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Over the past 4 years, nearly 100 exome sequencing studies have revealed the high frequency of mutations in the
genes encoding the subunits of ATP-dependent chromatin remodelers in human cancer. Most of thesemutations
are within the genes encoding subunits of the BAF (Brg/Brahma-associated factors) or mSWI/SNF complex, which
is one of two dozen predicted ATP-dependent chromatin remodeling complexes in mammals. Considering BAF
complexes as a single entity, the 15 subunits encoded by 29 genes are mutated in >20% of human cancer,
across a broad range of tumor types. These observations demonstrate that there is little redundancy in the onco-
genic function of BAF complexes with the other remodeling complexes, underscoring their unique roles. Several
important conclusions emerge from these genomic data: specific subunits appear to bemutated in specific cancers,
highlighting tissue-specific protective roles; mutations can function as tumor suppressors or oncogenes; mutations
can be homozygous or, more commonly, heterozygous, implying their dosage-sensitive roles in an unknown yet
fundamental process used to suppress the genesis of cancer. These new human genetic findings paired with
biochemical studies are challenging old ideas on how chromatin remodeling complexes function, generating
newhypotheseswith respect to their normal and oncogenicmechanisms and highlighting potential avenues for ther-
apeutic intervention in human cancer.
Following the 13-year effort to sequence the full human genome, se-
quencing of disease genomes, notably of human cancer, began to sur-
face.With the advent of next-generation sequencing platforms readily
accessible to the academic community, study after study reporting the
sequencing of human cancer genomes began appearing almost
weekly, starting in 2010. One of the most surprising results from these
genome– and exome-wide sequencing efforts was that chromatin reg-
ulation and epigenetic centered processes, which had previously been
only loosely connected to oncogenesis, were tightly linked to the de-
velopment of cancer. Previous studies over the years involving drugs
such as histone deacetylase and histone methyl transferase inhibitors,
hydroxamic acids, sirtuins, and others had suggested the important
role of epigenetic modulation in cancer—indeed, nearly all cancers
display epigenetic changes, and most cancer mutations, in either a di-
rect or an indirectmanner, affect the epigenome (1, 2)—yet the extent of
involvement was not fully appreciated. Strikingly, among the most fre-
quent mutations uncovered in human cancer sequencing efforts were
mutations in genes encoding the subunits of adenosine triphosphate
(ATP)–dependent chromatin remodeling complexes, most notably
the mammalian SWI/SNF or BAF (Brg/Brahma-associated factors)
complexes. This is the core focus of this review.

With more than 20% of human cancers bearing a mutation to one
subunit of a 15-subunit complex (3, 4), mechanistic studies that
translate the meaning of these genetic perturbations are critical for
understanding oncogenic function. The sheer heterogeneity of pertur-
bations unveiled by sequencing presents a substantial challenge and
motivates multidirectional mechanistic hypotheses: mutations can be
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heterozygous or homozygous, somatic or germline, and result in dele-
tion point mutation, and even translocation resulting in fused protein
segments to stable subunits. Collectively, this yields a complex picture of
BAF complex compromise, which appears to drive both loss-of-
function and gain-of-function oncogenic mechanisms.

Here, we review the evolution and function of SWI/SNF complexes,
the landmark studies pertaining to their roles in both development and
malignancy, as well as subunit-specific perturbation in cancer, and posit
new directions for future investigation and therapeutic approaches.
ATP-DEPENDENT CHROMATIN REMODELING:
DISCOVERY AND EVOLUTION

ATP-dependent chromatin remodeling is one of several mechanisms
that permit the compaction and decompaction of DNA in the nucleus
while retaining the capacity for replication, selective gene expression,
andDNArepair and recombination. Thismechanismwas first discov-
ered in yeast, ironically in screens for signal transduction molecules
involved in responses tomating factor that lead tomating type switch-
ing (hence the name Switch or SWI) (5). Three of these genes were
independently discovered in screens for signaling molecules leading to
sucrose fermentation in response to nutrient switching in yeast (sucrose
nonfermenting or SNF) (6). Genetic reversion of these signaling pheno-
types was achieved by second mutations in histone genes, showing that
specific SWI and SNF genes in yeast actually regulated chromatin remod-
eling rather than acting as participants in a signaling mechanism. Bio-
chemical characterization then led to the discovery that these genes
encoded proteins that associated with one another; hence, the term
“SWI/SNF complex”was used to characterize this chromatin regulatory
entity (7).

Within a few years, similar complexes were discovered in Drosophila
fromgenetic screensdesigned todetect genes opposingPolycomb-mediated
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repression of homeotic genes (8, 9). Notably, the ATPase subunit, of the
complex in flies, Brm, was found to be homologous to SWI2 or SNF2.
Significantly, revertants to mutations in Brm have never been found in
histone genes, as is the case in yeast. Thus, it appeared that for the Dro-
sophila SWI/SNF or BAP (Brm-associated protein) (10) complex, the
primary targets were not histones, but rather opposing repressive
complexes known as Polycomb complexes; however, because of the
large number of histone genes, a dominant mutation in a histone
may appear genetically invisible. Evidence indicating that Polycomb
complexes are an important primary target of mammalian SWI/SNF
or BAF complexes has emerged in more recent years from the observa-
tion that mutation of the ATPase Brg1 (Smarca4) of BAF complexes
leads toH3K27Me3 accumulation and repression ofmany genes in em-
bryonic stem (ES) cells (11). Additional evidence that BAF opposes
Polycomb has come from studies of human malignancy, as will be dis-
cussed below (see “BAF Complexes as Tumor Suppressors: Key Mech-
anistic Themes”). However, genes with related functions (such as to
oppose Polycomb-mediated repression) were also discovered in histone
modification genes, notably in theMLL genes that are subunits of the
COMPASS complex and provide the activating modification
H3K4Me3 (2, 12).

Early sequencing efforts led to the realization that ATP-dependent
chromatin remodeling was a mechanism likely to be used extensively.
In mammals, 29 genes are predicted to encode ATPases similar to the
yeast SWI2/SNF2 protein. Genetically, these ATPases are nearly all
nonredundant, indicating that they play specific biologic roles and
Kadoch and Crabtree Sci. Adv. 2015;1:e1500447 12 June 2015
their mutations give rise to specific phenotypes and diverse human
diseases, as will be discussed below. Biochemical studies in yeast, flies,
and mammals have heralded a complete or near-complete character-
ization of all the subunits of several of the ATP-dependent chromatin
remodeling complexes. Perhaps themost well studied of the complexes,
the SWI/SNF complex, has evolved extensively in the past 500 million
years from yeast to mammals (Fig. 1). The steps in this evolutionary
process illustrate well how this fundamental mechanism of chromatin
regulation has adapted to accommodate changes in strategies of gene
regulation.

SWI/SNF, BAP, and BAF complexes through evolution
A great deal of information can be gained from an examination of the
evolution of the subunit composition of the SWI/SNF or BAF complexes
(Fig. 1). A clear transition occurs with the appearance of multicellular-
ity, which can be appreciated by the additional complexity in multi-
cellular organisms. Four subunits are lost from the yeast complex, and
three different ones are added in flies (and probably also worms, al-
though the complex in worms has not been purified). These changes
in SWI/SNF probably reflect newly emerging strategies of chromatin
regulation that must support the fact that whereas most genes are ex-
pressed in yeast, most genes are repressed in multicellular organisms.
Although Polycomb complexes appeared evolutionarily before the split
of plants and animals, they were lost in Saccharomyces cerevisiae and
Saccharomyces pombe (13). Genetic studies in flies indicate that the
major function of the BAP complex is to oppose Polycomb, whereas in
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Fig. 1. Evolution of the yeast SWI/SNF complexes to the fly BAP and vertebrate BAF complexes. The figure depicts the subunit structure of these
related complexes over the last 500 million years of evolutionary history. Colors are used to indicate homology. The development of multicellularity and

the need to repressmost genes is coupledwith the appearance of polycomb-mediated repression, histoneH1, andmajor changes in the subunit structure
of SWI/SNF in its transition to BAP complexes in flies. The emergence of vertebrates, appearance of a much larger genome, DNA methylation, and ver-
tebrate complexity is accompanied by another transition in subunit structure and combinatorial assembly. Finally, with the emergence of a complex
nervous system, four new neuron-specific subunits enter the complex and are essential for dendritic morphogenesis, synaptogenesis, and connectivity
within the nervous system.
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yeast, genetic studies clearly demonstrated that histones and presumably
nucleosomes are themajor targets for SWI/SNFaction. Several other stra-
tegic changes to chromatin occur in multicellular organisms, including
the appearance of histone H1, whichmay also create chromatin structures
that require BAF complexes for conversion to more accessible DNA.
With the evolutionary emergence of vertebrates and DNAmethylation,
nine additional essential subunits are added, which do not have homo-
logs in yeast or flies. In vertebrates, the complexes become polymorphic
and combinatorially assembled, allowing them to take on highly spe-
cialized functions (14–18). Finally, very late in vertebrate evolution, four
additional neuron-specific subunits emerge that are essential for the for-
mation and wiring of our complex nervous systems (19, 20). Thus, the
evolution of these complexes might be illustrative of the way that func-
tionalities of the complex are gained and lost with eachmajor change in
gene expression and epigenetic strategies over the past half-billion years.

However, through 500 million years of evolution, several subunits,
which are remnants of the yeast SWI/SNF complex remain constant.
First is the structure of the ATPase subunit and the so-called helicase
domains of Brg and Brm, which show a remarkable degree of conser-
vation between them, as with all of the 29 members of this family of
chromatin remodeling complexes. This suggests that fundamental
mechanisms are conserved among the entire group of SWI2-like re-
modelers. In addition, the BAF155 and BAF170 subunits are clearly
homologs of SWI3, BAF47 is clearly a homolog of SNF5, and SWP73
is a homolog of BAF60. Whereas the mammalian and Drosophila
complexes contain b-actin, actin is only found in the INO80 and SWR1
complexes and not in the yeast SWI/SNF or RSC complexes (21–23). The
yeast SWI/SNF complex has two Arp subunits; however, they do not po-
lymerize, nor do they haveATPase activity. In contrast, b-actin has both of
these critical activities. Thus, in this respect, mammalian BAF complexes
resemble yeast INO80 and SWR1, which play critical roles as guardians
of the genome against the accumulation of mutations (24) and are
probably most analogous to the p53 function in vertebrates.

Early functional discoveries
Until several years ago, the mechanism of action of ATP-dependent
chromatin remodeling complexes was thought to be fairly simple
(25–28). They appeared to be recruited to DNA by sequence-specific
transcription factors or general factors, and they subsequently attacked
nucleosomes to facilitate the binding of proteins to DNA (29). Nucleo-
someswere thought to be the primary target of the complexes. Using in
vitro transcription on nucleosomal templates, the complexes could
phase or position nucleosomes, exchange nucleosomes, induce nucleo-
some mobility, evict nucleosomes, or relax torsional stress possibly by
their direct actions on nucleosomes (28). However, doubts surround-
ing these mechanisms began to arise when it was discovered that the
deletion of subunits of the mammalian complexes that gave the stron-
gest phenotypes in mice were not required for in vitro chromatin re-
modeling (30, 31). Initially, thiswas thought to be due to a role for these
subunits in specific targeting to regions of the genome. However, this
explanation now seems unlikely because mutations in the subunits
involved had phenotypes nearly identical to rapid conditional deletion
of the Brg and/or Brm ATPase (32–35), indicating that individual sub-
unit function was central to the fundamental mechanism of the com-
plexes. In addition, these essential subunits are dedicated to the BAF
complex, as indicated by the fact that they comigrate with the 2-MDa
complex and can be completely depleted using high-affinity antibodies
to the other subunits (19, 36). These doubts about the fundamental
Kadoch and Crabtree Sci. Adv. 2015;1:e1500447 12 June 2015
mechanism of chromatin remodelers were further reinforced when
several unexpectedly instructive functions of these complexes were
discovered in the conversion of fibroblasts to induced pluripotent
stem cells (37) and the conversion of human fibroblasts to neurons
(31, 38). Indeed, a large number of highly instructive functions have
been described in flies and worms, including instructive functions in
the targeting of dendritic trees to their proper termini (39) and cell type
specification (40–42).More recently, themodel inwhich a transcription
factor recruits complexes has been questioned by genomic studies in
ES cells (11). Also, the ability of oncogenic BAF complexes to activate
genes in heterochromatin where there is no detectable transcription
factor binding strongly indicates that transcription factors are not nec-
essary for recruitment of these complexes (see “BAF Complexes as
Oncogenes: The SS18-SSX Fusion in Synovial Sarcoma”) (36). Finally,
andmost compellingly, recent exome sequencing studies conducted on
a number of human diseases have shown that the subunits most com-
monly mutated in human disease were not those required for in vitro
chromatin remodeling (4, 43–45).

These recent findings underscore the fact that the fundamental
mechanism of ATP-dependent chromatin remodeling complexes re-
mains, in large part, unclear and that new techniques must be devel-
oped for the assessment of the contributions of long-range topologic
effects, the complexity of posttranscriptional histone modifications,
and the tissue-specific chromatin states, to name a few of the critical
aspects of chromatin that cannot be detected using previously stan-
dard in vitro chromatin remodeling methods.
WHAT ARE PROTEIN COMPLEXES AND HOW DOES
NATURE USE THEM?

Many chromatin regulators are subunits within large complexes, yet
there seems to be little agreement onwhat the term “complex” implies
and the difference between a “subunit” and an “associated protein.” In
this review, we use the term “subunit” to imply two critical features.
The first is stability of an interaction within the complex such that spe-
cific structural features are imparted to the surface of the complex.Here,
the criteria that were first used came from early characterizations of
the ribosome (46), showing stability at near-denaturing conditions with
urea or other denaturing reagents. Generally, the stability of the subunit
within the complex to 2Murea is taken as an arbitrary criterion (36, 47).
Stability is critical because it gives rise to specific surfaces that can have
newbiologicmeanings,much in the sameway that letters are assembled
into words (48). The second is dedication of the subunit to the complex.
We use this criterion to indicate that the protein does not exhibit
binding interactions or functions outside the complex and performs
its function only within one or more complexes of the same class. Bio-
chemically, thismeans that the subunit comigrates with the complex on
density sedimentation (gradient centrifugation) assays and can be en-
tirely depleted from the nuclear extract with high-affinity antibodies to
other complex subunits. Genetically, dedication is often reflected in a
similar phenotype, but for a variety of reasons, dedicated subunits can
also have different phenotypes from the phenotypes of null mutations
in other subunits, and indeed, this is often the case if they are members
of a highly homologous family. For example, BAF53a deletion has a phe-
notype that is slightly more severe than that of the ATPase Brg (33),
whereas BAF53b has an entirely different phenotype because it is a sub-
unit of the neuron-specific nBAF complex (49). Yet both are dedicated
3 of 17



REV I EW
to their complexes and resist dissociation in 5M urea. These are impor-
tant considerations to be taken into account for the functional assess-
ment of tissue- and cancer-specific complexes.

Almost all chromatin regulators are present as members of
complexes, which is decidedly different from signaling proteins, which
are often monomeric. Why does nature use proteins in complexes
rather than leave them to perform their functions as monomers?Most
likely, protein complexes have evolved to allow an ordered series of
biochemical reactions and interactions to occur on the surface of the
complex. The same thingmight be accomplished if all the proteins were
monomers, but the reactions would be very slow and perhaps the
biological functions would not be performed with sufficient efficiency.
The best example is, again, the ribosome: protein translation is an or-
dered series of events involving many subunits working simultaneously
and in tandem. Almost certainly, chromatin regulation by the large
ATP-dependent chromatin remodelers and perhaps other chromatin
regulators involves an ordered series of specific biochemical reactions
that must be spatially coordinated. Thus, a critical question in the study
of ATP-dependent chromatin remodeling is the nature of the spatial
relationships within the complex and the order of reactions occurring
on the surfaces (as well as within the hydrophobic core) of the com-
plexes. Even for the simplest and most well studied ATP-dependent
chromatin regulator, the yeast SWI/SNF complex, these key spatially-
based processes remain poorly understood.
GENOME-WIDE MAPPING OF BAF COMPLEXES

Murine genetics in concert with genome-wide binding studies have
been informative for understanding features of the mechanism of
action of these complexes. The complexes bind over the genome in
rather large peaks covering about 2 to 4 kb (50). There are generally
about 20,000 to 40,000 sites on chromatin inmurine ES cells, lympho-
cytes, neurons, and some cell lines (50, 51). The number of peaks ob-
tained varies, likely due to the quality of the antibodies and their
signal-to-noise ratios. Because the complexes are so frequently inacti-
vated in long-term cell lines, one must be aware that the location and
number of binding sites in these lines might reflect a dysfunctional
(albeit mechanistically informative) complex. There are about 300,000
BAF complexes per cell inmurine ES cells, and it seems that about half
of these are chromatin-associated, meaning that each BAF peak must
reflect the binding of about 5 or 10 complexes with an average
footprint of about 2 to 4 kb (47, 50). This is consistent with the size
of the 2-MDa complex, which is about 12 times the molecular weight
of a nucleosome (though oftenmisillustrated in reviews as being smaller
than a nucleosome).

The localization of BAF complexes over the genome coincides with
the major fate-determining factors of the cell type. For example, in ES
cells, a BAF complex of specialized subunit composition not found in
other cell types to date (esBAF) is found to co-bind strongly with each
of the pluripotency factors (50). This observation is consistent with the
findings of Rada-Iglesias and colleagues (52), who have shown that
BAF complex binding is highly predictive of human enhancers. In ad-
dition, in murine ES cells, esBAF co-binds with Polycomb repressive
complexes (Kadoch et al., unpublished data), whichmight reflect their
opposition in much the same way the histone acetylases and deacety-
lase co-bind over the genome, reflecting their constant opposition and
the highly labile nature of this histone modification (53).
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BIOLOGIC SPECIFICITY GENERATED BY COMBINATORIAL
SUBUNIT ASSEMBLY: LESSONS FROM DEVELOPMENT

During the 1990s, as signaling pathways were being defined for a va-
riety of specific cell surface receptors, the signaling community sur-
prisingly found that only a few dozen ubiquitous signaling pathways
seem to account for nearly all biologic and developmental responses
(54). The community studying signal transduction expected specific
pathways for specific receptors, and the general question of the bio-
chemical basis of signaling specificity arose. Although still a matter of
debate, much of the answer to this question now appears to be that
genetic loci aremade accessible for the binding of transcription factors
at the terminus of a signaling pathway before or concurrently with the
use of the signaling pathway. This result indicated that the nucleus and
cell membrane somehow anticipated the next step in development.
Almost certainly, the development of highly specific regions of the ge-
nome that are open to incoming signaling pathways is brought about
through the actions of lineage-specifying transcription factors and
specific cell membrane receptors, but other componentsmust be pres-
ent that are capable of reversing long-standing patterns of epigenetic
repression. A biochemical search for proteins binding to accessible
NFAT (nuclear factor of activated T cells) sites, which is the terminus
of the ubiquitous Ca2+/calcineurin/NFAT signaling pathway, revealed
that they bound a complex resembling yeast SWI/SNF, which had been
discovered earlier in yeast. However, as the subunits were purified and
cloned, it became clear that the mammalian complex (which we ini-
tially called themSWI/SNF complex) was not as close to the yeast com-
plex aswe initially thought (4, 14–17, 19). The complexes were assembled
combinatorially from the products of at least 29 genes encoded by 15
gene families (36, 48), again highlighting the immense combinatorial
diversity and possibly functional diversity encoded within these com-
plexes in much the same way that letters are assembled into words
(48). In addition, some of the subunits were found to be tissue-specific,
such as those foundonly inBAF complexes ofmature neurons (Fig. 2).
For example, BAF53b (an actin-like molecule), BAF45b [a double plant
homeodomain (PHD) finger protein], and CREST (SS18L1) (a Ca2+-
responsive regulator) subunits were found only in postmitotic neurons
(19, 20, 55, 56). These subunits appeared during evolution as a more
complex brainwith greater diversity of neurons cameonto the evolution-
ary scene (Fig. 1). Forcing the assembly of this neuron-specific nBAF
complex in human fibroblasts can convert them to neurons (31, 38),
and knocking out the neuron-specific nBAF subunits leads to profound
defects in critical postmitotic neuronal function such as dendritic
outgrowth and synaptogenesis (49, 57). Following these reports, exome
sequencing studies of human neurologic diseases revealed that individuals
with language acquisition deficiencies with or without mental retardation
(Coffin-Siris syndrome andNicolaides-Baraitser syndrome) generally have
mutations in one of several subunits of the BAF complex (43, 44). These
discoveries have led to a search for tissue-specific and/or instructive roles
for other chromatin remodeling and histone modification complexes.
These studies and the finding that minor changes in subunit composi-
tion could result inmalignancy (see below) put forward the understand-
ing that biologic specificity likely emerged from subunit composition as
the means of diversification of function or dysfunction (36, 48). With
the view that cancer is development gone wrong, BAF250B (ARID1B)
(one of three genes that occupy this position in BAF complexes) was
recently found by trio and quad sequencing (mother, father, normal
sib, and affected sib) to be the most frequently mutated gene in human
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neurodevelopmental disorders (58). Here also, the (heterozygous) mu-
tations are generally dominant, implying that a dosage-sensitive process
also underlies the developmental roles as well as the role in oncogenesis.
DOMAIN SPECIFICITY: MECHANISMS OF LOCALIZATION
OF ATP-DEPENDENT CHROMATIN REMODELERS
OVER THE GENOME

Early studies indicated that SWI/SNF complexes are targeted to their
sites of action by simply being recruited by a DNA binding protein,
such as SWI5, which normally is located in the cytoplasm and moves
into the nucleus upon treatment with mating factor (29). In this way,
SWI5 is both a signaling protein and a transcription factor. From these
studies, it was concluded that in yeast, the SWI5 transcription factor
recruits the SWI/SNF complex to its site on the HO endonuclease gene.
After recruitment, the complex stays in this location, whereas the tran-
scription factor can move to another location. This mechanism pro-
vided an easy understanding of the origin of specificity of binding and
is well suited to yeast, where most DNA is accessible and few genes
are epigenetically suppressed.
Kadoch and Crabtree Sci. Adv. 2015;1:e1500447 12 June 2015
Inmulticellular organisms, BAP or BAF complexes have enhanced
abilities to bind histone modifications and hence might be guided by
locus recognition, driven by specific histone modifications and regional
architecture, rather than by simple sequence specificity or recruitment
by transcription factors. Themammalian BAF (mSWI/SNF) and pBAF
complexes collectively contain eight bromodomains (six on PBRM1,
one on either BRG or BRM, and one on BRD7), two PHD finger pro-
teins (BAF45 subunits), two chromodomains (BAF155 and BAF170),
andbetween seven andnineDNAbinding domains that can bind archi-
tectural features such as cruciformDNA structures, AT-rich sequences,
or HMG recognition features (15–17, 19). Although a formal calcula-
tion of binding affinities has not been performed, the combined affi-
nities would probably outweigh the binding energy provided by a
transcription factor or even a group of them. An epigenetic locus rec-
ognition mechanism would provide a means by which complexes in
multicellular organisms could be targeted to the loci with specific
features determined by previous developmental events, and hence pro-
vide access to specific groups of genes bearing histone modifications
that record their developmental history. In the future, it will be critical
to test this hypothesis using a thoughtful combination of in vitro bio-
physical and in vivo methods.
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Fig. 2. BAF complexes change their subunit composition during development.Murine ES cells have a specific subunit composition (esBAF) that is
apparently not found in other cell types to date. Overexpression of the esBAF subunits can facilitate induction of pluripotent cells from fibroblasts. In

neural stem cells that line the developing neural tube, a second formof BAF complexes is found that again is distinguished, but not by subunits expressed
only in neural progenitors, but rather an assembly that appears to be foundonly in neural progenitors. In postmitotic neurons, three subunits found only in
neurons are present in complexes immediately after mitotic exit. These include BAF53b, BAF45b, and CREST. In cardiac progenitors, complexes are dis-
tinguished by the expression of BAF60c, whereas in hematopoietic stem cells, complexes contain Brm, but not Brg, and BAF60b and BAF60c, but not
BAF60a, and Bcl7b and Bcl7c, but not Bcl7a.
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PRE-GENOMICS: EARLY LINKS TO HUMAN CANCER

Early studies found thatmalignant cell lines often had lost critical sub-
units of mSWI/SNF or BAF complexes, indicating that these com-
plexes were likely to be tumor suppressors. In addition, they were
found to bind the RB protein and repressed E2F function (59, 60). De-
finitive evidence that they were tumor suppressors came from the
work of Versteege and colleagues, who found that BAF47 (INI1, hSNF5,
SMARCB1) was uniformly lost in a rare childhood cancer known as
malignant rhabdoid tumor (MRT). In these tumors, most often, germ-
line loss of one allele is followed by loss of the second allele in the tu-
mor tissue (rhabdoid predisposition syndrome), indicating that
mutations in BAF47 behave as classic tumor suppressors with genetics
similar to that of retinoblastoma (61). Additional early studies by Reisman
and colleagues (62) discovered cell lines with inactivation of both Brg
and Brm, such as the SW13 line. These studies were confirmed by
Wong and colleagues (63), who found that several breast cancer cell
lines had lost both Brg and Brm at the protein level but seemed to
have mutations in only one of the two homologous subunits. The
observation that both Brg and Brm could be disrupted and yet cells
remain viable and active was unexpected because several biochemical
studies using in vitro transcription on nucleosomal templates indicated
that theseATPasesmight be required for RNApolymerase binding, and
conflicting reports in yeast indicated that they might or might not be
subunits of RNA polymerase II. These early studies were highly limited
because sequencing was labor-intensive. Thus, before the dawn of
exome sequencing, the common view was that tumor suppressionmight
require loss of functionof both alleles of both of the homologousATPases
or loss of both alleles of subunits that were encoded by single genes, such
as BAF47.
EXOME SEQUENCING STUDIES IN HUMAN CANCER
REVEAL EXTENSIVE AND DIVERSE ROLES FOR
CHROMATIN REMODELING

When exon sequencing studies of human cancer began in 2010, a
more complicated genetic picture emerged. The remainder of this re-
view focuses in large part on the nature of these mutations and their
possible mechanisms. Initial reports showed that about 57% and 46%
of ovarian clear cell carcinomas and endometriosis-associated ovarian
carcinomas, respectively, contained inactivating mutations, distribut-
ed along the length of the BAF250A (ARID1A) subunit (45, 64). Near-
ly all of these cases hadmutations in only a single allele, indicating that
BAF250A might be a dominant tumor suppressor subunit within the
complex. These initial studies were confirmed repeatedly, indicating
that somehow the loss of a single allele of a single subunit contributed
to the pathogenesis of ovarian cancer (65). About this same time, stu-
dies of an unusual intellectual disability condition (Coffin-Siris syn-
drome) characterized by difficulty with language acquisition and
mental retardation found mutations in BAF250B (ARID1B), which
were also heterozygous in most cases. Because the issue of tumor het-
erogeneity can often inaccurately skew the determination of whether
one or both alleles are inactivated, the discovery of the heterozygous
BAF250B mutations in patients with these neurologic conditions was
conceptually informative, lending further grounds to consider heter-
ozygous mutations as causative candidates and prompting studies to
identify the mechanism of allelic dominance. Thus, it appears that a
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fundamental mechanism for the prevention of cancer and the develop-
ment of the human nervous system relies on two functional copies of
the BAF250A and B family, respectively. Because BAF250 is not nec-
essary for in vitro chromatin remodeling, it appears that this critical,
dosage-sensitive function is independent of the limited set of chromatin
regulatory events that can bemonitored by in vitro chromatin remodel-
ing experiments on nucleosomal templates, strongly suggesting the
need for new assays for the function of ATP-dependent chromatin reg-
ulatory complexes.

Additional exome sequencing studies revealed that specific cancers
have mutations in different subunits of BAF complexes (Fig. 3). Many
subunits do not have an elevated mutational rate in any tumor se-
quenced thus far and hence do not appear to contribute to tumor sup-
pression. In some cases, this is because they are simply not expressed
in dividing cells, as is true for the postmitotic, neuron-specific sub-
units, BAF53b, BAF45b, BAF45c, and CREST (SS18L1). However,
in other cases, certain subunits that are ubiquitously expressed also
appear to make no detectable genetic contribution to human cancer,
but are physically located next to subunits that make extensive con-
tributions. Indeed, this is the case with BAF53A, which is bound di-
rectly to BRG1. BRG1 is highly mutated in cancer, whereas BAF53A
(ACTL6A) is not. However, the null phenotype for BAF53a is stronger
than Brg, which might make it genetically less visible. Again, many of
the subunits most highly mutated in cancer and human neurologic
disease are not required for in vitro chromatin remodeling. The exten-
sive genomic observations described above have placed a set of three
constraints on the fundamental mechanism underlying tumor sup-
pression by BAF complexes. The first is that the mechanism is dosage-
sensitive, giving rise to genetic dominance. Second, the fundamental
mechanism cannot be detected in an in vitro chromatin remodeling as-
say. Third, whereas this fundamental tumor-suppressive mechanism
might be general, it manifests itself in a highly tumor-specific and
apparently tissue-specific manner. For example, the ATPase BRG
is mutated in more than 90% of small cell ovarian cancers (66, 67)
but in less than 5% of small cell lung cancers. Thus, heterozygous
mutations in BRG (SMARCA4) cause small cell ovarian cancer,
but likely just bear passenger mutations related to dysfunction of ge-
nome maintenance mechanisms in certain other tumors in which
they are less prevalent. These biologic observations are critical for
designing approaches to understand the fundamental mechanism(s)
of tumor suppression.
BAF COMPLEXES AS TUMOR SUPPRESSORS: KEY
MECHANISTIC THEMES

One of the most well-studied mechanisms by which ATP-dependent
chromatin remodeling can assume tumor suppressor functions comes
from the rare childhood cancerMRT caused by biallelic inactivation of
BAF47 (hSNF5, INI1) in virtually 100% of the tumors (61, 68). These
tumors show a classic loss of heterozygosity in the tumor and hence
are recessive tumor suppressors. Wilson and colleagues (69) have shown
that the underlying mechanism is rooted in the ability of BAF com-
plexes to regulate the placement and function of Polycomb repressive
complexes. The conditional deletion of BAF47 in mice leads to T cell
lymphomas with a short latency that is unprecedented for the deletion
of a single gene (70). This short latency time recalls the fact that human
rhabdoid sarcomas often occur in the first 2 years of life, an observation
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that indicates that the mouse model, even though yielding a different
type of tumor, likely has a similar pathogenesis. BAF complexes in
the mutant cells are unable to remove Polycomb complexes and their
histone modification, H3K27Me3, from the Ink4a (Cdkn2a) locus,
which normally suppresses proliferation (69). The genomes of MRTs
are devoid ofmutations outside of SMARCB1 loss and are estimated to
have the lowest mutational burden of any human tumor sequenced to
date (71). Thus, the tumors seem to be induced exclusively by changes
in epigenetic regulation (except for the initiatingmutations inBAF47).
The mechanism by which loss of BAF47 leads to a failure to remove
Polycomb is unclear and suggests that one of the important roles of BAF
complexes is to oppose Polycomb as indicated from studies in flies and
mammals (8, 11).

The advent of exome sequencing across a diverse range of human
cancers has led to the realization that BAF complexes are one of the
most significant tumor suppressors in humans, with a cumulative in-
cidence of mutation of more than 20% of human cancers sequenced to
date (Fig. 3). However, the pathogenesis of this much larger group of tu-
mors is almost certainly different from that of MRTs. Most cancers
bearingBAF subunitmutations are found in older age groups, as is cancer
in general, and do not occur selectively in young children. In addition,
many, if not most, of the cancers have a mutation in only one allele of
the affected subunit, making them dominant tumor suppressors, rather
than recessive tumor suppressors as in the case ofMRTs. Thus, themech-
anism underlying tumor suppression by BAF subunits must relate to a
defect that demonstrates dosage sensitivity, providing a ripe foundation
for the assessment of possible mechanisms. Mutations that produce
neurologic disease are also genetically dominant, suggesting that a single
fundamental process, albeit context-dependent, is at fault in both neu-
rologic disease and cancer caused by heterozygous mutations in BAF
subunits.
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The most commonly affected BAF subunit in cancer to date is
ARID1A (BAF250A), which has now been found to be mutated in a
wide variety of tumors including endometrial carcinoma (65), colon
and rectal cancers (72), pancreatic cancer (73), transitional cell carci-
noma of the bladder (74), gastric cancer (75, 76), cholangiocarcinomas
(77), and childhood neuroblastoma (78). BAF250a and BAF250b are
dedicated subunits that appear to have no life outside of BAF com-
plexes, which is the case with all other subunits except BAF53a and
b-actin, which have a fraction asmonomers [ref]. BAF250Amutations
occur throughout the length of the gene, without clustering to any one
domain, andmost appear to be frameshift mutations predicted to lead
to a loss of function or alternative splicing. Missense mutations are also
present, but only a few are repeated and hence they are not particu-
larly informative with respect to function. Chandler and colleagues (79)
have created mice with a point mutation in the Arid domain and showed
that the Arid domain in mice is critical for the function of the protein, yet
mutations in the human gene are not especially localized to the Arid do-
main. Thus far, the Arid domain mutant mice do not have a higher inci-
dence of cancer. Several frameshift mutations occur near the end of the
protein, suggesting a critical function for the C terminus of the protein.
The functionof this subunit is unclear, butone report indicated that it could
behave as a ubiquitin ligase (80). A murine mutation near the N terminus
of BAF250a leads to alternative splicing and the production of a protein
that induces hematopoietic proliferation in a non–cell-autonomous
manner (81).

SMARCA4 (or BAF190, BRG1) is rather frequently mutated in
cancer, and here, the clustering of the mutations is informative. Most
of the missense mutations are scattered within the highly conserved
ATPase domain and group in interesting ways. A highly penetrant
ATPase domainmutationmademany years ago, K785R (14), is pres-
ent in several cancers and suggest that at least some of these could be
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functioning as dominant negative mutations. Similar mutations have
been reported in the homologous Brm protein (SMARCA2); these mu-
tations are less frequent in human cancer, yet farmore common in neu-
rologic disease. These human genetic observations therefore indicate
that in Brg mutant cancers, targeting the synthetic lethal protein Brm
(82) (identified in several studies; see “Paralogous subunit compensa-
tion as unique synthetic lethalities”) might lead to neurologic defects.
In addition, the combined loss of Brg and Brm has been reported in
many cancer cell lines, indicating that resistance might quickly develop
when Brm is targeted in a Brg mutant.

Tumors withmutations in BAF57 (SMARCE1) provide an illustra-
tive example of both the remarkable tissue specificity and domain
specificity of the tumorigenic actions of BAF complexes. For most
cancers, rates ofmutation of BAF57 are extremely low (yet breast can-
cers have about a 10 to 14% incidence of amplification). However, in
non–NF2-driven multiple spinal meningiomas, nearly 100% of the
tumors have mutations in this gene (83). These tumors are more ag-
gressive than normal meningiomas, which are localized and can be
cured by surgical resection. Clear cell meningioma spreads through
the spinal cord and central nervous system (CNS), giving rise to a
lethal metastatic-like state. However, they rarely metastasize to other
tissues. This subunit has the capacity to bind cruciform structures in
DNA and might be a source of sequence-specific architectural DNA
binding; however, it is not known if this occurs in vivo. The DNA
binding domain is a nonspecific HMG domain, and introducing a
pointmutation into this domain gives rise to amouse that suppresses
the endogenous alleles and a phenotype verymuch like the loss of the
Brg ATPase (84). In addition, mutations in SMARCE1 detected in
patients with Coffin-Siris syndrome are also exclusive to the HMG
domain (85).

BAF subunits less frequently mutated in cancer
BAF170 (SMARCC2) and BAF155 (SMARCC1) are mutated infre-
quently in cancers. BAF170 is mutated in gastric and colorectal
cancers with microsatellite instability (86). The homologous subunit
BAF155 is mutated in about 10% of small cell lung cancers (4). Both
BAF155 and BAF170 are true homologs of yeast SWI3 (>20% identi-
cal over the entire length of the protein). These two members will di-
merize in solution and appear to make hetero- or homodimers within
the complexes inmammalian cells. Only BAF155 (and not BAF170) is
expressed in pluripotent cells and is part of the specialized esBAF
complex, which is essential for pluripotency in murine ES cells. The
mutations seen in these proteins are scattered over the body of the
gene and appear to generally inactivate the protein.

The BAF45 subunit is encoded by a family of four genes (BAF45a,
b, c, and d), which have radically different expression patterns. For
example, BAF45b is expressed only in postmitotic neurons. In general,
these genes are relatively rarely mutated, but BAF45d is amplified in
about 17% of breast cancers. As yet, it is not known if this is due to a
carrier effect (that is, coamplification of a nearby essential oncogenic
gene) or if its amplification could actually play a role in breast cancer
progression. This family was discovered during the purification of
BAF complexes from the developing CNS (19), and the remarkable
neural specificity of BAF45b helped in understanding how combi-
natorial assembly could generate functionally distinct complexes
(19). These proteins contain two PHD fingers of unclear specificity,
which might help localize the complex to specific genetic loci, bearing
specific histone marks. The BAF60 family (SMARCD1, 2, and 3) is
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also less frequently mutated in human cancers. SMARCD1 appears
to be biallelically mutated in breast cancer, albeit less frequently (87).
BAF COMPLEXES AS ONCOGENES: THE SS18-SSX FUSION
IN SYNOVIAL SARCOMA

As with all genetic discoveries that have poured out of laboratories in
recent years—from thousands of genes associated with rare Mende-
lian disorders and common disease to the hundreds that have been
implicated in human cancer—driver, causative function is often chal-
lenging to assign, especially in the setting of tumors with numerous
mutations. However, in certain tumors, specific genes are mutated in
100% of the cancers in 100% of the cells, which provides definitive
evidence that these mutations cause the development and maintenance
of the tumor. An example is human synovial sarcoma (88, 89), which
has provided ground for the discovery of a mechanism underpinning
perturbation to the SS18 subunit of BAF complexes by the t(X;18) trans-
location hallmark to human synovial sarcoma. This mechanism has
been highly informative for understanding the emergence of specificity
of actions of mSWI/SNF or BAF complexes.

Human synovial sarcoma is a soft-tissue tumor in which 100% of
tumors have a precise translocation involving the SS18 subunit of
BAF complexes (90). The t(X;18) chromosomal translocation is the
hallmark, diagnostic feature of the disease which results in the direct
fusion of 78 amino acids of the C terminus of SSX to the SS18 C ter-
minus. This well established driver, the SS18-SSX oncogenic fusion,
overtakes complexes, outcompeting wild-type SS18 (from the one re-
maining normal allele) and causing the displacement of BAF47, likely
an adjacent or nearby subunit in the complex (Fig. 4). The SS18-SSX
containing complexes are then retargeted to oncogenic loci such as
SOX2 and PAX6, activating these genes by displacement of PRC2
complexes and their H3K27me3 repressive marks. Both the bio-
chemical changes to subunit composition in the complex and the tar-
geting on chromatin can be reversed by removing the SS18-SSX fusion
[that is, via short hairpin RNA (shRNA) or CRISPR] or altering the
stoichiometric balance of SS18-SSX relative to wild-type SS18 (that is,
via wild-type SS18 overexpression) assembling into complexes. It
should be noted that this mechanism is quite distinct from that of
rhabdoid sarcomas. Although both tumors lose BAF47 from the
complex, the dominance of the SS18-SSX fusion in synovial sarcoma
arises from the ability of the SS18-SSX fusion protein to target the BAF
complex to specific oncogenic loci, inducing proliferation (36).
THE PBAF COMPLEX IN CANCER

The pBAF complexwas discovered by biochemical purification of pro-
teins required for ligand-activated transcription in vitro (91). The name
pBAF came from the discovery that this complex contained polybromo
(PBRM1 or BAF180) and BAF200 (Arid2), as well as Brg (but not Brm)
and several other subunits of the BAF complex. The BAF180 protein
contains six bromodomains that are similar to the single bromodo-
main found in Brg1. BAF180 is mutated or deleted in more than
50% of clear cell renal cell carcinoma (ccRCC) (92). Here again, the tu-
mors do not occur in childhood, and to date, there are no specific
pathologic features of this tumor subgroup. Although a number of
alleles are predicted not to produce protein, many of the missense
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mutations occur in the bromodomains. It seems that the bromodo-
mains are not redundant for the tumor suppressor function in that
mutation of any single bromodomain in one allele is sufficient to
contribute to cancer formation. We assume that the bromodomains
bind to acetylated histones, and they do indeed do this in vitro, but
their in vivo binding specificity has not yet been determined.
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ccRCC is most often associated with a mutation in the VHL (von
Hippel–Lindau) gene, which encodes anE3 ubiquitin ligase, either as a
point mutation or as part of a large deletion of chromosomal arm 3p.
This chromosomal arm contains BAF180, BAF155, the Set domain–
containing protein 2 (SetD2, a H3K36methyltransferase), and the BAP1
tumor suppressor, which is a deubiquitinase. Thus, a large number of
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genome, such as Sox2, through a transcription factor–independent mechanism to genes that are drivers of proliferation. At these genes, it robustly evicts
polycomb by unknownmechanisms leading to activation of genes such as Sox2 that can drive proliferation. Bottom: In the rare rhabdoid sarcoma of young
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tumor suppressors reside in this region. However, it appears that mis-
sense mutation of either VHL, BAP1, or BAF180 can contribute to
ccRCC independently, suggesting an interesting interplay of these genes
in the pathogenesis of this tumor. Mutations in PBRM1 correlate with
mutations in VHL, the most commonly mutated gene in ccRCC, and
have a tendency toward mutual exclusivity with BAP1mutations (93).
Somewhat surprisingly, the other subunits of the pBAF complex are not
mutated with high frequency in ccRCC.

BAF180 (pBRM) and BAF200 (Arid2), which are present in the
same pBAF complex, are both frequently mutated in liver cancers (94),
and about 18% of hepatitis-associated hepatocellular carcinomas have
mutations in BAF200 (94). In other exome sequencing studies, PBRM1,
ARID2, and BAP1 were found to be inactivated in a large proportion of
specific liver cancers [LCB (liver cancer displaying biliary phenotype)].
This finding suggests that they might work together cooperatively to
contribute to the pathogenesis of this tumor (95).
POTENTIAL COOPERATIVE ONCOGENIC INTERACTIONS
BETWEEN MUTATIONS IN BAF SUBUNITS AND
OTHER GENES

The advent of exome sequencingmade it possible to not only identify
recessive tumor suppressors but also identify mutations in genes that
tend to co-occur with them, pointing toward potential mechanisms
and therapeutic approaches. When BAF250A (ARID1A) mutations
were first identified in ovarian cancer, it was immediately clear that
cooperating mutations in phosphatidylinositol 3-kinase (PI3K) were
frequent. This trend became evenmore clear as additional mutations
were found in Brg and other subunits. The association seems invariably
to be an activatingmutation in PI3Kwith a loss of function in one of the
BAF subunits, most commonly BAF250a or BAF250b. This is
intriguing for a number of reasons. First, activation of PI3K should
deplete the supply of PIP2 (phosphatidylinositol 4,5-bisphosphate) by
phosphorylation on the 3′ position of the inositol ring, giving rise to
phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3]. PIP2 binds the
BAF complex to one site on the Brg subunit, near the ATPase domain
(96). As yet, the significance of this binding is unclear, but it may reg-
ulate the activity of BAF complexes and their association with chroma-
tin (47), and hence, PI3K activation could further reduce the activity of
the BAF complex. However, the two mutations could cooperate by a
completely different mechanism. For example, if the activation of
PI3K leads to increased cell division in a cell lacking a BAF subunit,
one would expect the consequent defect due to failure of TopoII
function (97) (see below) to be sensitized. Activated PI3K would drive
more “at-risk” cell divisions, leading to more mutations and advance-
ment along the pathway to cancer. Another possibility would be that
loss of BAF function leads to more point mutations and a greater like-
lihood of activation of PI3K. These possibilities can at least in part be
resolved by understanding the time that the mutations occur during
the course to cancer using allele frequency calculations.

Recently, Chandler and colleagues (35) demonstrated that mice
with one allele of BAF250a deleted do not get cancer, but when bred
to a mouse with a mutation in PI3K, they develop ovarian clear cell
cancer, establishing this as an excellent model for these cancers. They
found that PI3K leads to the dissociation of BAF complexes from the
interleukin-6 (IL-6) promoter, relieving its repression and leading to
high levels of IL-6 production in the murine cancers. Treating the mice
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with PI3K inhibitors leads to reduction in tumor growth. IL-6 is also
produced fromhuman cancers and appears to contribute to their growth.
The mechanism by which PI3K inactivates BAF on the IL-6 promoter
is unclear.

Another cooperating mutation is the activation of b-catenin. This
co-occurrence is common in medulloblastomas (98). b-catenin binds
Brg and regulates its ability to activate genes (99). Hence, one could pro-
pose a transcriptional mechanism for this cooperation. On the other
hand, as with activation of PI3K, activation of b-catenin would increase
the number of cell divisions at risk for TopoII dysfunction during ana-
phase, thereby generating more mutations and moving the cell further
along on the pathway to cancer. Future studies will be necessary to re-
solve these questions.
OTHER ATP-DEPENDENT CHROMATIN REMODELING
COMPLEXES AND CANCER

The ATRX gene contains the SNF2/SWI2-related “helicase” domains
and has ATP-dependent chromatin remodeling activity. ATRX ranks
17th on Davoli et al.’s list of tumor suppressors (100), taking into ac-
count the nature of themutations as well as gene length, ratios of silent
to nonsilent mutations, and other features likely to predict tumor sup-
pressor activity. It is mutated in about 40% of low-grade gliomas, 20%
of pancreatic cancers, 10% of small cell lung cancers, and 9% of uterine
endometrial cancers. ATRX cooperates with DAXX to insert the his-
tone variant H3.3 into chromatin and hence appears to function with-
in a histone chaperon complex (101). Mutations in ATRX cause a
syndrome characterized by anemia (actually a-thalassemia) andmen-
tal retardation, and are encoded on the X chromosome (102). How-
ever, since its discovery, it has been implicated in telomere function,
DNA methylation, and sister chromatid cohesion and congression.
The 280-kD protein includes an unusual N-terminal PHD designated
the ATRX-DNMT3-DNMT3L (ADD) domain, owing to its similarity
to a protein region found in the DNA methyltransferases (DNMTs).
However, the relationship of this domain to its role in DNA methyl-
ation is unclear. Remarkably, in several tumors, notably glioma, it is
mutated along with DAXX and histone H3.3, identifying a genetic
pathway contributing to these tumors (103). Patients with somatic null
mutations in ATRX do not have a predisposition to cancer (102), indi-
cating that other genes must contribute to the pathogenesis of cancer in
those cases. Almost certainly, these genes are DAXX and H3.3. ATRX
is located in the heterochromatin, and null mutations in SUV39H1 and
SUV39H2, which place the H3K9Me3 mark, prevent its localization to
the heterochromatin (104). Although human genetics strongly implicate
a pathway contributing to cancer, the role of defective H3.3 placement
in cancer is still unclear.

Other ATP-dependent chromatin regulators also appear to func-
tion as tumor suppressors in humans. Of note is CHD1, which ismu-
tated in about 8 to 10% of cases of stomach cancer and colorectal
cancer and is 22nd on Davoli et al.’s list of tumor suppressors (100).
By contrast, BAF250a is 4th, BAF180 is 6th, BAF200 is 15th, and
BAF250b (ARID1B) is 43rd. CHD1 is located on human chromosome
5q21, which is frequently deleted in prostate cancer and is required for
androgen receptor–driven gene expression and the androgen-
dependent translocation of the ERG gene (105–107). The observation
(from cBio portal) that it is mutated in only 1 to 2% of prostatic
cancers suggests that other genes located within the deleted region
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might contribute to its role in tumor suppression. Furthermore, unlike
SMARCA4 (BRG1 or BAF190), there are no recurrent missense mu-
tations in the ATPase domain of CHD1 in cancer that would indicate
that this particular function is critical. A knockdown was reported to
interfere with murine ES cell formation and to be required for pluri-
potency, but this has not been confirmed yet with a null mutation.

The other chromatin regulator commonly mutated in cancer is
CHD8, which ranks 90th among the genes contributing to tumor sup-
pression in a recent analysis provided byDavoli and colleagues. CHD8
is mutated in about 10% of pancreatic, colorectal, and uterine cancers.
In Drosophila, CHD8 is called Kismet, and its deletion leads to the
accumulation of H3K27Me3 over the fly genome (108), much in the
same way that deletion of BAP or BAF subunits leads to enhanced
Kadoch and Crabtree Sci. Adv. 2015;1:e1500447 12 June 2015
H3K27Me3 at many loci over the mammalian genome. Another possi-
ble mechanism by which CHD8 could contribute to cancer is through
binding and inhibition of b-catenin inmammalian cells. CHD8-like Brg
and Brm show repeated missense mutations within the ATPase do-
main, which are likely to have an effect on the protein. Notably, like
BAF complexes, CHD8 is implicated in neurologic disease and is the
most frequently mutated gene in autism spectrum disorders where
loss-of-function mutations in one allele are most common.

In yeast, the ATP-dependent chromatin remodelers INO80 and
SWR1 are major guardians of the genome (24) and prevent the accu-
mulation of mutations, much as p53 does in mammalian cells. They
have a critical role in double-strand break repair and also function in
checkpoint pathways and nucleotide excision repair. Curiously, these
complexes are similar tomammalian BAF complexes in that they con-
tain b-actin and similar actin-related proteins (ARPs), which are most
homologous to BAF53a and BAF53b. Thus, they may be structurally
and functionally related to vertebrate BAF complexes. Although their
importance in genome maintenance is clear, their mammalian homo-
logs are not commonlymutated in human cancer. Thismay reflect the
fact that BAF subunits are genetically dominant and dosage-sensitive
and, hence, represent a significant organismic susceptibility. Genes
that are frequentlymutated in a disease are not necessarilymore impor-
tant, but rather they cause human disease and are found frequently in
exome sequencing studies because of their genetic dominance and dos-
age sensitivity.
SPECIFIC MECHANISMS OF TUMOR SUPPRESSION AND
THERAPEUTIC TARGETING

BAF-Polycomb antagonism
Early developmental studies in Drosophila foreshadowed the opposing,
antagonistic functions of Trithorax (of which BAF is a member) and
Polycomb complexes in the regulation of mammalian gene expres-
sion and, more recently, cancer. The antagonistic nature of BAF and
Polycomb complexes has emerged as a likely culprit in causing exten-
sive, misplaced repression (or in some cases, activation) genome-
wide (Fig. 5). The clearest example of this came from studies by Roberts
and colleagues, who discovered that BAF47-deficient MRTs displayed
marked increases in the H3K27me3 repressive mark, a mark known
to be placed only by PRC2 complexes. Given the important tumor-
suppressive function of p16-INK4A, several groups honed in on this
locus to reveal the extensive repression over this site in the setting of
BAF47 (SNF5) loss (69, 109). From studies in ES cells, we know that
BAF complexes oppose PRC complexes at most sites, with the excep-
tion of genes such as the Hox loci at which they appear to act syn-
ergistically to enable the placement of the H3K27Me3 mark (11).
This is in marked contrast to Drosophila, where BAF opposes Poly-
comb at theHox genes (8). As yet, it is unclear whether humans follow
the strategy observed inDrosophila ormice. Hence, inMRTs, the loss of
BAF47 results in altered balance of the activity of BAF and Polycomb
complexes, skewing toward Polycomb placement of repressive marks
(Fig. 5).

In contrast, in human SS tumors, oncogenic, SS18-SSX fusion–
bearing complexes appear to have gained the ability to oppose Polycomb
complexes (Figs. 4 and 5), at least at genes critical for the proliferative
maintenance of these tumors such as SOX2 (36). Although the specific
mechanism of this unique gain-of-function phenotype still remains
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Fig. 5. Mutations in BAF complexes and polycomb complexes affect
the balance between these two major genomic chromatin regulators.

(A) In cells without definedmutations in genes encodingBAF complex sub-
units, BAF and polycomb complexes oppose one another to facilitate the
coordinate regulation of gene expression. (B) Upon loss-of-function (LOF)
mutations, such as biallelic inactivation of hSNF5 (BAF47) in MRTs, BAF
complexes lose the ability to oppose polycomb, resulting in higher overall
levels and repressive histonemark placement genome-wide. (C) In specific
gain-of-function (GOF) settings, such as human synovial sarcomas that
contain the SS18-SSX oncogenic fusion protein, BAF complexes appear
to oppose polycomb complexes at key oncogenic loci.
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unclear, it is clear that the 78 amino acids confer an advantage to these
complexes, which enhances the displacement of Polycomb. This onco-
genic eviction of Polycomb can be reversed by stoichiometrically
altering the balance of SS18-SSX versus wild-type SS18 within BAF
complexes, thereby reversing the complexes to an induced wild-type
state, bearing normal subunit composition. Hence, an exciting thera-
peutic opportunity emerges from these findings, which is distinct from
the reverse direction of opposition seen in MRT complexes (36).

The unbalanced state produced by either loss-of-function BAF
subunit mutations or gain-of-function PRC2 mutations might be an
effective site for therapeutic intervention (Fig. 5). Several studies have
indicated that EZH2 inhibition to a level that removes nearly all
H3K27Me3 over the genome leads to death of cells having a BAF47
mutation (110, 111). Although one would anticipate substantial toxicity
associatedwith removal of PRC2 function,mice appeared to tolerate the
treatment, and their tumors underwent regression with EZH2 inhibi-
tion. Also, a diffuse large cell lymphoma with activating mutations in
Ezh2 (Y641F/N) appears to be sensitive to Ezh2 inhibition (112).
Kadoch and Crabtree Sci. Adv. 2015;1:e1500447 12 June 2015
Given that therapies based on polycomb repression are already be-
ing advanced as possible treatments of several BAF mutation–driven
cancers, it has become important to understand the underlyingmech-
anism of opposition between these complexes. Studies using in vitro
transcription on nucleosomal templates are insufficient because they
do not reproduce the domains of polycomb-mediated repression found
over genes such as Sox2 in most somatic cell types. In addition, these
in vitro techniques cannot detect the effects of long-range interactions,
tissue-specific epigenetic changes, occurrence of histone H1, and a
wide variety of other critical aspects of chromatin regulation. Hence,
amajor goal for the future will be to generate systems inwhich one lets
the cell assemble chromatinwith all its complexity and then challenges
this locus with specific chromatinmodifiers. This objective led us to de-
velop a system for studying the complex chromatin regulation in differ-
ent cell types using amouse with an indicator and an array of regulatory
sites knocked into the Oct4 gene (113). This system allows one to study
the dynamic behavior of the locus, the rate of heterochromatin propa-
gation, the dissolution and assembly of heterochromatin, and the in vivo
synergy with other chromatin modifiers (114) in any tissue of the deve-
loping or adult animal. Understanding the dynamics and mechanisms
underlyingBAF-polycomboppositionmight also be fruitfully approached
with this system (Kadoch et al., unpublished results).

Synergy between TopoII and BAF complexes
Recent studies have indicated that BAF complexes help TopoII un-
tangle DNA during replication, perhaps providing an explanation
for BAF’s tumor-suppressive functions (Fig. 6). At each cell division,
hundreds or even thousands of catenes must be relieved by passing
one strand of DNA through another (115). This risky task is carried
out by TopoIIa and TopoIIb by first cleaving one strandwith a 4–base
pair overlap and then forming a covalent bond between the enzyme
and DNA. Because the enzyme is a dimer, it can hold a first strand in
place while creating a channel for the passage of the second strand.
Afterward, the two ends are ligated together by TopoII, relieving the
tangle and allowing cell division to proceed (116, 117). Deletion or
shRNA depletion of the oncogenic BAF subunits leads to the forma-
tion of anaphase bridges, indicating a failure to untangle DNA at an-
aphase, whereas deletion of non-oncogenic subunits did not have this
effect (97). The deletion of oncogenic BAF subunits surprisingly leads
to arrest at G2/Mwith high levels of histoneH3 S-10 phosphorylation,
an indicator of incompletemitosis. The deletion of the oncogenic sub-
units gives rise to the decatenation checkpoint, which arrests cells until
the tangled DNA can be decatenated. Consistent with this, the arrest
can be overcome by a mutation in TopoIIa, which prevents its phos-
phorylation and the sensingmechanism that tells the cell that its DNA
is tangled. BAF complexes bind robustly to endogenous TopoII, and
peptides from TopoII have been recovered in each of five different
proteomic analysis of endogenous, untagged BAF complexes from
different tissues. The role of BAF seems to allow TopoII to bind to
DNA. TopoII’s interaction withDNA is so transient that it is difficult
to detect by ordinary Chip-seq. However, by arresting the progres-
sion of the mechanism of TopoII using etoposide, it was possible to
capture the enzyme covalently attached to DNA before the religation
step could be completed. Using this approach, the Brg (Smarca4)
ATPase was found to be essential for the binding of TopoII to
11,000 of 16,000 sites over the genome (97). TopoII was found to
bind to the BAF250a subunit, which is the one most frequently mu-
tated in human cancer.
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These studies suggest that mutations in BAF subunits lead to the
inability to resolve tangles at anaphase, with subsequent strand break-
age and attempted repair of these breaks in the cytoplasm of the
separating cells. This could generate potential oncogenic driving mu-
tations that would contribute to the pathogenesis of the cancer. As
mentioned above, this potential mechanism of tumor suppression
must be examined in the light of the results of exome sequencing stu-
dies. First, the effect of BAF deletion on TopoII must be shown to be
genetically dominant. Thus, we would expect that loss of a single allele
of an oncogenic BAF subunit would lead to impairment of TopoII
function. Second, the ultimate effect of TopoII dysfunction would
be expected to result in tissue-specific lesions inDNA. This could hap-
pen if TopoII used different cleavage sites in different tissues, as would
be consistentwith the highly tissue-specific nature of deoxyribonuclease
(DNase) sensitivity over the genome (118). Finally, we would expect
that the effect of TopoII would not be seen in an in vitro transcription
reaction using nucleosomal templates. Indeed, this is the case because
the minimal set of BAF subunits necessary for in vitro transcription
does not include TopoII, and the subunit to which TopoII binds,
BAF250, is not necessary for transcription on nucleosomal templates.
In yeast, TopoII function was shown to require nucleosome-free
DNA, and the loss of the snf5 gene interfered with the binding of
TopoIIa (119).

Because BAF subunit mutations prevent TopoII from contacting
DNA, these studies predict that cancers with BAF subunit mutations
should be resistant to TopoII inhibitors. This has not been shown
to date, but could be helpful in guiding the use of these highly toxic
inhibitors.

In other studies, the presence of a Brg (Smarca4) mutation has been
shown to predict sensitivity to a combination of EZH2 and TopoIIa
inhibition in a group of small cell lung cancers (120). The underlying
mechanism is unclear, but it is possible that EZH2 inhibition blocks
Polycomb placement, allowing the binding of TopoIIa to DNA and,
hence, sensitivity to these inhibitors in the face of a BAF subunit mu-
tation. However, the speculation that polycomb and its repressive
marks block the binding of TopoIIa has not been tested to date.

Paralogous subunit compensation as unique
synthetic lethalities
Another potential therapeutic approach arises from the combinatorial
assembly of these complexes, specifically, at the mutually exclusive
ATPase position, containing either Brg or Brm (16, 17, 19, 48). For ex-
ample, loss or mutation of the Brg ATPase appears to make tumors
containing these mutations highly susceptible to loss of the alternative
ATPase, Brm (82). In fact, in the largest shRNA-based screen (Achilles,
Broad Institute), this was the most highly ranked synthetic lethal rela-
tionship in human cancer. Similarly, in an shRNA-based screen for
genes that were synthetically lethal with amutation in BAF250a, the loss
of BAF250b was detected (120). These studies indicate that when one
subunit is mutated, the tumor becomes dependent on the other subunit
that can occupy this position in the complex. Developmentally,
BAF250a is not redundant with BAF250b and Brg is not redundant
with Brm. For example, BAF250b is the most commonly mutated gene
discovered in a recent exome sequencing study of human developmen-
tal diseases (58), and Brm is mutated in and causes a number of human
neurodevelopmental diseases (43). Thus, therapeutic targeting of Brm
or BAF250b in human cancer may have inherent toxicity. In addition,
many tumors show genetic inactivation of one subunit and epigenetic
Kadoch and Crabtree Sci. Adv. 2015;1:e1500447 12 June 2015
inactivation of the homolog. For example, SW13 and several other cell
lines contain amutation in Brg, but do not express Brm, presumably by
epigenetic inactivation (59, 62). In addition, a number of tumors have
lost both BAF250a and BAF250b. Again, the mechanism appears to be
genetic inactivation of one subunit and epigenetic suppression of the
homologous subunit. It is not clear what allows the cell to compensate
for the loss of both Brg and Brm or BAF250a and BAF250b, but this
mechanism might be an additional susceptibility that would provide
more lasting therapeutic effect than inhibition of one paralogous sub-
unit but not the other.

Modulation of chromatin remodeling
complexes by phosphoinositols
Natural small-molecule control of chromatin remodelers would be an-
other possible avenue of therapeutic intervention. In mammals, PIP2
levels were found to modulate chromatin association of BAF
complexes (47), and later in yeast, inositol hexakisphosphate (IP6)
and inositol polyphosphate were shown to modulate the activity of
the ATP-dependent chromatin remodeling complexes INO80 and
SWR1 (23, 121), which as mentioned above are structurally similar
to BAF in mammals. PIP2 binds to a single site in the BAF complex
near the ATPase domain of Brg (96). However, to date, the function of
PIP2 binding has not been clear and could be a biochemical artifact.
Because PIP2 is membrane-associated, it would indicate that modula-
tion by PIP2 would have to occur near amembrane such as the nuclear
membrane or the more elusive “nuclear matrix,” a poorly character-
ized nuclear fraction. Activation of cell signaling pathways leads to the
movement of BAF into the nuclear matrix fraction (47), but again
there has been no functional characterization of the consequences
of this localization. The realization of the importance of BAF com-
plexes in cancer gave new impetus to discover and understand path-
ways modulating the activity of these complexes, particularly the
importance of activated PI3K as a cooperating oncogene.
PATHWAYS FOR THERAPEUTIC ADVANCES ARISING
FROM NEW MECHANISTIC UNDERSTANDING

Perhaps the clearest example to date for which the understanding
of mechanism has opened a path for therapeutic development has
been in synovial sarcoma (36). Here, the driving, oncogenic muta-
tion is always the same and always results in the addition of exactly
78 amino acids of SSX to the SS18 gene at precisely the same place
(88, 90). The fusion protein is incorporated into complexes and then
dramatically retargets the BAF complex to oncogenic drivers. Clear-
ly, the cancer-specific SS18-SSX fusion protein is an excellent target
for small-molecule therapeutics in much the same way that Bcr-ABL
fusions are in chronic myeloid leukemia (122). One would predict
that a molecule that would prevent the dominant entry of the SS18-
SSX fusion into the BAF complex would prevent tumor growth. This
speculation is supported by the fact that overexpressing the wild-
type SS18 protein in synovial sarcoma cells leads to reassembly
of the normal complex, arrest of cell proliferation, and cell death
(36). The precise amino acids that must be targeted are predicted from
the sequences of SSX genes that are permissive to tumor development
versus those that are not. Thus, a specific path to a cancer-specific
drug has been revealed by the combination of human genetics and
biochemistry.
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In rhabdoid tumors, the definitive mutation is a loss of function
of both alleles of BAF47 (SMARCB1, INI1, hSNF5) (61). Because there
is no specific fusion to target or gained interaction identified to date, a
cancer-specific treatment seems less likely unless the loss of BAF47
produces specific allosteric effects over the complex that would render
it uniquely susceptible to small molecules. However, Roberts and col-
leagues have shown that these cancers have essentially only the initi-
ating BAF47 loss, which suggests that targeting MRT-specific BAF
complexes in this setting might be sufficient to initiate tumor regres-
sion. The discovery that nearly all of the effects of BAF47 loss could be
explained by accumulation of polycomb and its products over the
Ink4a locus indicated that polycomb inhibitors may be effective in
these cancers. Although not specific for rhabdoid cancers, EZH2 in-
hibitors could hold hope for this essentially untreatable disease and are
already being clinically exploited.
FUTURE CONSIDERATIONS

The discovery of the extensive role of ATP-dependent chromatin re-
modeling in cancer has highlighted several important goals for the fu-
ture. The precise mechanism of tumor suppression used by these
complexesmust be understood if therapeutic advances are to bemade.
This fundamental mechanism is characterized by dosage sensitivity,
tumor specificity, and the fact that this mechanism cannot be detected
using present in vitro assays. Thesemechanisms are likely to be shared
with those used in neural development. Hence, a major goal for the
future is to develop new assays that faithfully predict the oncogenic
functions of the complexes. The discovery that BAF complexes can also
be oncogenes and definitive drivers of cancer has led to the realization of
a true cancer-specific avenue toward therapeutic development for syn-
ovial sarcoma. The biochemical pathways that are likely to modulate
BAF complex function must be understood as potential susceptibility
factors for cancer. Finally, the possibility of inhibition of homologous sub-
units may prove a fruitful approach.
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