43,44.

A noteworthy recent example illustrating the importance 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 
cell fate45; this specialized BAF complex includes BRG1 but not BRM, and 
BAF155 (encoded by SMARCC1) but not its paralog BAF170  (SMARCC2)46. 
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 a critical role in the designation of trophoblast and results 
in the activation of the homeobox factor CDX2, a major determinant of 
the formation of trophoblastic cells. One of the first hallmarks of early 
trophoblastic differentiation is the asymmetric expression of cyto-
plasmic keratins 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 blastomere45. 
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 
at the cellular level in BAF complexes in the developing embryo have a  
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 redundant activity. This hypothesis originated from early 
genetic studies of chromatin remodelling genes in yeast, which found 
that RSC/Sth1 was the only remodeller essential for yeast viability47–49. 
Furthermore, deletion of any individual yeast remodeller had only 
modest effects on nucleosome positioning, as characterized both 
by MNase-sequencing in cells and in recombinant preparations of puri-
fied complexes, and the effects of deleting a single remodeller could be 
compensated for by related remodellers50–54. However, recent human 
genetics studies have revealed both a surprising intolerance to the 
loss of function (LoF) and dosage sensitivity of chromatin remodelling 
genes. From a therapeutic 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 of 141,456 individuals has permitted esti-
mates of both intolerance to LoF and constraint on missense variants 
for every human gene55. Remodeller complexes are remarkable in 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 < 10−23) in regions 
specific to human pathogenic copy number variation (CNV)56. Subunits 
of remodellers may show triplosensitivity, when an extra gene copy 
produces a phenotype. For example, triplosensitivity for Brwd1, a bro-
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 model38. A separate analysis of all vari-
ants in DECIPHER57, 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 losses58. Tight 
regulation of gene expression across evolution is a characteristic of 
haploinsufficient genes, which are defined as those intolerant to the 
loss of a single 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 different intolerance to loss 
of function (pLI scores) between integral members of the BAF complex 
such as SMARCA4 or SMARCA2 (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; 
for example, BAF45A is the last subunit to be added to the pBAF complex 
during its assembly, and it may not be integral to a semi-functional pBAF 
complex31. Paralogous subunits, such as the BAF subunits BCL7A, BCL7B 
and BCL7C, are often tolerant 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 
functions in adult life (when these metrics are less influenced by selective 
pressure) or specific tissue types. An example of such a subunit is the 
neuron-specific BAF subunit ACTL6B43, in which deleterious recessive 
mutations cause autism spectrum disorder60 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 ZRANB3 have both been found with high-confidence 
homozygous LoF variants in at least one individual61 (Fig. 2j, Fig. 3a). From 
a therapeutic development perspective, the identification of individuals 
with homozygous LoF variants in a gene can often indicate the tolerability 
of pharmacologically targeting the encoded protein62.

The multitasking potential of remodellers, through different 
protein surfaces or by cell-specific subunit expression, could also 
explain the disparities in mutational burden among adjacent subunits 
within the same complex. For example, deleterious mutations in the 
core ARID1B (encoding the largest BAF subunit, BAF250B) are the most 
common de novo mutations in human intellectual disability63, indicat-
ing a critical and LoF-sensitive role in human neurodevelopment. Yet, 
adjacent subunits known to be part of neuronal BAF complexes, such 
as BCL7A or SMARCD2 (BAF60B) (see Fig. 1c), seem to 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. c, The structure of remodellers 
from each of the major families: the BAF or mSWI/SNF complex (Protein 
DataBase (PDB): PDBDEV_00000056), SMARCA5 or SNF2h (ISWI complexes) 
(PDB: 6ne3), CHD4 (PDB: 6ryr) and INO80 (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 is labelled. 
Other subunits in grey are not labelled for simplicity; see Fig. 2 and Supplementary 
Table 1 for a detailed list of subunits. DExDc, Asp, Glu, X, Asp motif and DEAD-like 
helicases superfamily; HAND, secondary structure of four α-helices, three of 
which are in an L-shape configuration; HSA, helicase/SANT-associated; PHD, plant 
homeodomain; QLQ, Gln, Leu, Gln 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 within a given subunit and identification of the interactions lost 
in these mutated complexes.

Loss of remodellers or their subunits may also inhibit their ability 
to balance global processes in the cell. Studies using chemical inducers 
of proximity and degron tags (Box 2) suggest that the BAF complex can 
regulate the distribution of Polycomb repressive complexes 1 and 2 
(PRC1 and PRC2) by direct, ATP-dependent eviction of PRC127, or, by 
evicting nucleosomes that have repressive modifications. Polycomb 
repression is known to be dosage-sensitive64, and BAF or other 
remodellers may titrate the dosage of other epigenetic complexes.

There is a possibility of redundant remodelling functions in mam-
mals. The high rate of nucleosome exchange — several times per cell 
cycle65 — could be due to a redundant function of remodellers over the 
large majority of the genome where nucleosomes are not positioned, 
but rather rapidly randomized after cell division66. At these largely 
intergenic regions, containing critical, 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 a specific 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
A critical mechanism underlying the biological specificity of chromatin 
remodellers is probably their intrinsic localization. In part, remodeller 
localization arises from the domains or subunits that bind at least one 
of three substrates: TFs, histone modifications and extra-nucleosomal 
DNA. Some examples are the CHDs, which have chromodomains that 
bind methylated histone tails7 or NuRD complex methyl-binding-DNA 
(MBD) subunits67. 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 TFs68. Interactions with TFs are particularly intrigu-
ing, not only because of their DNA-sequence-specific binding capability, 
but also because TF expression and/or activity is often lineage-specific, 
which might then impart biological 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). In the 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 DNA69,70 and remodel nucleosomes on their own and 
recruit other TFs and remodellers. But the relatively limited sequence 
specificity of nearly all mammalian TFs seems to be incompatible with 
a pure 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 them71. Also, kinetic recruitment studies in 
which the remodeller or the TF is brought to an endogenous locus 
within minutes using chemically induced proximity72, 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 
binding73,74.

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 genome65. The vast majority of the genome 
does not have stably positioned nucleosomes66, presumably as a result 
of the rapid 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 even if it could not bind to 
nucleosomal DNA. Also supporting this model are recent studies apply-
ing degron tags or PROTACs (Box 2) that degrade BRG1 and/or BRM in 
human cancer cell lines that found that acute degradation results in loss 
of TF binding at thousands of lineage-specific enhancers75.

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 structure76. Remarkably, 
this cruciform-binding domain is a hotspot for mutations in diffuse 
malignant meningiomas77. Recent ATAC-seq studies in mouse embry-
onic stem cells have suggested that the binding of certain TFs relies 
selectively on specific chromatin remodelling pathways78. For example, 
in mouse embryonic stem cells, CTCF binding is dependent on SNF2H, 
the ATPase of the ISWI complex, but not BRG1 (BAF complex), whereas 
REST binding is BAF but not ISWI-dependent78. It remains to be investi-
gated whether this specificity arises from specific remodeller function 

http://www.nature.com/nrg


Nature Reviews Genetics | Volume 25 | May 2024 | 340–361 346

Review article

b

g

e

c

BCL7A/B/C
ACTL6A/

ACTL6BACTB

SMARCE1

SMARCD1/SMARCD2/SMARCD3

DPF1/

DPF2/

DPF3

SMARCB1

Co�in–Siris
Kleefstra
DOORS
DDID

DDID
Co�in–Siris

DDID
Co�in–Siris-like

Specific granule 
deficiency (–/–)

Co�in–Siris
Nicolaides–Baraitser
Angleman syndrome
ASD 

Amyotrophic lateral 
sclerosis

ARID1A/
ARID1B

SS18
L1/

SS18

SMARCC1

SM
ARC

C
2

SMARCA2/
SMARCA4

SMARCA2: 
Nicolaides–Baraitser
Blepharophimosis and ID
DDID
ASD
Schizophrenia

ARID1A:
Co�in–Siris
DDID

a Canonical BAF (mSWI/SNF) Polybromo ‘pBAF’-specific subunits

PBRM1

ARID2

PHF10

BRD7

Co�in–Siris-like
DDID
ASD

Non-canonical ‘ncBAF’-specific subunits

Co�in–Siris-like
DDID
ASD

BICRA/

BICRAL

BRD9

CHD1
CHD2
CHD6
CHD7
CHD8
CHD9
HELLS
CHD1L
SMARCAD1
RAD54L
RAD54B

Other SNF2-ATPases with no characterized complex:

NuRF, CERF

BPTF/CECR2 RBBP4/

RBBP7

SMARCA1

BAZ1A/
BAZ2A/
BAZ1B/
RSF1

SMARCA5

ACF, CHRAC, NoRC, WICH, RSF

C
H

RA
C

1

POLE3

f ISWI

BAZ1A, 
BAZ1B, 
and RSF1: 
ASD, DDID

Schizophrenia
Rett-like
DDID
CHD

BPTF: 
NEDDFL
DDID

DDID

d NuRD

CHD3/
CHD4/
CHD5

GATAD2A/

MBD2/

HDAC1/

HDAC2
RBBP4/MTA1/

MTA2/

MTA3

RBBP7

GATAD2B
MBD3

CHD3:
Snijders–Blok–Campeau
DDID
ASD
Childhood apraxia of speech
CHD4:
DDID
Sifrim–Hitz–Weiss
ASD
Epileptic encephalopathy
CHD
CHD5:
DDID
ASD

ASD
DDID

Cornelia de Lange

h SRCAP

SRCAP

ZNHIT1ACTR6

ACTL6A DMAP1

VPS72

YEATS4

H2AFZ

RUVBL1 RUVBL2

TIP60 (p400, NuA4)

EP400

TRRAP

BRD8

KAT5

DMAP1
ING3

MORF4L1

MRGBP MEAF6

VPS72

YEATS4

RUVBL1 RUVBL2

ACTB

ACTL6A

Developmental delay 
without dysmorphic 
facies or autism
DDID
Adult-onset deafness
ASD
Schizophrenia
Sporadic sensorineural
hearing loss
Childhood disintegrative 
disorder
Very-early-onset 
pyschosis

NEDFASB

INO80

INO80

NRFKB

IN
O

80D

ACTR5

ACTR8

MCRS1

YY1 IN
O

80
B

UCHL5
TFPT

INO80C INO80E

ACTL6A

RUVBL1 RUVBL2

Immunoglobulin 
class-switch 
recombination
defects (–/–)
DDID
ASD

ATRX

DAXX

i

j

ATRX

10.9950.9≤0.3 0.5
pLI

GAND
DDID

DDID

DDID

ASD

DDID

DDID

DDID

Gabriele de Vries
DDID

ASD

ASD

ASD (–/–)

ASD

CHD

DDID

CHD DDID

ASD
ASD, Pilarowski–Bjornsson, DDID
Epileptic encephalopathy, DDID, ASD
Hallermann–Strei�, ASD
CHARGE, AVSD, IHH/Kallmann, DDID, CHD
ASD (***), DDID, CHD (-/-)
ASD, DDID
ICF (-/-)
ASD
Basan, adermatoglyphia, Huireiz, DDID
--
--

--
--
--
ASD (–/–)
ASD
Cocayne (–/–), COFS

--
Bone marrow failure (–/–)
Schimke immuno-osseous
dysplasia (–/–)
DDID 

RAD54L2
HLTF
TTF2
SHPRH
BTAF1
ERCC6

ERCC6L
ERCC6L2
SMARCAL1

ZRANB3

SMARCA4: 
Co�in–Siris
DDID
ASD

Co�in–Siris-like
ASD (*)

Epileptic encephalopathy
ASD (–/–)
DDID

DDID

Floating-Harbor 
DDID
ASD

ATR-X
CHD
ASD
DDID

CHD DDID

DDID

DDID
ASD

ARID1B:
Co�in–Siris
DDID
ASD (***)
Non-syndromic short stature
Nicolaides–Baraitser
Dubowitz spectrum
CHD

Baraitser–Winter
DDID
ASD
CHD

Baraitser–
Winter
DDID
ASD
CHD

DDID
ASD
CHD

ASD

http://www.nature.com/nrg


Nature Reviews Genetics | Volume 25 | May 2024 | 340–361 347

Review article

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 
of intolerance to loss-of-function (pLI) scores for their encoding genes in the 
human genome55,61. 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)91,175–178, congenital heart disease (CHD)179, 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 Consortium91; −/−, 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’79 is a third model 
that proposes a synthesis of the two more parsimonious mechanisms 
proposed above (Fig. 4c). This model 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 bias80. 
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 remodellers81 and TFs82 have 
reported short (1–10 s) residence times of each, supporting this obser-
vation, which implies that binding of any individual remodeller or TF is 
too transient to create a stable, accessible state on its 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 
embryonic stem cells83,84, albeit by using high (10 µM) concentrations of 
a low-nanomolar inhibitor (IC50 < 5 nM; Box 2), which may have resulted 
in off-target inhibition. Other, less finely detailed kinetic studies have 
also suggested a co-dependent assisted-loading model, as in the case 
of BAF and OCT4 (ref. 73), BAF and the glucocorticoid receptor85, BAF 
and YAP–TEAD36, or BAF and ASCL1 (ref. 86).

Questions about these three localization models have motivated 
structural studies to define the interfaces responsible for remodeller–
TF interactions. Recent work has mapped out a structured hinge region 
in OCT4 that is responsible for the interaction with BRG1 and CHD4 
(ref. 87). The region is not homologous to the hinge regions in the other 
OCT4-related POU family of TFs and possibly explains how OCT4 is 
able to act as a pioneer factor in concert with the BAF complex. GATA3, 
another pioneer TF, was also shown to co-immunoprecipitate BRG1 and 
co-bind on chromatin in a manner correlated with its pioneer activity88. 
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 positioning89, redistribution of 
interacting regulators such as Polycomb90, or chromatin accessibility. 
In a recent study, upon BAF ATPase inhibition in induced human neural 
cultures, only 69% of loci that changed in chromatin accessibility were 
bound by BAF86. 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 
that some or many of the sites occupied by remodellers, as determined 
by ChIP, might be sites where they are resting or in storage, and that sites 
where accessibility is regulated by the remodeller might be the product 
of a rapid ‘hit and run’ mechanism that 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 hormones85, metabolic or developmental 
events. The use of new fast-acting probes and tools to study remodeller 
kinetics in living cells (Box 2), as well as single-molecule imaging stud-
ies and related assays to track remodellers inside cells, will probably 
be required 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, INO80, 
SWI/SNF, ATRX and ISWI complexes were mutated in almost 1 in 10 cases 
in DECIPHER57,58. 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. At a molecular 
level, these processes are mediated by the biophysical mechanisms 
discussed above, including interactions 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.

Remodellers implicated in neurodevelopmental disorders
Pathogenic mutations in remodellers are over-represented in 
human neurodevelopmental and psychiatric disorders, including 
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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 mutations58. 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 variation among any gene91. 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 disorders63, 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 is 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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Fig. 3 | The dosage sensitivity of human remodellers. 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 
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coloured by complex if applicable. Other complex subunits are coloured but left 
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and enriched in known pathogenic copy number variants (CNVs), suggesting 
strong selective pressure on their dosage. The tree in part b is adapted from 
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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 localization200. 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 CIP200 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 
reported202.

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 eviction27,28. 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 minutes203. 
In other studies, the remodeller HELLS (LSH) was found to insert 
the histone variant macroH2A26,204 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 remodellers205–208. 
In addition, degrons84,90 and PROTACs (proteolysis targeting 
chimeras), which work on the basis of CIP169,209,210, 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 binding83,211, and Polycomb complex redistribution 
in mouse embryonic stem cells90. 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 lymphocytes205, killing cancer cells in synergy with 
ATR inhibitors207, and promoting BAF-mediated memory T cell 
formation in mice to enhance the efficacy of chimeric antigen 
receptor T cell (CAR-T) immunotherapy149. We note that BAF  
ATPase inhibition in cancers has been of particular recent  
interest212 and BAF-targeting chemical inhibitors and degraders  
have been reviewed previously139.

DNA-barcoded nucleosome arrays
Recently, high-throughput DNA-barcoded nucleosome arrays have 
enabled analysis of interactions between purified remodellers 
(ISWI213 and BAF214) 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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syndrome. Patients with these syndromes have some phenotypic 
overlap, characterized by intellectual disability, microcephaly, 
seizures, stunted growth, agenesis of the corpus callosum and 
digit abnormalities92. Recently, BAF was also implicated in Down 
syndrome through its assembly of BRWD1 as a putative subunit in 
mammalian brains; this protein is encoded within the triplicated 
region of human chromosome 21 causal for Down syndrome38. Het-
erozygous mutations in the CHDs, including CHD1, CHD2, CHD3, 
CHD4, CHD5, CHD6, CHD7, and CHD8 are all implicated in related 

neurodevelopmental disorders with many phenotypes shared with 
BAFopathies, such as intellectual disability, but with subtle differ-
ences in presentation that may inform their mechanisms of action. 
For example, individuals with CHD3 mutations93 and those with 
CHD8 mutations present with macrocephaly7,94, in contrast to the 
microcephaly associated with BAFopathies. This is a general theme: 
the disorders tabulated in Fig. 2 and Supplementary Table 2 have 
imperfectly overlapping phenotypes related to developmental 
delays and intellectual disabilities.

Name Chromatin regulator targeted Approach

Chemical inducer of proximity (CIP)-based

CiA (chromatin in vivo assay) SS18 (BAF complex)27,72

HELLS (LSH)26

Hp1 (ref. 201)
DOT1L215

Zinc-finger and GAL4-binding site arrays knocked-in upstream of Oct4-eGFP 
to create a CiA:OCT4 mouse. FKBP12-ZFHD1 or GAL4-ABI1 expressed with 
chromatin regulator fused to FRB or PYL1. Addition of a cell-permeable 
CIP ligand, rapamycin or abscisic acid, that dimerizes FRB and FKBP12 or 
ABI1 and PYL1, respectively, recruits the chromatin regulator to the locus 
immediately (<5 min).

FIRE–Cas9 (FKBP/FRB 
inducible recruitment for 
epigenome editing by Cas9)

SS18 (BAF complex)203 FRB-fusion chromatin complex (HP1, BAF, VPR) recruited with rapamycin to 
MCP–FKBP with a double-MS2 loop gRNA that binds MCP, associated with 
dCas9 at a locus.

Chemical epigenetic 
modifiers

HDAC-containing complexes216 BRD4, BRPF1, 
and CBP and EP300217

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 BRG1 and BRM (BAF complex)83,84,206

CHD4 (NuRD complex) and SMARCA5  
(ISWI complex)208 CHD1L218,219

Allosteric inhibitors of ATPase activity, selective to paralogs (BRM014 
(ref. 206) is a selective, IC50 < 5 nM allosteric inhibitor of BRG1 and BRM 
ATPase activity) or with characterized off-targets (ED2-AD101 (ref. 208) is a 
micromolar allosteric inhibitor of both CHD4 and SMARCA5 ATPase activity). 
Micromolar IC50 inhibitors of CHD1L ATPase activity have also been reported 
with anti-colorectal cancer cell and xenograft activity218,219.

Bromodomain inhibitors BRG1, BRM and PBRM1 (BAF including pBAF 
complex)220 BRD9221, (non-canonical ncBAF 
complex)
BRD8222 (TIP60 complex)
BAZ2A/B223, BPTF224,225 and CECR2226  
(ISWI complex)
PBRM1-specific (pBAF complex)227

Various inhibitors have been optimized for binding of remodeller 
bromodomains with KD values of ~1–200 nM, with different specificities. For 
example, PFI-3 is a BRG1, BRM and PBRM1 bromodomain inhibitor with KD of 
~89 nM (ref. 220). BI-7273 and BI-9564 are selective inhibitors of BRD9 with 
KD values ~15 nM (ref. 221). DN02 is a selective inhibitor of bromodomain 1 of 
BRD8 with KD of 34 nM (ref. 222). GSK2801 is semi-selective for BAZ2A/B at 
~ 200 nM but also binds BRD9 (ref. 223). DC-BPi-11 has a ~25 nM KD (ref. 224). 
BZ1 has 6.3 nM KD for the bromodomain of BPTF225. NVS-CECR2-1 binds the 
CECR2 bromodomain with a KD ~ 80 nM (ref. 226). Compound 16 is selective 
to bromodomain 2 of PBRM1 over BRG1/BRM with a KD ~ 290 nM (ref. 227).

BAF modulators BAF250A or a spatially associated surface  
(BAF complex)205

Modulator of BAF250A-containing BAF-complex-mediated transcription 
(BRD-K98645985 or BD98) with EC50 of ~2.4 µM (ref. 205).

YEATS domain inhibitor YEATS4228 (TIP60 complex) Compounds 4d and 4e are selective YEATS4 binders with KD of 33 nM and 
37 nM (shown in ref. 228).

Acetyltransferase activity 
inhibitor

KAT5229 (TIP60 complex)
HDAC1/2 (NuRD complex)

NU9056 is a 2 µM inhibitor of histone acetyltransferase activity of TIP60 
(ref. 229). Various HDAC1 and HDAC2 inhibitors reported230.

Degrons/degraders

PROTAC (proteolysis 
targeting chimera)

BRG1 and BRM75,210 or BRM-specific231  
(BAF complex)
BRD9 (ncBAF complex)169,209

BRD7 and BRD9232 (pBAF and ncBAF complexes)

PROTACs degrade their respective protein by recruiting an endogenous E3 
ligase and then the proteosomal machinery.

Degron tag BRG1 (human BAF complex)84

BRG1 (mouse BAF complex)90

A dTAG233 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 degron234, 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.

(continued from previous page)
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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 via a 
biochemical interaction. b, Remodeller activity and genome-wide localization, 

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. c, Remodeller and TF activity cooperate 
based on their respective on- and off-rates k to nucleosomal DNA.

Cell biological and molecular roles of remodellers in 
development
The clinical phenotypes connected to mutations in remodellers arise 
from the critical roles that they have in directing the stereotyped devel-
opment of the brain and other organs. Genetic perturbations in mice 
have revealed essential roles for most major remodelling complexes in 
maintaining embryonic-stem-cell self-renewal and pluripotency, and 
in many cases, pre-implantation development9. Conditional knockout 
studies in specific tissues have also identified complexes that are essen-
tial for lineage-specific progenitor cell proliferation, such as CHD8 in 

neural progenitors95–97, INO80 in embryonic endocardial progenitors98, 
or specialized BAF complexes containing BAF53A39 and BAF170 in neural 
progenitors46,99. 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), 
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required for progenitor proliferation, and finally to an exquisitely 
specific neuronal complex (nBAF), found only in postmitotic neurons 
and required for dendritic morphogenesis40,43. 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 Actl6a (encoding BAF53A)43. A similar switch is found in myogenesis, 
where mir-133 and miR1/206 repress Smarcd1 (BAF60A) and Smarcd2 
(BAF60B), required for stem cell proliferation, causing a switch to 
Smarcd3 (BAF60C)-containing complexes that turn on muscle-specific 
transcription100,101. In the ISWI family, Smarca5 (SNF2H) is essential for 
early mouse embryo development and enriched in embryonic stem 
cells and proliferating neural progenitors; its close homologue Smarca1 
(SNF2L) is dispensable for survival but active in differentiated cells 
and required for neurogenesis102. Similar changes in activity and/or 
patterns of expression are present for CHD family members, including 
CHD3/4/5 of the NuRD complex7.

Social behaviour and chromatin remodelling: from flies 
to mammals
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 part in 
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 circuitry103, and 
remodellers both prepare accessible chromatin to receive a signal 
from the membrane and respond biochemically by post-translational 

modifications (for example)104. For example, the NuRD complex has 
been shown to respond to neuronal activity (resulting from, for example,  
a mouse running on a rotarod), by depositing the histone variant H2A.Z 
at cerebellar granule-cell gene promoters and inactivating them. The 
core NuRD ATPase Chd4 is thus essential for sensorimotor encoding 
and dendrite architecture105. The neuronal-specific nBAF complex is 
also required for connecting neurons through dendritic outgrowth 
and synaptic specificity. Early studies in mice found that several nBAF 
subunits, including BAF53B, BRG1, BAF57, BAF45B and CREST were 
required for activity-dependent dendritic outgrowth in hippocampal 
and cortical neurons106,107.

The broader relationship between behaviour and chromatin 
remodelling has perhaps been most studied with the nBAF complex. 
Recently, characterization of the nBAF-specific BAF53B subunit in 
Mendelian recessive autism60 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 
with 100% penetration108. The retargeting defect could be rescued with 
wild-type human BAF53B but were reproduced by human BAF53B with 
ASD mutations60. 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 behaviour109. Social 
and hyperactive behaviours in mice bearing Actl6b or Arid1b muta-
tions could be rescued with a selective serotonin receptor 1b receptor 
agonist, which inhibits neural activity109. This finding suggests that an 
excess of neural activity might underly social impairments 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 data on remodeller complexes. One study examined 
carboxy- (C-)terminal mutations in SMARCB1 (ref. 92) in Coffin–Siris 
syndrome that mapped to key nucleosome–remodeller contacts110. 
Parallel investigations had shown that cancer mutations in the SMARCA4 
SnAC domain defined an interaction site with the nucleosomal acidic 
patch111. 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 complex110. As sug-
gested by this study of a specific set of mutations, a recent 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 phenotypes58. 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 reported in 

Glossary

Assay for transposase- 
accessible chromatin with 
sequencing (ATAC-seq)
An assay to measure accessible (open) 
chromatin that uses the transposase 
Tn5, which preferentially targets open 
chromatin sites to insert sequencing 
primers.

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

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 
predicted by a sequence-context-based 
mutational model)61.

Dosage sensitivity
Genetic dosage sensitivity defines 
steps in a biological pathway in which a 
reduction in functional protein or a gain in 
protein copy leads to a phenotypic effect.

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

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.
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Nicolaides–Baraitser syndrome and no SMARCA2 mutations reported 
in Coffin–Siris syndrome92, suggesting distinct neurodevelopmental 
roles related to ATPase subunit function that have yet to be elucidated.

A long-standing question has been the role of β-actin and actin-like 
proteins in ATP-dependent chromatin remodelling. β-actin, once con-
sidered solely cytoskeletal, is a subunit of the BAF as well as the TIP60 
and INO80 complexes112. De novo heterozygous missense113 and LoF114 
mutations in ACTB, encoding β-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 remodeller111,115 (Fig. 1c), suggesting coupling, as in myosin, 
to the ATPase exchange mechanism116. β-actin binds adjacent to an 
actin-related protein (ARP), such as BAF53A or BAF53B (both homolo-
gous to the yeast protein ARP4) in BAF complexes, or BAF53A and ARP8 
(ACTR8) in INO808. Deletion of the ACTB gene in mouse fibroblasts 
caused genome-wide increases in H3K27me3, dissociation of BRG1 from 
chromatin, and disruption of neuronal reprogramming, phenotypes 
that were dosage-dependent117. Other work discovered that β-actin 
deletion in mouse fibroblasts affects three-dimensional genome struc-
ture through a mechanism involving both the BAF complex and EZH2, 
the catalytic subunit of PRC2 (ref. 118). However, the deletion of β-actin 
also led to genome-wide increases in H3K9me3, and the mechanistic 
origin of some of the gene-expression phenotypes might include roles 
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 
understanding92, 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 disability119 and was origi-
nally best known for depositing H3.3 in heterochromatin, including at 
telomeres23,24,120. 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 
SMARCAD1, which is commonly mutated in syndromes where patients 
lack fingerprints (Basan syndrome and adermatoglyphia) (Fig. 2). 
SMARCAD1 has been shown to have a critical role in silencing genes by 
promotion of H3K9me3 deposition coincident with reducing histone 
acetylation at these sites122. The Basan syndrome and adermatoglyphia 
mutations in SMARCAD1 suggest a link to an as yet uncharacterized 
biological role in epithelial development, underlining the remarkable 
non-redundancy and biological specificity encoded in chromatin 
remodelling complexes.

Chromatin remodellers in cancer
Analogous to the unique roles of remodellers in human development, 
recent large-scale tumour sequencing studies have showed that remod-
ellers have biologically specific functions in 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 a growth 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 
frequently in only certain cancers (such as pancreatic neuroendocrine 
tumours, gliomas and sarcomas), and a few complexes, such as INO80, 
are less frequently mutated in cancer. Remodellers appear to act like the 
function keys on your computer keyboard, showing different activity 
or essentiality depending on the cellular genetic context.

Given cancer-context-dependent genetic lesions, a primary area of 
investigation is in understanding the unique contributions of different 
remodelling complexes to cancer progression. Many excellent reviews 
on the contributions of specific chromatin remodellers in cancer 
have been published3–5,7,8,123. One stimulating observation that has 
motivated research is that remodellers can act as tumour suppressors 
or as oncogenes, 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 can also result in 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. In the following section we focus on these 
overarching mechanistic themes of how remodellers can both suppress 
tumour progression or contribute to it.

Remodellers as tumour suppressors
The first 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 alleles126, and 
conclusive evidence that BAF functions as a tumour suppressor came 
later in studies examining biallelic inactivating mutations in SMARCB1, 
a core subunit of the BAF complex, in patients with malignant rhab-
doid tumours127 and atypical teratoid rhabdoid tumours128–130. In those 
tumour types, the first allele of SMARCB1 is often lost in the germline 
and followed by a loss of the second allele somatically in tumour tissue. 
Advances in tumour 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 carcinoma131, whereas others are among the most mutated 
genes across tumours categorized by The Cancer Genome Atlas, such as 
ARID1A, altered (mostly by truncating mutations) in 8% of all patients132 
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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. P values 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 cBioPortal183,184 using the R package  
‘cgdsr’. TP53, an important 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 genes133. 
That study also nominated multiple other BAF subunits as tumour 
suppressors as well 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)134 and CHD1 
(prostate cancer)135.

Why particular subunits are mutated in only particular cancers is an 
important question. One answer may be in the cell-of-origin of the can-
cer, in which a particular remodeller may be critical for developmental 
processes discussed earlier, such as lineage specification or regulation 
of pluripotency. A recent study sought to identify the cellular origin of 
rhabdoid tumours by single-cell transcriptomics and genetically engi-
neered mouse models136. The researchers generated various genetically 
engineered mouse models with five different cell-type-specific and 
inducible losses of Smarcb1, finding that only selective Smarcb1 loss 
in Sox2-positive, embryonic day 6.5 precursor cells was sufficient to 
result in rhabdoid tumour growth. Further cell-specific knockout of one 
allele of Smarcb1 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 Smarcb1 in the development of 
Sox2-positive embryonic precursors and primordial germ cells.

Consistent with a dosage-dependent mechanism, many tumours 
have remodeller LoF mutations in only one allele. For example, ARID1A 
mutations in many ovarian clear cell carcinoma, gastric cancer, pri-
mary breast tumours and nearly all hepatocellular carcinomas are 
heterozygous137. Cancer cellular and mouse models of ARID1A heterozy-
gosity further suggested that it acts in a haploinsufficient manner137. 
In separate studies, Smarca4 heterozygosity also caused mammary 
tumours in mice by a haploinsufficient mechanism138. 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 a role in tumour progression as well.

Synthetic lethal pathways involving remodellers. The high rates of 
inactivation of remodellers in 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; 
a compiled table of synthetic lethal interactions is provided in ref. 139 
and includes 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 inhibition140, 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 
in ARID1A-deficient tumours, and SMARCA2 (BRM) is a synthetic lethal 
vulnerability in SMARCA4 (BRG1)-deficient tumours141,142. The latter 
finding suggests that developing BRM-specific inhibitors could be 
therapeutic in cancers that have lost BRG1. Both those vulnerabilities 
were found by searching recent data from large-scale knockout and 
knockdown studies mapping dependencies in hundreds of cancer cell 
lines143 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 mice144 and clinical retrospective 
analyses145 showed that ARID1A loss improves tumour responses to 
checkpoint inhibitors, and related studies have also nominated other 
BAF subunits such as PBRM1 (refs. 146,147) in having similar sensitizing 
roles. BAF loss is hypothesized to sensitize cells to interferon-gamma 
signalling, resulting in increased recruitment of tumour-killing effec-
tor T cells148. In other studies, inhibiting BAF during the activation and 
generation of CAR-T cells promoted T effector cell memory and efficacy 
against osteosarcoma and glioma tumour mouse models149. Given the 
critical roles remodellers have in both 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 as tumour suppressors is in regulating chromatin accessibil-
ity at regulatory regions. In rhabdoid 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 promoters150,151. CHD1, 
usually deleted (~10%) in prostate cancer152, 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 progression153. CHD5, a tumour 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)154. 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 
in normal tissue. In keeping with the theme of multifunctionality, these 
transcription-regulatory roles are not mutually exclusive with other 
mechanisms detailed below.

A second molecular mechanism of how remodellers may function 
as tumour suppressors is in genome maintenance. A hallmark of cancer 
is genome instability and many studies have shown that remodellers 
have a role in the normal maintenance of DNA integrity. As an exam-
ple, during cell division, topoisomerase II enzymes function in DNA 
decatenation by a complex mechanism involving single-strand cleav-
age of DNA, pass-through and ligation. Simple observations of cells in 
which SMARCA4 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 separate155. 
Biochemical studies revealed that BAF complexes interact with and 
are essential for the binding of topoisomerase II across the genome155. 
Furthermore, using non-small-cell lung cancer cell lines and mouse 
models, researchers found that SMARCA4 mutations are genetic 
biomarkers that predict enhanced sensitivity to topoisomerase II inhib-
itors in response to EZH2 inhibition156. 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 II inhibitors (anthracyclines)157. Thus, chromatin 
remodelling via BAF complexes appear to be a major determinant of 
the function of topoisomerase II 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 be important for double-strand-break-induced transcrip-
tional silencing158, promoting repair of a subset of DNA double-strand 
breaks at early time points after DNA damage. An ATM kinase phospho-
rylation site on BAF180 is required for silencing. Cancer-associated 
BAF180 mutants are unable to restore the silencing functions, suggest-
ing that the role of pBAF in repressing 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 
the incorporation of histone variant H3.3 into telomeric chromatin120, 
is frequently mutated in cancer, particularly in glioma, sarcoma and 
pancreatic neuroendocrine tumours159. Cancer-associated mutations 
in ATRX 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 
are localized in the N-terminal or helicase domains25. Loss of ATRX, or its 
partner DAXX, has been correlated with the alternative lengthening of 
telomeres mechanism that maintains telomeres without the use of tel-
omerase, in paediatric glioblastomas and in pancreatic neuroendocrine 
tumours160,161. The histone variant H3.3 was also found to be recurrently 
mutated (K27M or G34R) in these glioblastomas, suggesting a common 
pathological mechanism of action involving dysregulation of the known 
function of ATRX/DAXX in depositing H3.3 at telomeres24, 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, 
just as in promoting 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 genes5,7,162. Examining 
structural alterations in remodeller genes can also suggest where they 
act to promote oncogenesis. Perhaps the most straightforward role 
of a remodeller as an oncogene is found in synovial sarcoma, where 
almost 100% of the cells in every case have the same genetic lesion, 
with few other mutations in the genome3,123. 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 progression166–168. The fusion 
protein generates a large 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 
promising169. 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 
complexes36. The fully stoichiometric, supercharged complex directly 
interacts with the YAP-TEAD transcriptional activators and leads to 
the activation of YAP-TEAD target genes36. The BAF53A-containing 
BAF complex evicts Polycomb more robustly, 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 maintained36. 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 adenocarcinoma171.

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 CHD1 dele-
tion is almost always mutually exclusive with PTEN deletion172 and in 
PTEN-deleted contexts, CHD1 maintains and promotes an immuno-
suppressive transcriptional program172,173. 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, SMARCB1 loss leads to altered enhancer targeting 
that inactivates differentiation programs, but residual complexes main-
tain super-enhancer controlled oncogenic expression151. Alternatively, 
aberrant targeting may be a result of mutations in a TF that normally 
cooperates with the remodeller. An example of this phenomenon is in 
the interaction of BAF complexes in many normal cell types with the 
protein EWSR1. In Ewing’s sarcomas, EWSR1 is 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 
activation174.

Conclusions
A theme that emerges from both genetic studies and biochemical 
work in mammals is 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 
efforts to 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 to biological phenotypes. One is the contribution of each 
remodeller to nucleosome exchange rates, and preferences for modi-
fied nucleosomes. A second question is in understanding the remarka-
ble specificity of the phenotypes produced by mutations in remodelling 
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 a wide variety of nuclear proteins. 
Another set of questions revolves around mechanisms of recruitment 
and targeting. These questions inherently demand time-resolved 
studies to be conducted in living 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.

Published online: 24 November 2023
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