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Discovery and characterization of a non-canonical mSWI/SNF complex
Abstract
Mammalian SWI/SNF (mSWI/SNF) complexes are multi-subunit ATP-dependent
chromatin remodelers that regulate genomic architecture, and genes encoding subunits of
mSWI/SNF are frequently disrupted in a wide variety of human cancers and developmental
disorders. While mSWI/SNF complexes are assembled into two distinct final-form
configurations, BAF and PBAF, the modular organization and pathway of assembly of these
chromatin regulators remain unknown, presenting a major barrier to structural and functional
determination. Additionally, complex-specific targeting on chromatin and roles in disease also
remain undefined.
In efforts to biochemically elucidate the subunit- and subcomplex- specific functions, this
dissertation identified a third evolutionarily conserved complex configuration distinct from
canonical BAF (cBAF) and PBAF. Specifically, this non-canonical BAF (ncBAF) configuration
lacks evolutionarily conserved subunits, such as SMARCB1, and uniquely incorporates BRD9
and a new set of evolutionarily conserved paralogs, GLTSCR1 and GLTSCR1L.
To provide insight into the assembly and organization of these three final-form
mSWI/SNF configurations, cBAF, PBAF, and ncBAF, we performed affinity purification of
endogenous mSWI/SNF complexes from mammalian and Drosophila cells coupled with cross
linking-mass spectrometry (CX-MS). We identified three distinct and evolutionarily conserved
modules, characterized their organization and temporal incorporation into each final-form
mSWI/SNF complex, and defined the requirement of each subunit for complex formation and
stability.
iii

To elucidate functional differences, we mapped cBAF, PBAF, and ncBAF complexes
genome-wide using ChIP-seq, finding they are differentially distributed throughout the genome;
cBAF is preferentially enriched at enhancers, PBAF at promoters, and ncBAF at CTCF sites. We
identified ncBAF subunits as synthetic lethalities specific to human synovial sarcoma and
malignant rhabdoid tumor, which share in common cBAF complex perturbation. Chemical
degradation of the BRD9 subunit of ncBAF rapidly attenuates SS and MRT cell proliferation.
Notably, in cBAF-perturbed cancers, ncBAF complexes retain their hallmark localization to
CTCF sites and promoters, and maintain gene expression at retained mSWI/SNF sites to support
cell proliferation in a manner distinct from fusion oncoprotein-mediated targeting. Taken
together, these findings provide new insight into the architecture and function of the mammalian
SWI/SNF family of chromatin remodeling complexes, and specifically unmask the unique
targeting and function of ncBAF complexes along with potential cancer-specific therapeutic
targets.
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Chapter 1: Introduction
Genome- and exome-wide sequencing studies in human disease have yielded new insights
regarding the driving molecular mechanisms of human disease. One of the most surprising and
far-reaching findings has been the striking role for chromatin-related machinery in human
cancer. ATP-dependent chromatin remodeling complexes are multi-subunit complexes which
utilize the energy derived from ATP hydrolysis to reposition, exchange, or evict nucleosomes,
enabling changes in DNA accessibility to transcriptional machinery, and thereby modulating
gene expression1. One such family of these complexes is the mammalian SWI/SNF (also called
BAF, for BRG/BRM associated factor complexes); these complexes are the subject of many
ongoing research investigations owing to their high mutational frequency, mutated in 20% of
cancers, making them the most frequently mutated chromatin remodeler in this disease setting2,3.

SWI/SNF complexes are evolutionarily conserved ATP-dependent chromatin remodelers
Discovery of SWI/SNF chromatin remodeling complexes in yeast
The SWI/SNF family of chromatin remodelers was initially discovered in Saccharomyces
cerevisiae through several independent genetic screens. One set of screens to identify mutants
defective in mating type switching (SWI – switching) discovered ten SWI genes, of which SWI1,
SWI2, SWI3, and SWI10 encode members of the SWI/SNF chromatin remodeling complex4,5.
Screens for mutants defective in growth on sucrose identified five genes, of which SNF2, SNF5,
and SNF6 encode subunits of SWI/SNF chromatin remodeling complexes (SNF – sucrose nonfermenting)6. These genes were found to regulate transcription of the HO and SUC2 genes in
their respective screens, and some of the genes were later found to be the same (SWI2/SNF2 and
SWI10/SNF5), thus resulting in the SWI/SNF terminology (Table 1.1).
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The pleiotropic phenotypes of SWI and SNF mutant strains along with later studies identifying
wide-spread effects on expression of multiple genes implicated these genes in transcriptional
regulation. Studies of the SNF5, SNF2/SWI2, SNF6, SWI1, and SWI3 genes demonstrated their
involvement in transcriptional activation and indicated they were functionally interdependent,
consistent with being members of a single protein complex7-9. Moreover, these proteins were
found to facilitate transcriptional activation mediated by other known transcriptional activators;
for example, yeast GAL4 and Drosophila ftz and Bicoid are dependent on SWI/SNF genes for
gene activation9,10, further supporting a global role for SWI/SNF in transcriptional regulation and
the possibility of these genes functioning as single protein complex. Indeed, biochemical studies
confirmed these genes encoded proteins part of a large 2MDa protein complex11,12. Additional
genetic and biochemical studies demonstrated the SWI2/SNF2 protein has DNA-stimulated
ATPase activity and linked SWI/SNF complexes to chromatin alteration13-15.

A related chromatin remodeling complex, RSC, was later discovered in S. cerevisiae based on
investigation of homologs of SWI2/SNF2 (STH1/NSP1), SWP73 (RSC6), SWI3 (RSC8), and
SNF5 (SFH1) subunits of SWI/SNF complexes (Table 1.1), which are essential for mitotic
growth16. Biochemical experiments demonstrated these four homologs formed a stable protein
complex with DNA-dependent ATPase activity and nucleosome remodeling capabilities16. RSC
complexes are essential for cell cycle progression, kinetochore function, sister chromatid
cohesion, and DNA-repair16-21. Interestingly, RSC complexes in Schizosaccharomyces pombe
differ in composition from RSC complexes in S. cerevisiae and are more similar to metazoan
counterparts (PBAP and PBAF complexes, described below)22-24.
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Table 1.1: List of SWI/SNF subunits in S. cerevisiae, D. melanogaster, and H. sapiens.
S. cerevisiae

D. melanogaster

H. sapiens

Organism
SWI/SNF

RSC

BAP

PBAP

BAF

PBAF

SWI2/SNF2

STH1

BRAHMA

BRAHMA

SMARCA2
SMARCA4

SMARCA2
SMARCA4

SWI3

RSC8

MOR

MOR

SMARCC1
SMARCC2

SMARCC1
SMARCC2

SNF5/SWI10

SFH1

SNR1

SNR1

SMARCB1

SMARCB1

SWP73

RSC6

BAP60

BAP60

SMARCD1
SMARCD2
SMARCD3

SMARCD1
SMARCD2
SMARCD3

Beta Actin
ACTL6A
ACTL6B

Beta Actin
ACTL6A
ACTL6B

Shared
ARP7, ARP9 ARP7, ARP9 Actin, BAP55 Actin, BAP55

SWI1

ARID1A
ARID1B

OSA
RSC9

BAP170

ARID2

RSC1,2,4

POLYBROMO

PBRM1

SAYP

PHF10

CG7154

BRD7

BAP111

Metazoan
Specific

RTT102

BAP111

SMARCE1

CG10555

SS18 SS18L

D4

DPF2 DPF3
DPF1

SMARCE1

RTT102

SNF6
SNF11
SWP82
Yeast
Specific

TAF14
RSC3
RSC30
LDB7
HTL1

SWI/SNF counterparts in Drosophila melanogaster: BAP and PBAP
The SWI2/SNF2 gene is highly conserved across eukaryotes, and the homolog of this gene in
Drosophila melanogaster is brahma (brm)25 (Table 1.1), a trithorax group protein. Trithorax
group proteins are a heterogenous group of evolutionary conserved proteins that counteract
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Polycomb group-mediated transcriptional repression, and were identified in genetic screens for
modifiers of Polycomb and Atennapedia mutations26. Additional SWI/SNF homologs, including
osa and mor, were also identified in the same screen, as well as other genes involved in
epigenetic regulation.

Biochemical experiments in D. melanogaster confirmed Brm associates with other SWI/SNF
homologs in a protein complex27,28. D. melanogaster SWI/SNF complexes also contain Bap111,
an HMG domain-containing protein that is evolutionarily conserved in mammalian SWI/SNF
complexes (known as SMARCE1/BAF57)29 but is not present in yeast (Table 1.1). D.
melanogaster SWI/SNF complexes are further classified into two subtypes: BAP (Brahma
associated proteins) and PBAP (for Polybromo)30 which are evolutionary conserved in yeast
(SWI/SNF, RSC) and mammalian SWI/SNF complexes (as BAF, for BRG1/BRM associated
factors, and PBAF). Drosophila BAP complexes are defined by the Osa subunit, whereas PBAP
complexes incorporate Polybromo, Bap170, and SAYP (Table 1.1).

Combinatorial assembly of mammalian SWI/SNF complexes
While yeast and Drosophila subunits are encoded by a single gene, mammalian SWI/SNF
(mSWI/SNF) subunits are encoded by the products of 29 genes which comprise several paralog
families (Table 1.1). For example, the catalytic ATPase (SWI2/SNF2, brm) counterparts in
mSWI/SNF complexes are SMARCA2 or SMARCA4 and genes encoding core subunits such as
SWI3 (yeast) or mor (Drosophila) are encoded by the SMARCC1 and SMARCC2 genes. Like
yeast and Drosophila, mSWI/SNF complexes are assembled into two final-form configurations:
BAF complexes, containing ARID1A or ARID1B, SS18, and DPF2 and PBAF (Polybromoassociated BAF) complexes, containing PBRM1, ARID2, PHF10, and BRD7 (Figure 1.1A).
4

Both BAF and PBAF complexes are ubiquitous across cell types; however, combinatorial
assembly of paralogs generates hundreds of unique BAF and PBAF compositions. It has been
proposed that this increase in combinatorial diversity of mSWI/SNF complexes may be in
response to increased complexity in gene regulatory mechanisms resulting from multicellularity,
histone H1, DNA methylation, and organismal complexity32.

Figure 1.1 Composition of mSWI/SNF complexes.
(A) Composition of mammalian BAF and PBAF complexes. Final-form defining subunits are
highlighted in blue (BAF) and red (PBAF). (B) Composition of mSWI/SNF complexes in
specific developmental stages (esBAF = embryonic stem cell BAF, npBAF = neural progenitor
BAF, and nBAF = neuron-specific BAF). Colored subunits represent paralog-specific
restrictions at each developmental stage.
Understanding the full spectrum of combinatorial configurations and the nuanced functions of
mSWI/SNF paralogs is a major goal of the field, especially since incorporation of specific
paralogs can give rise to context-specific functions. For instance, embryonic stem cell
mSWI/SNF complexes (esBAF) incorporate two copies of SMARCC1 and lack expression of
paralogs SMARCC2, SMARCD3, and SMARCA233 (Figure 1.1B). The esBAF configuration is
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essential to maintaining pluripotency and self-renewal of mouse embryonic stem cells (mESCs),
demonstrating the importance of the combinatorial assembly of mSWI/SNF complexes.
Additionally, in the mammalian nervous system differentiation of neural progenitors into postmitotic neurons is also accompanied by a very specific switch in subunit paralog incorporation
into mSWI/SNF complexes. Neural progenitor mSWI/SNF complexes (npBAF) incorporate
DPF2, PHF10, SS18, and ACTL6A, whereas post-mitotic neuron mSWI/SNF complexes
(nBAF) replace these subunits with their paralogs DPF1/DPF3, CREST and ACTL6B34,35
(Figure 1.1B). Moreover, these switches in paralog incorporation are critical for proper lineage
specification as preventing expression of the nBAF-specific paralogs inhibits the ability of neural
progenitors to terminally differentiate into post-mitotic neurons36. Finally, members of the
SMARCD1/SMARCD2/SMARCD3 paralog family are also involved in context-specific
functioning of mSWI/SNF complexes in muscle development; SMARCD3 is essential for heart
development37,38, and SMARCD1/2/3 are differentially regulated during myogenesis39. These
examples demonstrate the complexity underlying dissection of mSWI/SNF composition and
function in normal development, let alone in elucidating the mechanisms underpinning disease
pathogenesis upon perturbation of mSWI/SNF subunits.

mSWI/SNF subunit-specific roles in disease pathogenesis
The importance of understanding the contributions of specific subunits and paralogs in
mSWI/SNF function is further underscored by specific and recurrent heterozygous mutations to
select mSWI/SNF genes in intellectual disability syndromes. Coffin-siris syndrome (CSS,
OMIM #135900), which most prominently bears mutations to mSWI/SNF genes, is a rare
developmental disorder in which individuals with this condition present with intellectual
disability, congenital heart defects, recurrent infections, coarse facial features, and hypoplasia of
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the fifth digits. Over 60% of individuals with CSS bear a mutation in specific genes of
mSWI/SNF, including ARID1A/ARID1B, SMARCA2/SMARCA4, SMARCB1, SMARCE1, DPF2
and more rarely in ARID2, with ARID1B and SMARCA2 more often mutated than their partner
paralogs40-47 (Figure 1.2A-D). Additional intellectual disability syndromes have underlying
mSWI/SNF mutations such as SMARCA2, ARID1B, and SMARCB1 in Nicolaides-baraitser
syndrome (NCBRS)47-49 and SMARCB1 in Kleefstra syndrome50, and mutations in SMARCC1,
SMARCC2, PBRM1, and ARID1B have been associated with autism spectrum disorders and
intellectual disability51-53. Interestingly, these mutations are often recurrent heterozygous
missense mutations or indels, particularly within conserved annotated domains, with the
exception of the ARID1B where frameshift mutations are more common (Figure 1.2A-F). In
contrast, mutations in cancer (described below) more often result in complete loss at the protein
level (Figure 1.2A-F), suggesting that context is key in understanding the functions of specific
domains of mSWI/SNF complexes, and that domain perturbation and total protein loss are not
necessarily synonymous phenotypically. This underscores the importance of dissecting the
function of individual subunits, paralogs, and domains and complex configurations across a wide
variety of contexts.

7

Figure 1.2 Mutational landscape of mSWI/SNF subunits in disease.
(A-D) (Left) Mutations in ARID1B (A), ARID1A (B), SMARCA2 (C), and SMARCA4 (D) in
intellectual disability syndromes. (Right) Mutations in ARID1B (A), ARID1A (B), SMARCA2
(C), and SMARCA4 (D) in cancer; for ARID1A/B, only truncating mutations are plotted. (E-F)
(Left) Mutations in SMARCB1 (E) and SMARCE1 (F) in intellectual disability syndromes;
(Right) Mutations in SMARCB1 (E) and SMARCE1 (F) in cancer. For intellectual disability
syndromes, mutations were derived from Tsurusaki et al., Nature Genetics (2012); Santen et al.,
Human Mutation (2013); Wieczorek et al., Human Molecular Genetics (2013); Santen et al.,
Nature Genetics (2012); Tsurusaki et al., Clinical Genetics (2014); Van Houdt et al., Nature
Genetics (2012); Hoyer et al., The Am J of Human Genetics (2012); Kleefstra et al., The Am J of
Human Genetics (2012); and Koga et al., Human Molecular Genetics (2009) and plotted using
cBioPortal MutationMapper (http://www.cbioportal.org/mutation_mapper.jsp). For plotting of
cancer mutations, all available datasets at time of writing (225 studies with 65,690 samples) in
cBioPortal were used.
8

In addition to intellectual disability syndromes, specific roles for members of the SMARCD
family of paralogs have been uncovered in the hematopoietic system. The SMARCD family of
paralogs is not frequently mutated or commonly associated with any diseases; however, recently
mutations in SMARCD2 were identified in patients with Specific Granule Deficiency (SGD) and
two independent studies confirmed an evolutionarily conserved role for SMARCD2 in
granulopoiesis54-56. Notably, the mutations identified in SGD patients resulted in a hematopoietic
phenotype in several model organisms reminiscent of the clinical presentation of SGD in
humans, and this phenotype was specific to loss-of-function mutations in SMARCD2 as
SMARCD1 was unable to compensate for SMARCD2 loss54,55. Taken together, these studies
support the specific, non-redundant functions of mSWI/SNF complex paralog families of
subunits, as well as their roles in human disease. Nevertheless, further biochemical and
functional characterization of SMARCD1’s role in attenuating or regulating mSWI/SNF
complex activity has yet to be fully explored.

mSWI/SNF complexes are frequently disrupted in cancer
The advent of next generation sequencing and cancer genome and exome sequencing efforts has
uncovered that genes encoding subunits of mSWI/SNF complexes are mutated in 20% of human
cancers, making mSWI/SNF the most frequently mutated chromatin remodeler in this disease3.
Moreover, specific subunits are recurrently mutated in particular cancer types, again highlighting
the subunit and context-specific functions of mSWI/SNF complexes. For example, some of the
most frequently mutated subunits are SMARCA4 and ARID1A57, which are mutated in a wide
variety of cancers but are frequently mutated in lung cancer58 and ovarian clear cell
carincoma59,60, respectively; notably, the partner paralogs of these subunits (SMARCA2 and
ARID1B) are more frequently mutated in intellectual disability syndromes discussed above.
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mSWI/SNF complexes have also been shown to be both tumor suppressors and oncogenes
depending on the context and subunit mutated. Thus, it is clear that roles of mSWI/SNF
complexes in cancer, as in development, are complex and elucidating the oncogenic mechanisms
resulting from disruption of mSWI/SNF in cancer requires deep understanding of the
contributions of each subunit to mSWI/SNF function across various contexts.

mSWI/SNF complexes as tumor suppressors: SMARCB1 and rhabdoid tumor
The first link between mSWI/SNF complexes and tumor suppression was made in the late 1990s
in malignant rhabdoid tumor (MRT), a highly aggressive pediatric cancer frequently occurring in
the kidneys, brain (where are they are referred to as atypical/teratoid rhaboid tumor, AT/RT), and
soft tissue characterized by loss of SMARCB161 and more rarely SMARCA462,63. The median age
of onset is 11 months64, and these tumors are poorly differentiated, often metastatic, and
subsequently are associated with poor prognosis despite aggressive treatment. Exome sequencing
has shown the mutational burden of these tumors to be low, with the sole recurrent event being
bi-allelic loss of SMARCB162,65, suggesting perturbation of this gene is sufficient to induce
oncogenesis. Indeed, while homozygous inactivation of Smarcb1 in mice is embryonic lethal,
heterozygous Smarcb1 inactivation in mice leads to rapid development of tumors upon
subsequent spontaneous loss of the remaining allele66-69. In an Mx-Cre mouse model where
Smarcb1 can be inducibly inactivated in a wide variety of tissues, 100% of mice develop CD8+
T cell lymphoma or rare rhabdoid tumors within 11 weeks69; in contrast, tumors arise within 20
weeks in known tumor suppressor genes such as p5370, confirming the SMARCB1 subunit is a
bona fide tumor suppressor. In addition to malignant rhaboid tumors, several other cancers,
including epithelioid sarcoma (80-90%)71-74, renal medullary carcinoma (100%)75,76, and
undifferentiated chordomas (~100%)77 near uniformly bear mutations to the SMARCB1 gene. As
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in MRT, these mutations result in loss of SMARCB1 at the protein level through genetic
inactivation, which is distinct from mutations in intellectual disability syndromes discussed
above where point mutations and indels pile up in the C-terminal region of the SMARCB1
protein.

As the first link between mSWI/SNF complexes and cancer and the sole driving event in MRT
oncogenesis, SMARCB1 has been extensively studied relative to other subunits of mSWI/SNF
complexes. SMARCB1 has been shown to enhance SMARCA4 remodeling activity in in vitro
chromatin remodeling assays using reconstituted SWI/SNF complexes containing SMARCA4,
SMARCC1, SMARCC2, and SMARCB178, suggesting important roles for this subunit in
mSWI/SNF activity and function. Several studies have also investigated the role of SMARCB1
in mSWI/SNF complex stability and formation, with contradictory conclusions. Some studies
report that mSWI/SNF complexes are destabilized by the loss of SMARCB179,80 while others
find mSWI/SNF complexes are relatively intact81,82.

Despite the lack of agreement in the field regarding the role of SMARCB1 in mSWI/SNF
complex stability, it is known that assemblies of residual mSWI/SNF subunits are important in
malignant rhabdoid tumor as knockdown of SMARCA4 in SMARCB1-deficient MRT cells
results in proliferative arrest83. ChIP-seq experiments demonstrate that residual subunits, such as
SMARCC1 and SMARCA4, bind chromatin in MRT cell lines, and reintroduction of
SMARCB1 results in a widespread gain in mSWI/SNF localization, particularly at distal
enhancer sites79,82. In the absence of SMARCB1, residual mSWI/SNF complexes are primarily
localized to superenhancers and gene promoters79, and activation of typical enhancers upon
SMARCB1 reintroduction is mediated by canonical BAF complexes and not PBAF complexes82.
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Moreover, SMARCB1 rescue led to increased occupancy of BAF and PBAF complexes at
H3K27me3- and H3K4me3-marked bivalent promoters with concomitant gene activation. These
data support other studies demonstrating antagonism between mSWI/SNF complexes and
Polycomb repressive complexes in MRT and in vivo chromatin recruitment assays84,85, and are
consistent with the opposition between trithorax group proteins and polycomb repressive
complexes originally characterized in Drosophila. As might be suggested by this reciprocal
relationship, EZH2 inhibitors for treatment of MRT are in clinical trials86.

Currently, MRT is treated through conventional therapies including surgical resection,
chemotherapy, and radiation. Advances in understanding the genetic and molecular
underpinnings of MRT have led to clinical trials of more targeted therapies. For example,
SMARCB1 has been implicated to interact with or regulate several pathways, including p16/RB
and the cell cycle87-89, Sonic hedgehog90, WNT/beta-catenin91, and Aurorakinase A92, for which
inhibitors and small molecule compounds are in clinical trials or are in preparation for clinical
trials86. Additionally, compounds targeting epigenetic regulators such as HDACi, which target
histone deacetylases, and DNMT inhibitors, which target DNA methyltranferases, have also been
part of clinical investigation, but did not exhibit lasting responses in patients. Thus, further
investigation into the molecular basis of MRT pathogenesis, identification of targetable diseasespecific vulnerabilities, and development of new therapeutics is still needed.

mSWI/SNF complexes as oncogenes: fusion oncoprotein connection
In addition to acting as tumor suppressors, mSWI/SNF complexes can participate in oncogenesis
through gain-of-function mechanisms. The best-known example is the SS18-SSX fusion
oncoprotein in synovial sarcoma, a soft-tissue sarcoma that occurs in both adults and pediatric
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patients (median onset of 35 years) and accounts for 10-20% of soft-tissue sarcomas93,94. Like
MRT, these tumors are likely to metastasize (primarily to the lung)95, have few additional
mutations96,97, and are characterized by a singular driving genetic lesion; specifically, these
cancers arise from a chromosomal translocation event t(X;18)(p11.2; q11.2). This translocation
event results in a fusion of all but the last 8 amino acids of the SS18 subunit of mSWI/SNF
complexes on chromosome 18 to the last 78 amino acids of SSX1, SSX2, and rarely SSX4 on the
X chromosome98. The resultant fusion protein, SS18-SSX, competes with wildtype SS18 for
incorporation into BAF complexes and destabilizes the SMARCB1 subunit99. However, the
SMARCB1 subunit is dispensable for proliferative arrest of synovial sarcoma cell lines yet is
required for enhancer activation 97, consistent with findings in MRT indicating SMARCB1 loss
results in loss of enhancer targeting.

ChIP-seq studies in synovial sarcoma cell lines have provided insight into the mechanism
underpinning the oncogenic transformation caused by the SS18-SSX fusion protein. The fusion
protein was found to hijack BAF complexes genome-wide to broad polycomb domains resulting
in direct oncogenic activation of associated bivalent genes97. In further support of the unique
gain-of-function oncogenic mechanism in synovial sarcoma, the transcriptional signature of
primary synovial sarcoma tumors was found to be distinct from other mSWI/SNF-mutated
cancers epithelioid sarcoma, renal medullary carcinoma, MRT, small-cell carcinoma of the
ovary, hypercalcemic type (SCCOHT) and SMARCAR4-deficient thoracic sarcomas97.

Despite advances in understanding the molecular underpinnings of synovial sarcoma,
conventional non-targeted therapies such as surgery, radiation, and chemotherapy comprise the
current treatment regimen100. Potential targetable oncogenic pathways in synovial sarcoma
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include the WNT/beta-catenin101,102 and AKT-mTOR103 pathways as well as epigenetic modifiers
such as histone deacetylases104,105, with clinical trials targeting these pathways underway106.
Most recently, engineered T cells have produced clinically meaningful antitumor effects107.
Finally, therapeutic strategies directly targeting the SS18-SSX fusion oncoprotein or disrupting
associated mSWI/SNF complexes are under investigation.

mSWI/SNF complexes can also mediate oncogenesis through interaction with other oncogenes.
One such case is in Ewings sarcoma, the second most common pediatric bone cancer, which is
characterized by a chromosomal translocation resulting in the fusion of EWSR1 and FLI1 (EWSFLI1)108. This fusion protein acts as an oncogenic transcription factor that can bind GGAA
microsatellites resulting in de novo enhancer activation, and this activity is sufficient to
transform mesenchymal stem cells109-112. The EWS-FLI1 transcription factor has recently been
shown to bind mSWI/SNF complexes, resulting in targeting of mSWI/SNF to tumor-specific
enhancer regions with concomitant gene activation113. Similarly, the TMPRSS2-ERG fusion
protein, present in ~50% of prostate cancers, also acts as a transcription factor that binds
mSWI/SNF complexes114. The TMPRSS2-ERG fusion aberrantly retargets mSWI/SNF
complexes genome-wide, and ERG target gene regulation is dependent on functional mSWI/SNF
complexes. Taken together, these studies provide evidence that other oncogenes, specifically
transcription factor fusion proteins, can cooperate with mSWI/SNF complexes in oncogenesis
and serve as examples for alternative routes to mSWI/SNF complex-perturbation outside of
direct subunit exonic mutation or deletion.
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mSWI/SNF complexes and synthetic lethal relationships in cancer
Owing to the high mutation rate in cancers, identifying therapeutic targets in mSWI/SNF mutant
cancers has the potential to yield great benefit. One such approach is to identify synthetic lethal
relationships in cancers bearing mutations in mSWI/SNF subunits. Genome-scale RNAi and
CRISPR-Cas9 perturbation screens across hundreds of cancer cell lines have been undertaken to
identify cancer vulnerabilities and specific therapeutic targets115-118. Screens performed on cell
lines bearing highly-mutated mSWI/SNF subunits (SMARCA4 and ARID1A) have unveiled
synthetic lethal dependencies on residual complexes assembled with their rarely-mutated partner
paralogs (i.e. SMARCA2 and ARID1B)119,120. Moreover, malignant rhaboid tumor cells, which
have lost SMARCB1, are dependent on SMARCA4 for survival83, indicating residual
mSWI/SNF complexes are performing important cellular maintenance functions in these
oncogenic contexts and serve as synthetic lethal targets.

A new mSWI/SNF complex configuration
The underlying motivation behind this body of work was to understand the biochemical and
functional roles of the bromodomain-containing BRD9 and BRD7 subunits in mSWI/SNF
complexes. BRD9, one of the most recently identified mSWI/SNF subunits3, is the paralog of
BRD7, a subunit that specifies PBAF complexes, and BRD9 is also one of the few mSWI/SNF
subunits for which small molecule compounds that disrupt the bromodomain are available121-124.
Biochemical investigation into the role of BRD9 and BRD7 in specifying BAF and PBAF
complex identity and assembly unexpectedly revealed that BRD9, along with a newly identified
mSWI/SNF subunit GLTSCR1 and its paralog, GLTSCR1L, define a new, evolutionarily
conserved mSWI/SNF complex configuration termed non-canonical BAF (ncBAF) (Chapter 2).
Follow up biochemical studies uncovered a specific order of assembly and modular organization
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of all three mSWI/SNF complex configurations BAF, PBAF, and ncBAF that also provide
insight into mutational patterns in human disease (Chapter 3). Finally, specific examination of
ncBAF complex roles and functions in human cancer revealed ncBAF complexes are a synthetic
lethal target in cancers driven by BAF perturbation, specifically malignant rhabdoid tumor and
synovial sarcoma (Chapter 4).
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Abstract
mSWI/SNF chromatin remodeling complexes undergo combinatorial assembly, generating
extensive configurational diversity with temporal and spatial specificity. The correct assembly of
mSWI/SNF complexes is critical to proper organismal development and lineage specification,
and mSWI/SNF complexes also exhibit a particularly striking mutational frequency in human
cancers, where subunit genes are collectively mutated in ~20% of cancers. However, the precise
contribution of each subunit to mSWI/SNF function and compositional integrity is unclear. Thus,
characterization of specialized mSWI/SNF configurations, subunit-specific functions, binding
restrictions, and exclusivity relationships is critical for understanding pathogenic mechanisms
resulting from mSWI/SNF perturbation and for the selection of appropriate therapeutic agents
targeting mSWI/SNF complex subunits. We sought to biochemically define the roles of
bromodomain-containing paralogs BRD9 and BRD7 in specifying mSWI/SNF complex
composition, unexpectedly finding that BRD9 defines a novel mSWI/SNF complex
configuration distinct from BAF and PBAF. This configuration lacks core, evolutionarily
conserved, and canonical subunits such as SMARCB1 and SMARCE1, and uniquely
incorporates a new set of subunit paralogs, GLTSCR1 and GLTSCR1L, in a mutually exclusive
manner. We term this BRD9-containing mSWI/SNF complex non-canonical BAF (ncBAF). We
also examined the evolutionary conservation of ncBAF-specific components, finding that noncanonical SWI/SNF complexes are evolutionary conserved in Drosophila melanogaster and not
mammalian-specific.

Introduction
Many of the subunits which incorporate into mSWI/SNF complexes comprise paralog families,
most of which integrate in a mutually exclusive manner that gives rise to hundreds of possible
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subunit combinations. There are three classes of paralogous subunits in mSWI/SNF complexes:
1) those which incorporate indiscriminately between BAF and PBAF complexes (e.g.,
SMARCD, SMARCC), 2) those which incorporate solely into BAF (e.g., ARID1, DPF), and 3)
paralog families whose members define specific complex subtypes (BRD7/9). Finally, there are
subunits that specify distinct, final-form complexes, such as PBRM1, ARID2, PHF10, and
BRD7 in PBAF complexes (Polybromo-associated BAF complexes), and ARID1A/B and DPF2
in canonical BAF complexes (see Figure 1.2). However, the specific functions of these distinct
complexes remain unknown, owing in large part to limitations in understanding full subunit
composition, combinatorial parameters, complex assembly pathways, and the relative targeting
of distinct complexes on chromatin.

Of particular interest is the BRD7/9 paralog family since this family uniquely does not
incorporate into the same final-form configuration (BRD9 is not a subunit of PBAF complexes,
whereas BRD7 is1). BRD9 is one of the more recently defined mSWI/SNF subunits2 and the
BRD7/9 paralog family contains a bromodomain, a domain which recognizes acetylated lysines
and are druggable epigenetic targets. Moreover, specific molecular inhibitors of the BRD9
bromodomain (I-BRD9, BI-9654) and heterobifunctional degraders of BRD9 are available3-6,
and BI-9564 has been shown to exhibit antitumor activity in acute myeloid leukemia (AML) cell
lines and xenograft experiments5, 6. Thus, we sought to investigate the role of the BRD9 and
BRD7 subunits in specifying complex identity, complex stability (Chapter 3), and whether
BRD9- and BRD7-containing complexes exhibited any subunit paralog preferences.
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Results
Identification of a novel non-canonical mSWI/SNF family complex, ncBAF
To unbiasedly define the full set of subunits and paralogs that associate with BRD9 and BRD7,
we purified complexes from HEK-293T cells using anti-HA resin in cell lines expressing the
following baits: HA-BRD9, HA-BRD7 (PBAF complexes), and DPF2-HA (BAF complexes) as
a BAF complex control and subjected these purified complexes to mass spectrometry and silver
stain (Figure 2.1A,B, Figure S2.1A). Complex purifications for the BRD7 subunit captured
known PBAF-specific components, such as ARID2, PHF10, and PBRM1, and all ubiquitously
expressed members of paralog families. Unexpectedly, BRD9 did not capture subunits present in
canonical BAF complexes such as ARID1A/B or DPF2, and reciprocal complex purifications of
the DPF2 subunit similarly did not capture BRD9. Moreover, BRD9-purified complexes lacked
core, evolutionarily conserved components SMARCE1 and SMARCB1 and selectively captured
GLTSCR1 and GLTSCR1L, which have been suggested as putative SMARCA4-bound proteins
by mass-spectrometric analyses7 and confirmed as mSWI/SNF subunits in more recent studies8.
Finally, BRD9-bound complexes incorporated only select mSWI/SNF subunit paralogs
(SMARCD1 but not SMARCD2/3, SMARCC1 but not SMARCC2), unlike BRD7- and DPF2bound complexes, which incorporate all members of these paralog families (Figure 2.1A,B).
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Figure 2.1: BRD9 defines a non-canonical mSWI/SNF complex.
(A) Proteomic mass-spectrometry performed on mSWI/SNF complexes purified from HEK293T cells expressing indicated HA-tagged mSWI/SNF subunits. (B) Silver stain on purified
mSWI/SNF complexes from HEK-293T cells. (C) Immunoprecipitation of endogenous
SMARCAR4 (pan-mSWI/SNF complex component), ARID1A (canonical BAF-specific), BRD7
(PBAF-specific), and BRD9 (ncBAF-specific) subunits in HEK-293T nuclear extracts followed
by immunoblot for selected subunits. Subunits in red, blue, and green represent BAF-, PBAF-,
and ncBAF-specific complexes, respectively. (D) Separation of HEK-293T nuclear extracts via
10-30% glycerol gradient density sedimentation followed by immunoblot for selected
mSWI/SNF subunits. Subunits in red, blue, and green represent BAF-, PBAF-, and ncBAFspecific complexes, respectively. (E) Schematic depicting biochemical subunit composition for
mammalian ncBAF, canonical BAF, and PBAF complexes.
Silver stain of purified complexes further revealed distinct banding patterns indicative of
complex-specific subunit composition (Figure 2.1B). Immunoprecipitation of endogenous
subunits followed by western blotting confirmed mass spectrometry results from complexes
purified with exogenously expressed baits, and validated that the GLTSCR1/1L subunit family
was stable in SMARCA4 (BRG1)-bound complexes in over 2M urea, with paralogs assembling
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in a mutually exclusive manner (Figure 2.1C, Figure S2.1B-G). Finally, density sedimentation
using 10-30% glycerol gradients followed by immunoblotting revealed the presence of three
distinctly-sized complexes marked by selective co-sedimentation of subunits: PBAF complexes
in fractions 16-17, BAF complexes in fractions 13-15, and BRD9 and GLTSCR1 in fractions 1012 (Figure 2.1D). Taken together, these biochemical studies reveal the presence of three finalform complexes within the mammalian SWI/SNF family of ATP-dependent chromatin
remodelers: BRD9 and GLTSCR1/1L-containing non-canonical BAF (ncBAF), canonical BAF
(cBAF), and PBAF (Figure 2.1E).

Non-canonical BAF complexes are evolutionarily conserved
Canonical BAF (cBAF) and PBAF complexes are evolutionary conserved in yeast, Drosophila,
and other organisms; however, as organisms and gene regulatory mechanisms became more
complex, so too did the complexity and composition of SWI/SNF complexes9. In mammals,
certain complex configurations are involved in specific developmental processes (see
Introduction)7, 9-13. Thus, we sought to determine whether ncBAF complexes are mammalianspecific, potentially arising to accommodate increased gene regulatory complexity, or if ncBAF
complexes are present across a wide variety of species and are not evolutionarily recent.
Examination of mSWI/SNF gene orthologs across several organisms revealed that while the
majority of subunits duplicated into paralogs that incorporate into the same final-form
complexes, BRD9 and BRD7 duplicated and diverged during the transition between jawless and
jawed vertebrates (~500 mya) and ultimately became specific to ncBAF and PBAF complexes,
respectively (Figure 2.2A). We also noted that GLTSCR1 homologs are present in several
organisms, including Drosophila melanogaster and Arabidopsis thaliana, but not in
Saccharomyces cerevisiae.
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Figure 2.2: Non-canonical SWI/SNF complexes are evolutionary conserved.
(A) Table of selected SWI/SNF subunits across species. (B) Silver stain of BAP/PBAP
complexes purified using indicated HA-tagged exogenously expressed baits (Bap60: BAP/PBAP
SMARCD homolog, D4: BAP-specific DPF2 homolog, CG7154: PBAP-specific BRD7
homolog) in D. melanogaster S2 cells. (C) Mass spectrometry on complexes purified in Figure
2.2B. (D) Silver stain of CG11873 and CG7154 purified complexes from S2 cells. (E) Mass
spectrometry on complexes purified in Figure 2.2D. (F) Plot of peptide counts from mass
spectrometry performed on 10-30% glycerol gradient fractions in Figure S2.2F. (G) Schematic
of D. melanogaster subunits that co-purify with CG11873 (GLTSCR1 homolog). (H) Alignment
of BRD9 and BRD7 amino acid sequences across species. Bromodomain and DUF3512 are
highlighted. (I) (Left) Construct design for C-terminal swap experiments for BRD9 and BRD7 in
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Figure 2.2 (Continued)
HEK-293T cells (BD = bromodomain). (Right) Immunoprecipitation of BRD9, BRD7,
BRD7(B9C) and BRD9(B7C) followed by immunoblot.

Since human SWI/SNF complexes incorporate GLTSCR1 and GLTSCR1L, we investigated
whether the GLTSCR1/1L ortholog in D. melanogaster, CG11873, interacted with D.
melanogaster SWI/SNF complexes. Like mammalian SWI/SNF complexes, there are two finalform configurations of D. melanogaster SWI/SNF complexes, BAP and PBAP, which
correspond with mammalian BAF and PBAF, respectively. Notably, while mammalian
SWI/SNF complexes are assembled from families of paralogs, D. melanogaster contains one
homolog per subunit family in mSWI/SNF, including the BRD9 and BRD7 paralogs, which in
mammals uniquely specify distinct final-form ncBAF and PBAF complexes. To assess if
CG11873 associated with D. melanogaster BAP or PBAP complexes, we performed
purifications of Drosophila subunits Bap60-FLAG/HA (SMARCD homolog which captures all
complexes, as in mammals), HA-D4 (DPF2 homolog), and CG7154-FLAG/HA (BRD7
homolog) followed by silver staining and mass spectrometry (Figure 2.2B,C, Figure S2.2A,B).
The CG7154-FLAG/HA (BRD7 homolog) purification selectively resolved CG11873 to a
comparable degree as Bap60, while the HA-D4 purification did not capture CG11873 peptides.
Thus, CG11873 is part of D. melanogaster SWI/SNF complexes and, as in mammalian
complexes, is not part of BAP complexes.

To determine if CG11873 was part of PBAP complexes or defined a non-canonical SWI/SNF
configuration similar to mammalian ncBAF, we purified CG11873 from S2 cells. We aligned
amino acid sequences of GLTSCR1 homologs across species to identify regions of high
conservation likely important for SWI/SNF complex incorporation, finding the C-terminal
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GLTSCR domain is the most evolutionarily conserved (Figure S2.2C). In support of the
importance of the C-terminus and GLTSCR domain in complex binding in Drosophila, the
GLTSCR domain of human GLTSCR1 is necessary for ncBAF binding in human cells (Figure
S2.2D). Thus, we cloned the C-terminus (aa 1,973-2,976) of CG11873 and purified CG11873containing complexes, which revealed selective capture of D. melanogaster homologs of noncanonical SWI/SNF subunits including CG7154 (BRD7/9), Mor (SMARCC1/2), and Brm
(SMARCA2/4) but not subunits such as BAP-specific Osa (ARID1A/B homolog), PBAPspecific Polybromo (PBRM1 homolog), and core subunits Snr1 (SMARCB1 homolog) or
Bap111 (SMARCE1 homolog) (Figure 2.2D,E, Figure S2.2E). To confirm that CG7154
marked both Drosophila PBAP complexes and the distinct non-canonical configuration, we
performed density sedimentation coupled with mass spectrometry on native purified CG7154FLAG/HA complexes from S2 cells (Figure 2.2F, Figure S2.2F). We found that CG11873, the
GLTSCR1 homolog, was enriched in lower molecular weight fractions distinct from PBAP
complexes, similar to findings in mammalian cells (Figure 2.2F,G, Figure S2.2F).

Since BRD9 and BRD7 specify ncBAF and PBAF complexes, respectively, in mammalian
SWI/SNF complexes, we aligned amino acid sequences of BRD9 and BRD7 across species to
identify candidate regions that specify incorporation into ncBAF and PBAF (Figure 2.2H). The
C-terminal regions of BRD9 and BRD7, containing the domain of unknown function 3512
(DUF3512) exhibited several regions of conserved divergence (Figure 2.2H). To determine if
the DUF3512 is involved in complex-specific binding, we performed domain-swapping
experiments in which we fused the C-terminal DUF-containing region of BRD9 to the Nterminus bromodomain-containing region of BRD7 and vice versa (Figure 2.2I). Swapping of
the BRD9 and BRD7 DUF3512 regions in mammalian cells resulted in switched complex
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specification, with BRD9-(BRD7 DUF) binding PBAF complexes and BRD7-(BRD9 DUF)
binding ncBAF complexes (Figure 2.2I). Taken together, these data demonstrate the presence
and composition of ncBAF-like complexes in Drosophila and suggest an evolutionary
duplication and divergence event that resulted in specification of the BRD7/9 paralog family into
two distinct biochemical entities in mammalian complexes, PBAF and ncBAF.

Discussion
Mammalian SWI/SNF complexes have to date been classified into two primary configurations,
BAF and PBAF, which are defined by the incorporation of specific subunits: ARID1A/B and
DPF2 in BAF, and ARID2, PBRM1, BRD7, and PHF10 in PBAF. These biochemical studies
reveal a third configuration distinct from BAF and PBAF, which we have termed non-canonical
BAF, or ncBAF, due to the non-canonical composition of these SWI/SNF complexes. Uniquely,
ncBAF complexes incorporate select paralogs SMARCD1 and SMARCC1 of mSWI/SNF
SMARCD and SMARCC subunit families and do not incorporate evolutionarily conserved
subunits SMARCB1 and SMARCE1, canonical core subunits of BAF and PBAF complexes.
Finally, incorporation of the recently identified BRD9 subunit and a new paralog family,
GLTSCR1/1L, define ncBAF complexes. Future experiments will be required to elucidate how
ncBAF complexes retain strict specificity for SMARCD1 and SMARCC1 paralogs, whereas
BAF and PBAF complexes have the capacity to indiscriminately incorporate all members of
these paralog families. One possible explanation for this specificity may be a result of the
assembly of GLTSCR1/1L subunits into ncBAF complexes in place of SMARCB1 and
SMARCE1 subunits. If the GLTSCR1/1L subunits directly interact with the SMARCC and
SMARCD subunits, it is possible the GLTSCR1/1L subunit family retained the ability to only
interact with the SMARCD1 and SMARCC1 paralogs. Indeed, work in Chapter 3 suggests that
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GLTSCR1/1L bind SMARCC and SMARCD subunits in place of SMARCE1 and SMARCB1,
forming an alternative core module. Ultimately, crosslinking mass spectrometry and structural
studies will be needed to uncover the exact binding interfaces that may lead to this specificity.

The newly defined ncBAF complex configuration is also an evolutionary conserved
configuration, as an SS18 purification in Arabidopsis thaliana captures the GLTSCR1 homolog
and does not associate with the SMARCB1 homolog14, 15. Moreover, our own biochemical
experiments performed in Drosophila melanogaster revealed a non-canonical SWI/SNF complex
containing the GLTSCR1 and BRD7 orthologs (CG11873 and CG7154, respectively). These
data suggest that non-canonical SWI/SNF complexes initially were assembled using BRD7, and
a duplication and divergence event resulted in specificity of BRD9 for ncBAF and BRD7 for
PBAF in mammalian complexes. Indeed, the C-terminal regions of BRD9 and BRD7 are
responsible for complex specificity, and some key regions of difference are in amino acids 236312, 396-414, and 585-619 of human BRD7, which are largely absent in BRD9 proteins across
species. We anticipate that these unique regions may be responsible for complex-specific
binding; however, additional experiments will be required to define the specific amino acid
changes that result in exclusive incorporation into ncBAF and PBAF configurations.

Finally, the precise function of ncBAF complexes remains to be elucidated and the roles of
ncBAF complexes in development, disease, and differentiation are currently undefined. Work
discussed in Chapter 4 seeks to gain insight into differentiating the function of ncBAF from BAF
and PBAF complexes, noting differential enrichment patterns across the genome of these three
complexes. Additionally, ncBAF complexes underlie a synthetic lethality in core BAF-perturbed
cancers, specifically cancers with SMARCB1 perturbation, a subunit not present in ncBAF
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complexes. Further studies will be needed to investigate ATPase and remodeling activity of
ncBAF complexes given their unique composition and absence of SMARCB1, a subunit known
to enhance in vitro chromatin remodeling activity16.

Materials and Methods
Cell lines and tissue culture
HEK-293T cells, IMR-90, BJ Fibroblast, and NCIH-1437 cells were grown in DMEM (Gibco)
supplemented with 10% FBS, 1% GlutaMAX (Gibco), and 1% penicillin-streptomycin (Gibco).
ES-2 cells were grown in McCoy’s 5A (Gibco) supplemented with 10% FBS, 1% GlutaMAX
(Gibco), and 1% penicillin-streptomycin (Gibco).

Drosophila S2 cells were obtained from ATCC (CRL-1963) and cultured in HyClone SFX-Insect
Cell Culture Media (GE Healthcare).

Constructs and cloning
All mammalian expression constructs were cloned using In-Fusion HD (cat. 639650) per
manufacturer’s recommendations. V5-GLTSCR1 and corresponding N-Del and C-Del mutants
were synthesized and cloned into a modified pTight vector by GenScript Biotech Corporation.
GLTSCR1L (clone 40146333) was cloned with a V5 tag into a modified pTight- vector (N106)
using In-Fusion HD. HA tag sequence was included in the primers for human BRD9, BRD7,
SMARCD1, DPF2, and GLTSCR1L and cloned into a modified pTight vector under constitutive
EF1alpha-driven expression with a blasticidin resistance gene. HA-BRD9(B7C) contains amino
acids 1-265 of BRD9 and amino acids 266-651 of BRD7. HA-BRD7(B9C) contains amino acids
1-265 of BRD7 and amino acids 266-597 of BRD9. HA-BRD9(B7C) and HA-BRD7(B9C) were
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cloned in steps, with the N- and C-terminal fragments amplified independently, followed by
mixing N- and C-terminal PCR products in equal quantities in a subsequent PCR reaction to fuse
the two fragments together into the same modified pTight vector with a puromycin resistance
gene. 293T cells infected with lentivirus were selected with 2µg/mL puromycin or 10µg/mL
blasticidin for 48h.

CG7154-Flag/HA (clone FMO01377) and BAP60-Flag/HA (clone FMO08119) expression
constructs were obtained from the BDGP Tagged ORF Collection (FMO clones) from
Drosophila Genomics Resource Center. D4 expression construct was cloned into the pMT Puro
vector (cat. 17932 Addgene) using In-Fusion HD. HA-CG11873-C contains amino acids 1,9732,976 of CG11873, and was cloned from a partial cDNA obtained from the Drosophila
Genomics Resource Center (clone SD13785) into the pMT puro vector using In-Fusion HD.

Stable S2 Cell Line Generation
S2 cells were transfected with expression constructs using Effectene Transfection Reagent
(QIAGEN) per manufacturer’s protocol. Cells were selected with 250µg/mL hygromycin B
(Thermo) for CG7154-Flag/HA and BAP60-Flag/HA constructs and 10µg/mL puromycin for
HA-D4 and HA-GLTSCR-C constructs.

Lentiviral Production and Transduction
Cloned gene delivery vectors, psPAX2, and pMD2.g were transfected into HEK-293T cells at a
ratio of 4:3:1 using PEI (Polysciences, Inc.). Media was filtered through 0.4micron filters 72h
post transfection and lentiviral particles were concentrated at 20,000rpm for 2.5h at 4°C.
Lentiviral particles were resuspended in 200µl PBS and cells were transduced using 1:1000
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polybrene (Santa Cruz Biotechnology, cat. sc-134220). Two days post infection, cells were
selected with 2µg/mL puromycin or 10µg/mL blasticidin.

SWI/SNF Complex Purification
SWI/SNF complexes were purified as previously described17, with the following modifications.
Mammalian SWI/SNF complexes were purified from 293T cells stably expressing the HAtagged constructs indicated, and insect SWI/SNF complexes were purified from stable S2 cell
lines. Cells were collected by scraping (293T) or centrifugation (S2), washed with ice cold PBS,
and pelleted at 5000rpm for 5min at 4°C. Cells were resuspended in Hypotonic Buffer (HB,
10mM Tris HCl pH 7.5, 10mM KCl, 1.5 mM MgCl2, 1mM DTT, 1mM PMSF), incubated on ice
for 10min, and centrifuged for 5min at 5000rpm at 4°C. Pelleted cells were resuspended in fresh
HB with protease inhibitors (~5 volumes of pellet size) and subjected to mechanical lysis using a
Dounce homogenizer (40mL Kontes, Pastel A). Suspension was overlaid on 30% HB sucrose
with protease inhibitors and centrifuged at 5,000rpm for 45min at 4°C (the sucrose cushion was
skipped for insect complex purifications). Pelleted nuclei were isolated and resuspended in 5
volumes of pre-extraction buffer (50mM Tris pH 7.5, 1mM EDTA, 100mM KCl, 1mM MgCl2,
0.1% NP-40, 1mM DTT, 1X protease inhibitor cocktail, 1mM PMSF), incubated for 10min at
4°C, and centrifuged at 5,000rpm for 15min at 4°C. Supernatant was removed, and the
chromatin pellet was resuspended in High Salt Extraction Buffer (HSB, 50mM Tris pH 7.5,
1mM EDTA, 300mM KCl, 1mM MgCl2, 1% NP-40, 1mM DTT, 1X protease inhibitor cocktail,
1mM PMSF). Proteins were extracted for 1h at 4°C with rotation. Chromatin was pelleted by
subjecting suspensions to ultracentrifugation at 20,000rpm for 1h at 4°C. Supernatants
containing soluble nuclear extracts were filtered through 0.4 micron filters and incubated
overnight at 4°C with Pierce Anti-HA Magnetic Beads (cat. 88837). The next day, beads were
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washed with HSB 5 times, and purified complexes were eluted 4 times with 1mg/mL HA
peptide, 1.5h per elution. Eluates were then subjected to mass spectrometry or glycerol gradient
density sedimentation.

Protein Extraction Methods
Ammonium sulfate nuclear extraction was performed as described previously18. Cell membranes
were lysed in Buffer A (25 mM HEPES pH 7.6, 5 mM MgCl2, 25 mM KCl, 0.05 mM EDTA,
10% glycerol and 0.1% NP40 with protease inhibitor (Roche), 1 mM DTT and 1 mM
phenylmethylsulfonyl fluoride (PMSF)) for 10min and nuclei were collected by centrifugation.
Pelleted nuclei were lysed in Buffer C (10 mM HEPES pH 7.6, 3 mM MgCl2, 100 mM KCl, 0.5
mM EDTA and 10% glycerol with protease inhibitor, 1 mM DTT and 1 mM PMSF) with
66.6µL of 3M (NH4)2SO4 for 30min. Lysates were subjected to 100,000rpm ultracentrifugation
for 10min at 4°C to pellet and remove chromatin. Nuclear proteins were precipitated from the
supernatant by addition of 200mg of (NH4)2SO4 and incubation on ice for 20min. Precipitated
protein was collected via 100,000rpm ultracentrifugation for 10min at 4°C and protein pellets
and stored at -80°C until use. Pellets were resuspended in IP buffer (300 mM NaCl, 50 mM
Tris-HCl pH 7.5, 1 mM EDTA and 1% Triton-X100 with protease inhibitor, 1 mM DTT and 1
mM PMSF) for subsequent experiments.

For whole cell lysates, cells were washed in PBS and resuspended in ~5 volumes of extraction
buffer (150mM Tris and 1.5% SDS). Chromatin was solubilized via sonication, and proteins
were quantified using BCA.
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Immunoprecipitation
Nuclear extracts were quantified using BCA, and 1mg of protein diluted to 1mg/mL in IP buffer
supplemented with protease inhibitors was used per IP with 2-5ug of antibody or with 25uL of
Pierce Anti-HA Magnetic Beads (cat. 88837) overnight with rotation at 4°C. Nuclear extract +
antibody solution was incubated with 30uL of Protein G Dynabeads (Thermo Fisher) for 2h at
4°C with rotation and washed 5 times with IP buffer. Immunoprecipitated proteins were eluted
with sample buffer (2X NuPAGE LDS buffer with 100mM DTT) and loaded onto 4-12% BisTris NuPAGE Gels (Life Technologies). See Table 2.1 for antibodies used in this study.

Protein SDS PAGE
Proteins were run on 4-12% Bis-Tris NuPAGE gels (Life Technologies). For Western blot,
proteins were wet transferred onto PVDF membranes at 300mA for 2.5h, blocked for 1h with
10% milk PBS-T, and visualized using LI-COR Odyssey CLx. For silver stain, gels were stained
using SilverQuest Silver Staining Kit (Thermo Fisher) according to manufacturer’s protocol.
See Table 2.1 for antibodies used in this study.
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Table 2.1. Antibodies used in this study.
Antibodies
Antibodies and application
Manufacturer
Mouse Anti-SMARCA4 (BRG1) (G-7) (WB)
Santa Cruz
Rabbit Anti-SMARCA4 (BRG1) (D1Q7F) (IP) Cell Signaling Technology
Mouse Anti-INI1 (BAF47) (A-5) (WB)
Santa Cruz
Rabbit Anti-SMARCC1 (H-76) (WB)
Santa Cruz
Rabbit Anti-SMARCC1 D7F8S (155-7) (WB) Cell Signaling Technology
Rabbit Anti-SS18 (D6I4Z) (WP)
Cell Signaling Technology
Mouse Anti-ARID1A (BAF250A) (C-7) (WB) Santa Cruz
Rabbit Anti-ARID1A D2A8U (IP)
Cell Signaling Technology
Mouse Anti-ARID2 (BAF200) (E-3) (WB)
Santa Cruz
Rabbit Anti-DPF2 (WB)
Abcam
Mouse Anti-SMARCD1 23 (WB)
Santa Cruz
Mouse Anti-GAPDH (G-9) (IB)
Santa Cruz
Mouse Anti-V5 tag (WB)
Thermo Fisher Scientific
Rabbit Anti-PBRM1 (WB)
Millipore
Mouse Anti-BRD7 B-8 (WB)
Santa Cruz
Rabbit Anti-BRD7 (IP)
Bethyl
Mouse Anti-GLTSCR1 (H-10) (WB)
Santa Cruz
Rabbit Anti-GLTSCR1 (IP)
Sigma-Aldrich
Rabbit Anti-GLTSCR1L (WB)
Novus
Rabbit Anti-BRD9 (WB)
Abcam
Rabbit Anti-HA (C29F4) (WB)
Cell Signaling Technology
Rabbit Anti-SMARCA4 (D1Q7F) (WB)
Cell Signaling Technology

Catalog Number
sc-17796
49360S
sc-166165
sc-10756
11956S
21792S
sc-373784
12354
sc-166117
ab134942
sc-135843
sc-365062
P/N-46-0705
ABE70
sc-376180
A3002-604A
sc-515086
HPA056211
NBP1-86359
ab137245
3724S
49360S

Glycerol Gradient
Linear 10-30% glycerol gradients were prepared in 14 x 89mm polyallomer centrifuge tubes
(Beckman Coulter, cat. 331327) by overlaying 10% glycerol solution in HEMG buffer on 30%
glycerol solution with mixing by a Gradient Master. 500-1000ug of nuclear extracts were
resuspended in 200µL 0% glycerol HEMG and overlaid on the gradient. Purified protein
complexes were loaded in their elution buffers. Gradients were centrifuged in an SW41 rotor at
40,000rpm for 16h at 4°C, and 0.55mL fractions were collected for analysis.
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Mass Spectrometry Sample Preparation and Analysis
Purified complex elutions or glycerol gradient fractions were concentrated using StrataClean
beads, loaded onto 4-12% SDS PAGE gels (Life Technologies), migrated 2cm into the gel, and
stained with colloidal blue (Invitrogen). Stained samples were excised and sent to Taplin
Biological Mass Spectrometry Facility at Harvard Medical School for analysis. Heatmap
displaying log2(number of total peptides+1) was created using Seaborn.

Urea denaturation experiments
Nuclear extracted protein (100ug) were subjected to various amounts of urea denaturation, from
0.25 to 7 M urea (in IP buffer), for 15 min at room temperature (RT). Subsequently, protein was
immunoprecipitated using an anti-SMARCA4 antibody. The co-precipitated proteins were
analyzed by immunoblot.
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Abstract
Mammalian SWI/SNF (mSWI/SNF) ATP-dependent chromatin remodeling complexes are large,
multi-subunit molecular machines that play vital roles in regulating genomic architecture and are
frequently disrupted in human cancer and developmental disorders. To date, the modular
organization and pathway of assembly of these chromatin regulators remain unknown, presenting
a major barrier to structural and functional determination. Here we elucidate the architecture and
assembly pathway across three classes of mammalian SWI/SNF complexes: canonical BAF,
PBAF, and ncBAF, and define the requirement of each subunit for complex formation and
stability. Using affinity purification of endogenous complexes from mammalian and Drosophila
cells coupled with cross linking-mass spectrometry (CX-MS) and mutagenesis, we uncover three
distinct and evolutionarily conserved modules, their organization, and the temporal incorporation
of these modules into each complete mSWI/SNF complex class. Finally, we map human diseaseassociated mutations within subunits and modules, defining specific topological regions that are
affected upon subunit perturbation.

46

Introduction
SWI/SNF complexes were originally discovered in yeast in screens for mating-type switching
and sucrose fermentation1-3. These complexes were later characterized in Drosophila4, 5 and more
recently, in mammals. Over the course of evolution, these complexes have gained, lost, and
shuffled subunits owing likely to the advent of multicellularity and genome duplication6, 7.
Mammalian SWI/SNF complexes are ~1-1.5-MDa entities combinatorically assembled from the
products of 29 genes, producing two known assemblies termed BAF (BRM/SWI2-Related Gene
1 (BRG1)-associated factors) and PBAF (PBRM1- associated BAF). Extensive combinatorial
diversity is generated by the presence of multiple paralogs for several subunit positions which
assemble into complexes in a mutually exclusive manner. All complexes contain an ATPase
subunit, SMARCA4 (BRG1) or SMARCA2 (BRM), which catalyzes the hydrolysis of ATP. The
roles of most other accessory subunits in complex assembly and stability as well as targeting and
function remain unknown.

Over the past several years, mammalian SWI/SNF (mSWI/SNF) complexes have become a
major focus of attention owing to a striking frequency of mutation in the genes encoding their
subunits across a range of human diseases, from cancer to neurologic disorders. Indeed, recent
cancer exome sequencing studies have revealed that over 20% of human cancers bear mutations
in the genes encoding mSWI/SNF subunits8-10. Additionally, heterozygous point mutations in
mSWI/SNF genes have been implicated as causative events in intellectual disability and autismspectrum disorders11.

A major barrier to our understanding of the functions, tissue-specific roles, and impact of
mutations on mSWI/SNF complex mechanisms lies in the lack of information regarding subunit
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organization, assembly, and 3D structure. Several factors pose major challenges to such studies,
including: (1) individually expressed subunits are often unstable or incorrectly folded without
their appropriate binding partners; (2) minimal complexes pieced together via in vitro coexpression of sets of subunits may not represent endogenous, physiologically relevant complexes
in cells; and (3) methods for endogenous purification of high-purity fully-formed complexes at
scale from mammalian cells has not to date been successfully achieved. Indeed, large quantities
of purified complexes with minimal heterogeneity are required for downstream analyses and
selection of the appropriate purification strategies cannot be informed without understanding
modular architecture and assembly order. For these reasons and others, to date only lowresolution maps have been achieved using cryoelectron microscopy (cryo-EM-based)12, 13, and
X-ray crystallographic analyses have been only been successfully performed on a few isolated
domains14, 15, including the recently reported yeast Snf2 ATPase domain16.

To establish a comprehensive structural framework for mSWI/SNF complexes, we used a
multifaceted series of approaches involving complex and subcomplex purification, massspectrometry (MS), cross-linking mass-spectrometry (CX-MS), systematic genetic manipulation
of subunits and subunit paralog families, evolutionary analyses, and human disease genetics. We
establish the order of assembly and modular organization for the three final-form configurations
of mSWI/SNF complexes, cBAF, PBAF, and ncBAF. We define the full spectrum of
endogenous combinatorial possibilities and the impact of individual subunit losses and
mutations, including recurrent and previously uncharacterized missense and frameshift
mutations, on complex architecture. These studies provide important insights into mSWI/SNF
complex organization, structure, and function and the biochemical consequences of a wide range
of human disease-associated mutations.
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Results
Affinity purification of endogenous mSWI/SNF reveals distinct complex types and their
intermediates
To begin to probe the modular organization and assembly order of mSWI/SNF family
complexes, we subjected HEK-293T cell nuclear extracts to density sedimentation analyses
using 10-30% glycerol gradients, since this approach separates proteins and protein complexes
by molecular size and shape allowing for the capture of final-form mSWI/SNF complexes and
potential assembly pathway intermediates. This approach resolved final-form mSWI/SNF
complexes in distinct fractions: canonical BAF (cBAF) marked by ARID1A and DPF2 in
fractions (Fx) 13-14, PBAF marked by ARID2, BRD7, and PBRM1 in higher mass Fx 16-17,
and non-canonical BAF (ncBAF) marked by BRD9 and GLTSCR1 in Fx 9-10 (Figure 3.1A).
Moreover, some subunits were distributed across several gradient fractions including early
fractions not associated with final-form complexes (e.g., SMARCD1, SMARCC1) while other
subunits were more discretely distributed in final form fractions (e.g., DPF2, BRD7, BRD9).
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Figure 3.1. Distinct mSWI/SNF complexes and their intermediates revealed through
affinity purification.
(A) Density sedimentation performed on HEK-293T nuclear extracts followed by
immunoblotting with mSWI/SNF subunit antibodies, as indicated. (B) Silver stain on density
sedimentation of native, endogenous HA-SMARCD1 mSWI/SNF complexes purified from
HEK-293T (C) Silver stain on density sedimentation of native, endogenous HA-DPF2
mSWI/SNF complexes purified from HEK-293T. (D) Silver stain of the indicated HASMARCD1 gradient fractions from Figure 3.1B. Identified proteins are labeled. (E) Massspectrometry analysis performed on selected fractions (fractions 3-18) collected from the HASMARCD1 density gradient in Figure 3.1B. Peptide proportion (0 to 1) represents the fraction of
maximum number of peptides captured for each subunit over the full gradient. Total spectral
counts for each subunit are indicated on the left. Colors distinguish mSWI/SNF complexes and
modules.
Using these results, we developed a purification strategy to capture endogenous mammalian
complexes at each of these extremes with over 95% purity (Figure S3.1A-C). SMARCD1-based
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purifications were used to capture all final and intermediate forms of mSWI/SNF complexes (as
SMARCD1 is present across the full gradient) and DPF2 was used to purify fully-assembled
cBAF complexes. Separation of purified complexes by glycerol gradient density sedimentation
revealed distribution patterns similar to nuclear extracts, as subunits co-captured with
SMARCD1 bait were extensively spread over the gradient, while DPF2-purified complexes
marked only complete BAF complexes with no detectable intermediates (Figure 3.1B,C),
highlighting the utility of this approach to detect specific complexes and intermediate modules.
Examination of specific fractions from the SMARCD1-purified complex gradient by silver stain
reflects different populations of mSWI/SNF complexes and their assembly intermediates. For
example, Fx 8 displays bands marking SMARCC1, SMARCC2, SMARCD1, SMARCE1 and
SMARCB1 subunits, Fx 10 includes ncBAF complex subunits GLTSCR1/GLTSCR1L and
BRD9, and Fx 14 captures fully-assembled cBAF complexes, which was corroborated by mass
spectrometry performed on gradient fractions (Figure 3.1D, S3.1D,E). Analysis of spectral
counts from mass-spectrometry performed across a range of gradient fractions confirmed silver
stain results, and further identified components with lower abundance such as ncBAF and PBAF
subunits (Figure 3.1E). Taken together, these data suggest a step-wise, modular assembly
pathway for mSWI/SNF family complexes, resulting in three distinct final complex forms, each
with their own combinatorial diversity.

Cross-linking mass-spectrometry of canonical BAF complexes globally defines modular
architecture
We next performed bis(sulfosuccinimidyl)suberate (BS3)-based cross-linking mass spectrometry
on mammalian cBAF complexes purified using DPF2 and SS18 as baits and on Drosophila
melanogaster BAP complexes using D4 (DPF2 homolog) and BAP60 (SMARCD homolog) as
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baits (Figure 3.2A). We compared these newly generated datasets to a published S. cerevisiae
(SWI/SNF) dataset17 to characterize the structural conservation of subunits and their modular
architecture across species (Figure 3.2B-D). Mammalian CX-MS datasets contained a total of
1,560 inter-protein crosslinks and 2,373 non-redundant intra-protein crosslinks with coverage
across all cBAF complex subunits with the exception of SS18 (owing to limited lysine residues).
To comprehensively define regions of crosslinking between BAF complex subunits, we divided
each subunit family into regions based on annotation, conservation, and newly defined domains
stemming from this cross-linking mass spectrometry work. For analyses of mammalian
complexes, data from each paralog within a paralog family was collapsed (i.e. SMARCD
represents alignment of SMARCD1, SMARCD2 and SMARCD3 proteins). The median
distances between crosslinked residues within domains of known 3D structure was calculated at
12.2 Å, close to the expected 11.4-30 Å distance expected for the BS3 cross linking agent
(Figure S3.2A). In addition, the C-alpha distances between crosslinked residues mapped onto
the structure of the Snf2 helicase were within the expected distances for the nucleosome-bound
and free conformations16, 18 (Figure S3.2B).

52

Figure 3.2. Cross-linking mass-spectrometry (CX-MS) of SWI/SNF complexes reveals
conserved connectivity of interacting modules.
(A) Silver stains of affinity-purified complexes from mammalian HEK-293T cells expressing
Flag-HA-SS18 or HA-DPF2 and from Drosophila melanogaster S2 cells expressing D4-HA and
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Figure 3.2 (Continued)
Bap60-HA or mock control. (B) Louvain modularity analysis performed on mammalian cBAF
complex cross-linking mass spectrometry results. Colors are generated as a function of the
relationship between the nodes (subunits and subunit groups) within the network. For this
analysis, protein paralogs were collapsed for simplicity and number of crosslinks per region of
alignment was used as measure of binding strength. (C) Louvain modularity analysis performed
on combined D. melanogaster D4 and Bap60 cross-linking mass spectrometry datasets. (D)
Louvain modularity analysis performed on the S. cerevisiae CX-MS datasets (derived from Sen
et al. 2017). (E) Matrix heatmap of the total crosslinks identified in combined HA-SS18 and HADPF2 BAF complex cross-linking mass spectrometry. Individual subunits are divided into
domains and ordered according to modules in Figure 3.2B. (F) Correlations between mammalian
and insect BAF/BAP subunit domain and region interactions from cross-linking mass
spectrometry datasets. (G) Correlations between mammalian and yeast BAF/SWI/SNF subunit
domain and region interactions from CX-MS datasets.
To elucidate potential crosslinking preferences between subunits, we performed Louvain twonearest-neighbor analysis, where nodes are subunits (or paralog families) and edges are drawn
between the top two crosslinking partners for each subunit, based on the number of cBAF
crosslinks. This clustering revealed three distinct network modules: a catalytic module
containing the SMARCA ATPase subunit, ß-actin, and ACTL6A, an associated module
containing SMARCB1 and BCL7, and a module containing SMARCC, SMARCD, SMARCE1
and ARID1 (Figure 3.2B), recapitulating our inferred assembly of components. In addition,
correlation analyses of total inter-subunit crosslinks for each subunit revealed similar results
(Figure S3.2C).

We performed the same analysis on the cross-linking mass spectrometry datasets from D.
melanogaster and S. cerevisiae. Similar to mammalian complexes, the ATPase subunit (Brm)
clustered with Bap55 (ACTL6A ortholog) and Act2 (ß-actin ortholog) subunits, and Moira (mor)
(SMARCC ortholog) formed a tight network with Bap60, Bap111 (SMARCE1 ortholog), and
Osa (ARID1 ortholog), whereas Snr1 (SMARCB1 ortholog) and D4 separated as a distinct
module (Figure 3.2C, S3.2D). These cross-linking mass spectrometry results suggest conserved
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modularity for at least two modules of the complex: the BAF ATPase module and the “core
module” that forms around SMARCC or mor subunits. Using the publicly available S. cerevisiae
dataset, we found similar clustering of the majority of both core and ATPase subunits, with the
SNF2-centered ATPase module containing ARP7, ARP9 (potential orthologs of ACTL6A) and
RTT102. SWI3 (SMARCC ortholog) and SNF12 (SMARCD ortholog) along with yeast-specific
SNF6 and SWP82 form the core module and SWI1 (ARID1 ortholog) and SNF5 (SMARCB1
ortholog) subunits separate into a distinct module bridging the core and ATPase modules
(Figure 3.2D, S3.2E).

We examined inter-protein crosslinks more comprehensively by dividing each subunit into
regions based on existing domain annotation, conservation, and newly-defined domains
stemming from this CX-MS work; regions of subunits that fall between domain annotations are
called “regions” and given an “R” designation as described (Figure S3.2F, S3.3A, S3.4A).
Heatmap clustering of these regions and domains resolves the general modularity from the
network analysis across species (Figure 3.2E, S3.3B, S3.4B).

Finally, using these datasets, we correlated the frequency of crosslinks within individual subunit
regions and domains across mammalian, insect, and yeast complexes (Figure 3.2F,G). The most
highly conserved interactions were between regions of the initial BAF core, OSA/ARID1, and
ATPase modules. Similar findings were obtained by comparing D. melanogaster and S.
cerevisiae CX-MS maps (Figure S3.4C). Taken together, SWI/SNF complexes retain specific
modular organization across evolutionarily distant branches of life, indicating functional
conservation of subunit architecture.
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Characterization of the BAF core module components and their assembly
Complex purifications coupled with these cross-linking mass spectrometry analyses suggested
the presence of an early subcomplex containing SMARCD and SMARCC followed by
SMARCE1 and SMARB1 subunits. The fact that the SMARCC and SMARCD subunits appear
in the earliest mSWI/SNF fractions (Figure 3.1B,D) and were assigned the highest number of indegrees in Louvain modularity networks performed on CX-MS data (Figure 3.2B) implies that
they could serve as an initial platform for complex formation (Figure 3.3A). To confirm
separation of this complex observed in SMARCD1 purifications, we used SMARCC1 as bait for
complex purification and found enrichment of the this subcomplex module containing
SMARCD, SMARCE1, and SMARCB1 subunits (Figure 3.3B). Similarly, purification of
SMARCB1-containing complexes revealed separation of this subcomplex, despite its predicted
association from cross-linking mass spectrometry data with the ATPase and its associated
components (Figure S3.5A-C). Similar results were obtained using SMARCE1 and SMARCD2
as baits (Figure S3.5D,E).
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Figure 3.3. Identification and characterization of the BAF core module: SMARCC,
SMARCD, SMARCB1, and SMARCE1 subunits.
(A) Circle-plot analysis of the mammalian BAF complex cross-linking mass specotrometry
dataset. BAF core module subunit crosslinks are in blue. CX-MS data from paralogous subunits
were averaged and collapsed into each subunit family. (B) (Left) Silver stain on density
sedimentation of native HA-SMARCC1-purified complexes from HEK-293T cells; (Right)
Clustered heatmap of mass spec-called peptides on selected fractions. Maximum total peptide
count among fractions is indicated. (C) Distribution of self-crosslinks and inter-paralog
crosslinks in BAF complex cross-linking mass spectrometry dataset. Redundant crosslinks were
removed. (D) Schematic representation of SMARCC self-crosslinks and SMARCC1/SMARCC2
inter-paralog crosslinks. Line width is proportional to the number of crosslinks and crosslinks
from redundant peptides were excluded from this analysis. (E) Heatmap depicting SMARCC
crosslinks with BAF subunits from BAF cross-linking mass spectrometry dataset. (F) (Left)
Silver stain on after density sedimentation of native HA-SMARCE1 BAF complexes purified
from ΔSMARCD HEK-293T cells; (Right) Clustered heatmap of mass spec-called peptides on
selected fractions. Maximum total peptide count among fractions is indicated. (G) (Left) Silver
stain on density sedimentation of native HA-SMARCD1 BAF complexes purified from
ΔSMARCE1 HEK-293T cells; (Right) Clustered heatmap of mass spec-called peptides on
selected fractions. (H) Schematic representation of initial steps of BAF core assembly. Subunit
abbreviations are indicated.
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Figure 3.3 (Continued)
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SMARCC subunits have been shown to form homo- and hetero-dimers in mSWI/SNF complexes
(as C1/C1, C1/C2, or C2/C2), with C1/C1 homodimers found in embryonic stem cells (ESCs)
and C1/C2 heterodimers in most differentiated cell types19, 20. To define the linkages within
homo-/hetero-dimers across all BAF complex subunits, we analyzed the presence of crosslinks
that showed either heterodimerization (by crosslinking between paralog subunits) or
homodimerization (by crosslinked residues mapping to the same position of the identical peptide
sequence, here termed “self-crosslinks”) across all subunits (Figure 3.3C). We found SMARCC
and ß-actin, which is well known to polymerize, formed more self-crosslinks than other subunits.
Immunodepletion of SMARCC1 and SMARCC2 further revealed preferential homodimerization
of this subunit family in this cell context (Figure S3.6A).

To approximate stoichiometry of the complex, we subjected DPF2-purified cBAF complexes to
colloidal blue stain and measured their relative abundance using near-infrared fluorescence
(Figure S3.6B). We found that most components of the complex are present in nearly 1:1
stoichiometry with the exception of the SMARCC1 that displayed 1:1.6, reflecting its known
dimerization (SMARCC2 displayed near 1:1 stoichiometry most likely owing to its lower
expression in these cells in comparison to SMARCC1). Despite preferential homodimer
formation, we identified substantial SMARCC1 and SMARCC2 crosslinks and found a region
C-terminal to the SANT domain (aa 679-747) that contained the majority of self-crosslinks with
the subunit paralog, which we termed the dimerization region, while no crosslinks were
identified within established domains (Figure 3.3D, Figure S3.6C).

Having biochemically established the members of the BAF core module as SMARCD,
SMARCE1, SMARCB1, and SMARCC, we sought to determine the order of assembly of these
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subunits and systematically deleted each core component using CRISPR-Cas9, removing all
paralogs of each subunit family (i.e. SMARCC1/C2, SMARCD1/2/3, SMARCE1 [one gene] and
SMARCB1 [one gene]) in the HEK-293T cell line. Removal of both SMARCC subunits resulted
in near-complete degradation of the BAF core module and dramatic reduction in the remaining
BAF subunits as assessed by immunoblot (Figure S3.7A). These results support the role for the
SMARCC dimer as a platform for mSWI/SNF formation; interestingly, these results are
consistent with previous studies examining the role of SMARCC1/C2 in forebrain
development21. Upon closer examination of SMARCC subunit-associated crosslinks, distinct
binding regions emerge: the DR crosslinks with itself, a conserved region (core assembly region,
[CAR]) interacts with numerous components of the core including SMARCE1 and SMARCD,
and the R2 and CAR regions crosslink to ARID1 subunits (Figure 3.3E). Given that SMARCC
deletion results in near-complete degradation of mSWI/SNF complexes and that we repeatedly
observed a SMARCC/SMARCD heteromer without any other BAF core module components in
early gradient fractions, we concluded that this trimer is the first mSWI/SNF assembly
intermediate, which we termed the initial BAF core.

Deletion of the remaining BAF core subunits resulted in more selective impacts on complex
assembly, which we further evaluated using affinity purification and density gradient mass
spectrometry. Loss of the SMARCD subunit resulted in complete disruption of ARID and
ATPase subunit binding; nonetheless, we were still able to observe SMARCD-deficient BAF
core formation in fractions 7-8 using SMARCE1 and SMARCB1 as baits and in coimmunoprecipitation (co-IP) experiments (Figure 3.3F, S3.7B,C). These data suggest that all
three BAF core subunits bind the SMARCC dimer platform using distinct, independent
interfaces.
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Loss of SMARCE1 resulted in partial complex destabilization as examined by glycerol gradient,
as a small percentage of complexes appeared in Fx 13-14 (Figure 3.3G and subunit abundance
was drastically shifted toward BAF core complexes in Fx 8-9 (Figure 3.3G and S3.7D).
Additionally, ARID subunits were observed in Fx 5-6 as opposed to Fx 13-17, suggesting they
are unable to stably bind complexes in the absence of SMARCE1. In contrast to stringent
gradient sedimentation, co-IP showed that loss of SMARCE1 minimally affected BAF complex
formation (Figure S3.7A), likely suggesting a role in inter-module stability. Finally, SMARCB1
deletion resulted in minimal impact on BAF complex formation (Figure S3.7E), confirming our
previous observations22. However, we observed a shift in the migration of PBAF components to
Fx 12-14 (in contrast to Fx 16-17 in WT cells), suggesting SMARCB1 is important for normal
stoichiometry or interactions of PBAF-specific components. Of note, in both ∆SMARCE1 and
∆SMARCB1 settings, ncBAF complex components were still readily detectable, migrating in the
same fractions (Fx 10-11), corroborating our findings that these complexes lack both SMARCE1
and SMARCB1 components (Chapter 2). Taken together, these data suggest that mSWI/SNF
complex assembly is triggered by the formation of the initial BAF core (SMARCC and
SMARCD) formed around the SMARCC dimer. This initial subcomplex then acts as a platform
for independent docking of SMARCE1 and SMARCB1 subunits to form the BAF core module,
which is required for later stages of assembly toward fully-formed cBAF and PBAF complexes
(Figure 3.3H).

ARID subunits interact with the BAF core module to facilitate binding of the ATPase subcomplex
Network and correlation analyses performed on mammalian CX-MS data demonstrated that BAF
core components (SMARCD, SMARCC, SMARCB1, SMARCE1) strongly crosslinked with

61

ARID subunits ARID1A and ARID1B. The C-terminal region of ARID1A and ARID1B
exhibited a large number of crosslinks to the BAF core, particularly to SMARCC and SMARCD
(Figure 3.4A). Alignment of ARID1 amino acid sequences across a range of species indicated
the presence of distinct and conserved regions: the N-terminus, the ARID domain, and three
potential domains in the C-terminus of the protein, which we termed core binding region (CBR)
A and B and region 4 (R4) (Figure S3.8A). Closer examination of crosslinks between these
conserved ARID1 regions and several mSWI/SNF subunits revealed that that CBR and R4
regions display differential crosslinking to the BAF core and ATPase subunits, respectively
(Figure 3.4B). For example, within the core module, CBR A displays preferential binding to
SMARCD1 R1 and SMARCE1 R2, ARID1 R3 exhibits crosslinking to several SMARCC
regions, and CBR B crosslinks to SMARCC CAR, SMARCD R1 and R2 (Figure 3.4B,C).
Within the ATPase module, ARID1 R4 crosslinks to the SMARCA and ACTL6A components of
the ATPase module (Figure 3.4B). Comparison of the crosslinking maps of the Drosophila and
yeast complexes yielded similar results, indicating conservation of the Osa and SWI1 binding
modality (Figure S3.8B).
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Figure 3.4. ARID subunits dictate specific branches of BAF and PBAF complex assembly.
(A) Circle-plot analysis of the mammalian cross-linking mass spectrometry dataset. BAF core
subunit crosslinks are in blue and ARID module subunits are in teal. Data from paralogous
subunits were combined. (B) Clustered heatmap of cross-linking mass spectrometry data,
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Figure 3.4 (Continued)
highlighting crosslinks between regions of ARID subunits and other complex components. (C)
Schematic representation of ARID1A/SMARCC1/SMARCD1 crosslinks from BAF crosslinking mass spectrometry dataset. Line width is proportional to the number of crosslinks. (D)
(Left) Silver stain of density sedimentation of native HA-ARID1A C-terminus-bound BAF
complexes purified from HEK-293T cells; (Right) Clustered heatmap of mass spec-called
peptides on selected fractions from the HA-SMARCC1 density gradient. Maximum total peptide
count among fractions is indicated. (E-F) (Left) Silver stain on density sedimentation of native
HA-SMARCD1 purified complexes purified from (E) ARID1A/B-deficient HEK-293T cells, (F)
ARID1A, ARID1B, and ARID2- deficient HEK-293T cells; (G) SMARCA4/2-deficient HEK293T cells (Right) Clustered heatmap of mass spec-called peptides on selected fractions from the
HA-SMARCD1 density gradient. Maximum total peptide count among fractions is indicated.
(H) Schematic representation of branch points initiated by ARID subunits. Subunit abbreviations
are indicated.
The ARID domain of ARID1 subunits displayed limited crosslinking to mSWI/SNF subunits,
suggesting its involvement in complex recruitment to DNA rather than a role in assembly of the
complex. Guided by these results, we cloned and expressed a C-terminal ARID1A fragment
containing CBR A, CBR B and R4 (aa1611-2285) that we predicted to stably bind and facilitate
formation of complete cBAF complexes. Using affinity purification and density sedimentation
gradient with mass spectrometry, we found that the HA-ARID1A C-terminus is sufficient to
interact with and capture fully-formed BAF complexes (Figure 3.4D). While most of the
incorporated ARID1A C-terminus migrates in cBAF Fx 12-13 of glycerol gradients, consistent
with the smaller size of the ARID1A C-terminus relative to full length ARID1A (Fx 13-14), we
were still able to observe intermediate complexes in Fx 8-10, suggesting interaction with the core
module. Indeed, mass spectrometry analysis of lower molecular-weight gradient fractions
showed that ARID1A forms intermediates containing the BAF core module and DPF proteins
(mostly DPF2) (Figure 3.4D).

Since we observed DPF2 in gradient fractions containing intermediate forms of mSWI/SNF
complexes, we performed DPF2 affinity purifications and gradient separations in BAF core

64

module subunit deletion mutant cell lines (∆SMARCB1 and ∆SMARCE1 lines) and in ARID1
deletion mutant lines. We observed a complete loss of BAF complex capture (and, hence, DPF2
binding) in the BAF core module knockout (KO) settings tested (∆SMARCB1, ∆SMARCE1) as
well as from ARID1A and ARID1B double KO HEK-293T cells or MIA-Pa-Ca-2 cells which
are deficient in ARID1A and ARID1B (Figure S3.8C-G). DPF2 crosslinks to all modules of the
BAF complex, suggesting a large interaction interface, and its binding preference for fullyformed cBAF complexes (Figure S3.8H). However, removal of the ATPase subunits
SMARCA2 and SMARCA4 did not disrupt DPF2 interaction, as demonstrated by complex
purifications from SWI13 which are deficient in SMARCA2 and SMARCA4 (Figure S3.9A,B),
suggesting that the ATPase module is the last to be incorporated in to mSWI/SNF complexes.
These data corroborate results from DPF2 purifications (Figure 3.1C), explaining why DPF2
exists only as part of fully-formed BAF complexes or as a free subunit, and never part of any
assembly intermediates.

To define the requirement for ARID1 subunits in BAF complex assembly, we performed density
gradient mass spectrometry analysis on SMARCD1 complex purifications in ∆ARID1
(∆ARID1A and ∆ARID1B) cells (Figure 3.4E). We observed normal BAF core formation in Fx
8-9, non-canonical BAF complexes in Fx 10-11, and PBAF complexes in Fx 16-18. However,
canonical BAF complexes were not detected in the expected Fx 13-14, suggesting that formation
of ncBAF and PBAF complexes occurs independently from BAF complexes containing ARID1.
These data also indicate that ARID proteins interact with fully-assembled BAF core modules,
which then promotes binding of the ATPase module and its associated components, likely
through interaction of the ARID R4 region with ACTL6A and SMARCA subunits. To
understand the role of the ARID family of proteins mSWI/SNF complex formation, we purified
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SMARCD1-bound complexes from HEK-293T cells lacking all mSWI/SNF family ARID
proteins (∆ARID1A, ∆ARID1B, and ∆ARID2). Despite intact assembly of the BAF core
module, upon losing ARID2 in addition to ARID1A and ARID1B, assembly of both BAF and
PBAF complexes was completely inhibited (Figure 3.4F).

These results demonstrate that ARID subunits nucleate complex-specific assembly branching
into BAF and PBAF complexes (ARID1A and ARID1B for BAF and ARID2 for PBAF). To
detect ARID-containing intermediate complexes, we performed SMARCD1 purifications from
HEK-293T cells lacking both ATPases (∆SMARCA2 and ∆SMARCA4), followed by gradient
separation and mass spectrometry (Figure 3.4G). As expected, we detected complexes of
smaller size, similar to DPF2-purified cBAF complexes from SW13 ATPase-deficient cells
(Figure S3.9A,B). In fractions 6-7, we detected partially-formed ncBAF complexes (consisting
of the initial core [SMARCC and SMARCD1] and BRD9 and GLTSCR but lacking the ATPase
and its associated components), which we termed the ncBAF core module (defined further in
Figure 3.6). Fractions 8-9 contained BAF core module components SMARCB1 and SMARCE1,
which do not bind ncBAF, and fractions 10-11 contained a mixture of the BAF and PBAF
intermediates containing the BAF core module, ARID1 or ARID2 proteins, and the PBAFspecific subunit BRD7 (suggesting it is the earliest member to assemble on to the core and ARID
modules to nucleate the distinct formation of PBAF) (Figure 3.4G).

Finally, co-IP confirmed findings across a range of mutant cell lines (Figure S3.9C).
Specifically, ARID1 subunit deletion minimally impacted BAF core stability and interactions,
but had a stronger impact on BAF core binding to the SMARCA4 ATPase and its associated
factors. Additional loss of ARID2 substantially affected the stability and binding of PBAF-

66

specific subunits. As expected, ARID subunit perturbation had no effect on the interaction of the
GLTSCR1 component of ncBAF with BAF core subunits and the ATPase. As we did not
identify any ncBAF components in ARID protein purifications, we concluded that ncBAF
complexes recruit the ATPase through an ARID-independent mechanism.

Defining the ATPase module which finalizes assembly of all three mSWI/SNF family complexes
The mSWI/SNF ATPases, SMARCA2 and SMARCA4, and their most closely associated
subunits crosslink extensively with components previously identified to engage with the ATPase,
such as ß-actin and ACTL6A23, as well as BCL7A, BLC7B, or BLC7C and SS18 or SS18L1
(Figure 3.5A, S3.10A). Substantial crosslinks were detected between ACTL6A and ß-actin and
the SMARCA2 and SMARCA4 HSA domain and between ACTL6A and ß-actin (Figure 3.5B).
We found similar interaction preferences for the actin-like proteins and the HSA and catalytic
domains across species (Figure S3.10B). In further support of our model in which ARID1
bridges the BAF core and ATPase modules, we detected a large number of crosslinks between
ACTL6A and the ARID1 C-terminal R4 as well as between SMARCA and ARID1 CBR A and
B (Figure 3.5B). In addition, R2 of SMARCA crosslinks with both ARID1 subunits as well as
other BAF core components including SMARCC R2 and SMARCD R1. Finally, N-termini of
both SS18 and BCL7 crosslink to the N-terminal R1 and HSA domains of SMARCA subunits,
respectively.
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Figure 3.5. The mSWI/SNF ATPases recruit accessory subunits and finalize BAF, PBAF,
and ncBAF complex assembly.
(A) Circle-plot analysis of the mammalian cross-linking mass spectrometry dataset with ATPase
module subunits crosslinks in red and ATPase/ARID module subunits crosslinks in yellow. Data
from paralogous subunits were combined. (B) Clustered heatmap of the cross-linking mass
spectrometry analysis of mammalian BAF complex, highlighting crosslinks between regions of
SMARCA and other complex components. (C) Silver stain on density sedimentation of native
HA-SMARCA4-purified BAF complexes from WT HEK-293T cells. (D) Gradient mass
spectrometry of selected fractions collected from the HA-SMARCA4 density gradient.
Maximum total peptide count among fractions is indicated. (E) (Left) Silver stain on density
sedimentation of native FLAG-HA-SS18-bound BAF complexes purified from WT HEK-293T
cells; (Right) Clustered heatmap of the mass spec analysis performed on collected fractions.
Maximum total peptide count among fractions is indicated. (F) Clustered correlation heatmap
performed on combined HA-SMARCD1, HA-SMARCB1 and HA-SMARCA4 density gradient
MS from WT HEK-293T cells. Experimentally determined complexes and subcomplexes are
indicated. (G) Schematic of the assembly and incorporation of the BAF ATPase module. Subunit
abbreviations indicated.
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Figure 3.5 (Continued)
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To confirm the SMARCA2 and SMARCA4 ATPases and their associated subunits form a
separate module, we purified SMARCA4-bound complexes. The ATPase module clearly
separates in Fx 6-9 from ATPase module-containing complexes (Figure 3.5C,D, Figure
S3.10C). In addition to cBAF complexes, SMARCA4 purification captured components of
ncBAF and PBAF in expected Fx 9-10 and 15-16, respectively. In further validation of the
ATPase as a distinct module, we performed purifications for satellite ATPase module subunits.
SS18-bound complexes separated on gradients in a manner similar to SMARCA4-bound
complexes (Figure 3.5E) and captured ncBAF complexes in Fx 10-11 but not PBAF subunits
because SS18 does not assemble into PBAF complexes, suggesting a mutually exclusive
competition between SS18 and PBAF-specific subunits such as PBRM1. BCL7A purifications
resolved all three mSWI/SNF complexes in expected fractions (Figure S3.10D), further
demonstrating that BCL7 proteins are pan-mSWI/SNF ATPase module components.

We next integrated all three full gradient mass spectrometry datasets from SMARCD1 (initial
core), SMARCB1 (BAF core) and SMARCA4 (ATPase module) purifications to unbiasedly
observe the separation and modular organization of BAF subunits (Figure 3.5F and S3.11A).
Louvain modularity analysis showed clear separation of core BAF, ATPase, and ARID modules,
as well as separation between PBAF and ncBAF as branches connected to the main group of
subunits through ARID2 and SMARCD1, respectively. Co-IP and immunoblot on endogenous
complexes immunoprecipitated from SMARCA2 and SMARCA4 double KO cells indicated
intact assembly of the BAF core and ARID/DPF2 modules, but a marked and specific loss of
ATPase module stability and interaction (Figure S3.11B). SS18 and SS18L1 double KO cells
displayed no assembly defects apart from a general increase in PBAF complex abundance,
corroborating our competition model above.
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Given that we did not detect intermediate ATPase subcomplexes, we concluded that each of the
components of this module binds independently to the large SMARCA platform, which is then
incorporated as a unit into preassembled cBAF, PBAF, and ncBAF subcomplexes (core
modules). Furthermore, we define a split in assembly of the ATPase modules that differs
between cBAF, ncBAF and PBAF since cBAF and ncBAF ATPase modules contain SS18, while
PBAF ATPase modules do not. Therefore, we concluded that the final step of mSWI/SNF
complex assembly is controlled by both specific components of the core BAF modules as well as
elements of the ATPase module such as SS18 and PBRM1 (Figure 3.5G, Figure 3.6A).

Assembly of PBAF and ncBAF complexes and the global mammalian SWI/SNF assembly
pathway
We next sought to define the assembly and inter-subunit linkages of the less abundant PBAF and
ncBAF complexes. To define the assembly and inter-subunit linkages of PBAF complexes, we
performed cross-linking mass spectrometry on BRD7- and PHF10-bound complexes, confirming
that PBAF complexes contain the same common BAF core module as cBAF complexes (Figure
S3.12A). Network analysis of the PBAF cross-linking data also revealed similar ATPase
modules as observed for canonical BAF complexes; however, PBAF specific subunits such as
ARID2, BRD7, and PBRM1 associated with both the BAF core complex as well as the ATPase
module (Figure 3.6A, S3.12B).
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Figure 3.6. Assembly of alternative mSWI/SNF complexes, PBAF and ncBAF, and the full
assembly pathway.
(A) Louvain network analysis of cross-linking datasets obtained from PBAF subunit (PHF10 and
BRD7) purifications. (B) (Left) Silver stain on density sedimentation of native HA-mARID2
PBAF complexes purified from HEK-293T cells; (Right) Clustered heatmap of mass spec
analysis performed on selected fractions. Maximum total peptide count among fractions is
indicated. (C) (Left) Silver stain on density sedimentation of native HA-PBRM1 PBAF
complexes purified from HEK-293T cells; (Right) Clustered heatmap of the mass spec analysis
performed on selected fractions. Maximum total peptide count among fractions is indicated. (D)
Silver stain of native HA-GLTSCR1L-bound ncBAF complexes purified from HEK-293T.
Individual identified proteins are indicated. (E) (Left) Silver stain on density sedimentation of
native HA-GLTSCR1L-bound ncBAF complexes purified from HEK-293T cells; (Right)
Clustered heatmap of the mass spec analysis performed on the selected fractions Maximum total
peptide count among fractions is indicated. *- contaminants in fraction 16. (F) (Left) Silver stain
on density sedimentation of native HA-BRD9 ncBAF complexes purified from HEK-293T cells;
(Right) Clustered heatmap of the mass spec analysis performed on the selected fractions.
Maximum total peptide count among fractions is indicated. (G) Schematic of the full mSWI/SNF
complex assembly pathway. Subunit abbreviations indicated. Numbers indicate the steps in
assembly (see text).
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Figure 3.6 (Continued)
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PBAF assembly is initiated by ARID2 as loss of ARID2 completely disrupts PBAF complex
assembly. To dissect the last steps of PBAF assembly, we purified ARID2-bound complexes
using a mini version of ARID2 predicted by cross-linking mass spectrometry to bind PBAF
(mARID2, aa 1-626 fused to aa 1,592-1,835). We observed fully-formed PBAF complexes in
expected Fx 15-17 and partial assemblies in Fx 12-13, with only PBAF-specific PBRM1 absent
in PBAF subcomplex fractions, suggesting that it requires full-length ARID2 or other PBAFspecific components and the ATPase module for its incorporation (Figure 3.6B). The presence
of the partial assemblies is consistent with ARID2 initiating PBAF assembly, as suggested by the
complete disruption of PBAF complex formation with the loss of ARID2 (Figure S3.9C).
Finally, PBRM1-purified complexes migrated in PBAF-specific fractions 15-17, and mass
spectrometry analysis did not identify any PBRM1-containing intermediate complexes apart
from its free form in Fx 2-3 (Figure 3.6C). This suggests PBRM1 is one of the last subunits to
be added to the PBAF complex, which likely occurs through the C-terminus of PBRM1 to both
SMARCC and ATPase module subunits (Figure S3.12B).

ATPase and BAF core modules were similar to those of cBAF complexes, whereas,
interestingly, PBAF-specific subunits such as BRD7 and PBRM1 associated with both the BAF
core and ATPase modules (Figure 3.6A). Purification of two other PBAF-specific subunits,
BRD7 and PHF10, yielded only full complexes without any intermediates (Figure S3.12C,D).
Co-IP in PBAF component KO cell lines proved to be more informative regarding the order of
integration of BRD7 and PHF10 subunits (Figure S3.13A). As expected, loss of ARID2 resulted
in loss of stability of BRD7, PBRM1, and PHF10 (considered to be the PBAF-specific
counterpart of DPF), confirming an early role for ARID2 in the assembly of PBAF complexes.
BRD7 deletion had minimal impact on ARID2 stability and incorporation, but strongly affected
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both PHF10 and PBRM1 incorporation, suggesting BRD7 may bridge ARID2 and the rest of the
PBAF-specific subunits. Finally, PBRM1 deletion had no effect on any other PBAF components,
supporting the observation above that this subunit is the last to assemble into PBAF complexes
and that it may be part of the PBAF-specific ATPase, which assembles fully-assembled onto the
core module. Surprisingly, we also found a significant enrichment in self-crosslinks within
PBRM1, indicating its multimerization within PBAF complexes (Figure S3.13B) and co-IP
analysis demonstrated PBRM1 is present in more than one copy per PBAF complex, suggesting
its multimerization (Figure S3.13C,D).

To finalize the composition and assembly of ncBAF complexes, we purified GLTSCR1L- and
BRD9-containing complexes. As expected, we identified complexes containing the initial core
SMARCC1 and SMARCD1 subunits, ATPase module components, and BRD9; however, no
other core subunits (SMARCD2, SMARCD3, SMARCC2, SMARCB1, and SMARCE1) were
identified (Figure 3.6D,E). Gradient separation of ncBAF complexes purified with GLTSCR1L
captured fully-formed ncBAF in Fx 10-11 and subcomplexes in Fx 6-7 (Figure 3.6E). Mass
spectrometry analysis identified these fractions as the ncBAF core containing SMARCC1,
SMARCD1 and GLTSCR1L; notably, the same components were identified in the SMARCD1
purification from ∆ATPase cells (Figure 3.4G). Purification of BRD9-bound complexes also
captured the full ncBAF complex in Fx 9-11, but failed to resolve subcomplexes (Figure 3.6F).
In this case, BRD9 functions similarly to BRD7, forming partial assemblies that result in
immediate incorporation of the ATPase module (Figure 3.4G, S3.12C). Co-IP in SMARCD1 KO
cells demonstrates the requirement for SMARCD1 in forming ncBAF complexes, as loss of
SMARCD1 impacted both stability and interaction of BRD9 and GLTSCR1 subunits (Figure
S3.13E). Loss of BRD9 similarly affected interaction of GLTSCR1 with ncBAF, but had no
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effect on SMARCD1, substantiating the earlier assembly order and more global role for
SMARCD1 in the nucleation of all three mSWI/SNF family complexes.

Based on this study, we summarize the mammalian SWI/SNF assembly pathway (Figure 3.6G).
The main steps of complex assembly and branching are: dimerization of SMARCC subunits (1);
formation of the BAF initial core of SMARCC and SMARCD subunits (2); incorporation of
SMARCE1 and SMARCB1 components, forming the BAF core module (3); or, alternatively,
incorporation of GLTSCR1 or GLTSCR1L to form the ncBAF core module (4) which binds
BRD9 (5); cBAF core complexes interact with ARID1 or ARID 2 subunits and (into canonical
BAF complexes (containing ARID1) (6) and PBAF complexes (containing ARID2) (7),
respectively; ARID1/BAF core intermediates bind DPF2 (8) and incorporate SS18-containing
ATPase module (9) finalizing canonical BAF assembly. In parallel, the PBAF complex
intermediate, ARID2/BAF core, incorporates BRD7 and PHF10 (10), and subsequently recruits
the SS18-negative ATPase module, which finalizes its formation by binding PBRM1 (11). The
alternative ncBAF core finalizes its formation with the integration of an SS18-containing
ATPase module (12) to form ncBAF complexes. Existence of multiple subunit paralogs across
these three distinct mSWI/SNF complexes results in further diversification.

Disease- associated mutations affect mSWI/SNF binding interfaces and subunit stability
The genes encoding mSWI/SNF complex subunits are widely mutated in human disease, most
notably in cancer and intellectual disability syndromes7, 11, 24-28. To understand this mutational
spectrum in the context of complex assembly and modular organization, we calculated
mutational frequencies (derived from TCGA; http://cancergenome.nih.gov) in each subunit gene
(Figure 3.7A). As the large majority of cancer-associated mSWI/SNF subunit mutations in
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cancer result in subunit deletion, we analyzed complexes purified from our CRISPR-Cas9 KO
cell lines to assess the global impact of each subunit loss on the relative abundance of other
subunits in the complex (Figure 3.7B). Consistent with co-immunoprecipitation results in
various KO lines, subunits that assemble at the earliest stages of BAF assembly are the most
critical for full complex assembly, as their deletions result in profound impacts on complex
stability. This data set excludes SMARCC-deleted cells, which results in near-complete
degradation of all mSWI/SNF subunits, further underscoring the important role of this initial
subunit dimer as the structural foundation of all mSWI/SNF complexes. Notably, we found that
SMARCB1 loss does not have profound impacts on complex stability despite assembly into
mSWI/SNF BAF and PBAF complexes (Figure 3.7B, S3.7A-D). Moreover, SMARCB1
clustered with ATPase components (SMARCA and BCL7) in community detection analyses
performed on both canonical BAF and PBAF complex CX-MS datasets (Figure 3.2B, Figure
3.6A), indicating a potential regulatory role exerted by the core module on the ATPase and its
associated components.

Since subunit loss can have dramatic effects on mSWI/SNF complex assembly, we next
examined the impact of truncating mutations in cancer with our understanding of subunit
linkages from the CX-MS datasets. We examined the proportion of crosslinked sites lost upon
gene truncating mutations within each mSWI/SNF subunit, noting that PBRM1 and ARID1A are
the most impacted by truncating mutations in human cancer, and both interact with complexes
primarily via C-terminal binding regions (Figure 3.7C).
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Figure 3.7. Disruption of mSWI/SNF complex assembly in human disease.
(A) Frequency of \mSWI/SNF gene mutations across all human cancers from the TCGA dataset.
Hypermutated samples were excluded from analysis. (B) Mass spectrometry analysis of the
relative abundance of mSWI/SNF complex subunits in complexes from indicated cell types (WT
and subunit KO cells). Subunit abundances were normalized to WT SMARCC1 purification.
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Figure 3.7 (Continued)
ΔSMARCD complexes were purified using SMARCE1. ΔSMARCE1, ΔSMARCB1, ΔARID1/2,
ΔARID1 and ΔSMARCA complexes were purified using HA-SMARCD1. (C) Correlation
analysis reflecting the effect of truncating mutations on mSWI/SNF subunit linkages. Subunits
most frequently truncated exhibit higher proportions of inter-crosslinked sites lost. (D) Topranked cancer-associated missense mutations from the TCGA dataset. Mutations predicted to
disrupt catalytic activity are in red. (E) Non-truncating mutations in ARID1A across human
cancers mapped over intra-crosslinks. The hotspot mutation in the highly crosslinked C-terminal
CBRB region of the protein is indicated. (F) Truncating mutations in ARID1A across human
cancers mapped over crosslinks to other BAF subunits. Position of the truncating mutation
Y2254* used in this study is indicated by the arrow. (G) (Top) Representative cycloheximide
chase experiment assessing half-life of ARID1A WT and G2087R mutant variants expressed in
HEK-293T cells. Total cell lysates were subjected to immunoblot with indicated antibodies.
(Bottom) Representative quantification of ARID1A WT and G2087R C-terminal region halflives were detected from WB above. Signals were normalized to GAPDH and represented as a
proportion of the signal from starting time point. (H) MG-132 treatment (8 hr) of HEK-293T
cells expressing ARID1A WT and G2087R C-terminal regions. IP performed under denaturing
conditions; immunoblot performed using indicated antibodies. (I) Silver stain performed on
ARID1A WT, G2087R and Y2254* BAF complexes purified from HEK-293T cells. (J)
Immunoblot of ARID1A WT, G2087R and Y2254* BAF complexes were purified from HEK293T cells.
In addition to their roles in cancer, mSWI/SNF subunits have been linked to several
developmental and neurologic diseases including intellectual disability and autism-spectrum
disorders, with additional mutations continuing to emerge in other rare but well-defined
conditions11. For example, de novo, heterozygous ARID1B truncation mutations are common in
Coffin-Siris syndrome (Figure S3.14A), and recently several mutations in ACTL6A were
identified in autism that were shown to disrupt its interaction with SMARCA429. Intriguingly,
our analyses revealed that these map to ACTL6A/SMARCA crosslinks (Figure S3.14B).
Finally, SMARCD2 mutations were recently reported to drive neutrophil-specific granule
deficiency (SGD)30, 31. These mutations result in truncation before the C-terminal region, which
removes the region containing a significant number of crosslinks to ARID1 CBR B and
SMARCC, likely explaining the loss of BAF complex binding (Figure S3.14C). Intriguingly, the
C-terminal region of the paralog, SMARCD1, contains fewer crosslinks to these subunits, and
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also failed to rescue SGD phenotypes in in vivo models of SGD30, 31, suggesting a structural basis
for paralog- and tissue-specific function of BAF subunits.

ARID1A is the most frequently mutated mSWI/SNF subunit in human cancers32, 33 (Figure
3.7A) and we established that the ARID1 subunits of BAF complexes are crucial for branching
and specification of BAF-specific complexes by facilitating binding of the ATPase module to
fully-formed complexes. Thus, the ARID1A subunit is highly vulnerable to most truncating
mutations as these will result in deletion of the C-terminal binding region. However, until now,
the effect of recurrent missense mutations and small deletions within the CBR regions on the
ARID1A subunit remained unknown (Figure 3.7D). Second in frequency to well-established
point mutations in the SMARCA4 ATPase/helicase are single missense mutations in ARID1A
resulting in substitution of glycine 2087 to valine, arginine, or glutamic acid. This region
corresponds to the novel CBRB-interacting region of ARID1A we identified (Figure 3.7E). In
addition, a recurrent nonsense mutation at position 2254 (Y2254*) resulting in a small 31 amino
acid deletion in R4 the C-terminus of the ARID1A, which is involved in anchoring of the
ATPase module to the BAF core module (Figure 3.7F). We found that the C-terminal ARID1A
region containing the G2087R mutation did not result in loss of interaction with BAF complexes
(Figure S3.14D). Further, we observed an increased poly-ubiquitin signal in the G2087R mutant
compared with the WT ARID1A C-terminal protein (Figure 3.7G), which further increased
upon treatment with MG-143, suggesting proteasome-mediated degradation (Figure 3.7H). In
contrast, we found that truncation of the C-terminus at position Y2254 (Y2254*) resulted in
complete loss of interaction between ARID1A and BAF complexes (Figure 3.7I,J).
Remarkably, this small deletion of the C-terminal 31 amino acid residues completely abolished
assembly, indicating that any truncating mutations in preceding residues would similarly disrupt
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binding. Taken together, these studies evaluated different routes toward ARID1A disruption,
each of which result in inhibited assembly of fully formed complexes. Loss of ARID1A is not
compensated by increase expression of ARID1B, which also displays lower expression than
ARID1A in most tumor samples (Figure S3.14E-G). These data indicate that ARID1A is highly
sensitive to disruption by numerous means including truncating mutations and point mutations
resulting in significant impact on BAF complex assembly.

Discussion
This study presents a comprehensive architectural framework for the mSWI/SNF chromatin
remodeler complex family, including the assembly pathways and inter- and intra-module
linkages across three distinct complexes. Integrating multiple complex purifications with size
fractionation, mutagenesis, and CX-MS, we defined intra-complex modular architecture and
stoichiometry, evolutionary relationships, and the predicted effects of disease-associated
mutations on complex architecture and assembly.

One particularly unexpected result is that the initial core for all three mSWI/SNF family
complexes is a heterotrimer consisting of two SMARCC subunits (as a dimer) and one
SMARCD subunit. Although previous in vitro subunit co-purifications had suggested a “minimal
BAF complex” consisting of SMARCA4, SMARCC1, SMARCC2, and SMARCB134, we found
that neither complex assembly pathways nor corss-linking mass spectrometry profiles of full
cBAF or PBAF complexes implicated this tetramer as a physiologic core in mammalian cells.
Indeed, these new results may begin to explain the challenges that have been faced in obtaining
high-resolution structural information on this complex and in using such minimal complexes for
small molecule screening efforts. The importance of the initial mSWI/SNF core in the assembly
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of all three full complexes is highlighted by its requirement in global complex stability and the
interaction of the majority of subunits. This initial core is present in all three mSWI/SNF
complexes, although the newly-identified ncBAF complex assembles exclusively around a
SMARCC1/SMARCD1 initial core and lacks SMARCE1 and SMARCB1 subunits, indicating
fundamental differences and possible compensation in biochemical activity.

SMARCE1 and SMARCB1 subunits have more minimal impacts on cBAF assembly;
SMARCE1 is required for stable interaction with ARID and ATPase subunits, while, SMARCB1
subunit does not appear to significantly impact the assembly of canonical BAF complexes,
consistent with our recent findings22. Network modularity analyses of cross-linking mass
spectrometry data place SMARCB1 in the ATPase module since it forms crosslinks with
SMARCA and BCL7 subunits as well as the SMARCC initial core dimer. However, biochemical
purification of SMARCB1-bound complexes clearly shows its presence in the BAF core module.
Previous studies have demonstrated a role for SNF5 in regulating chromatin remodeling activity
of the S. cerevisiae complex17. While SNF5 and SMARCB1 subunits are largely dispensable for
complex integrity in both yeast and human settings, respectively, we observed that these
orthologs exhibit different module associations in distantly-related eukaryotes, suggesting that
SMARCB1 may play a role in dynamically regulating SWI/SNF complex ATPase activity. Our
data suggest that in mammalian complexes, SMARCB1 may play a dynamic role in regulating
mSWI/SNF complex acitivity.

ARID subunits (ARID1A, ARID1B, and ARID2) are among the most frequently mutated
subunits in human disease. Importantly, we found that ARID subunits are the major determinants
of branching of the assembly pathway toward BAF or PBAF complexes. Formation of the BAF
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core module promotes recruitment of ARID subunits, potentially leading to the formation of the
large interface between initial core subunits and the ARID1 C-terminus in BAF complexes and
ARID2 CBR region in PBAF complexes. SMARCD subunits in particular play a major role in
ARID subunit binding, as their loss substantially affects ARID and subsequent ATPase subunit
binding. The role for ARID subunits in branch point assembly is further illustrated by their
interaction with ATPase module subunits SMARCA and ACTL6A. Finally, the absence of any
ARID subunits in the newly-identified ncBAF complex suggests an alternative, ARIDindependent mode of binding the ATPase module (likely mediated by GLTSCR1 and
GLTSCR1L subunits).

Recent studies of multiprotein complexes have suggested that they assemble in directed, modular
manners with defined and evolutionary-conserved subcomplexes35, 36. Indeed, our analysis of
cross-linking mass spectrometry-identified linkages within SWI/SNF complexes of two other
eukaryotic species reveals evolutionary conservation of the complex modularity we identified in
mammalian cells. Conserved structural properties of these complexes suggest separation and
divergence of complex functions. Although the ATPase domain has been implicated in
nucleosome sliding37, the role for the other modules and subunits in both ATPase activity and
nucleosome remodeling remains poorly understood. Extensive DNA binding surfaces on both the
BAF core and ARID modules may play critical roles in directing forces from the ATPasenucleosome-DNA interaction. Further studies will be required to define the role for each subunit
and domain in complex targeting and in the modulation of ATPase-driven nucleosome
remodeling.
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Finally, our findings suggest that BAF inter- and intra-modular interactions are altered by
mutations found in many human cancers and other diseases, and that these mutations disrupt the
normal complex assembly pathway or subunit protein stability. A prime example of this lies in
the extensively-mutated ARID1A subunit, including both nonsense mutations and missense
mutations which are disproportionately skewed to the C-terminal domain that we found is
required for BAF complex binding.

Taken together, these studies present new opportunities for structural and functional
characterization of this family of mammalian chromatin remodeling complexes which exhibit
outsized roles in human disease. This new understanding of the architecture and modular
organization of mSWI/SNF complexes greatly potentiates the ability to assign density to subunits
or modules in efforts to achieve 3D structure, to link structure to biochemical activity, and to
develop meaningful small-molecule screening strategies, collectively serving as a critical
foundation in the quest to define mechanisms of mSWI/SNF-mediated chromatin remodeling in
normal and disease states.

Materials and Methods
Mammalian Cell Culture
HEK-293T, MIA-Pa-Ca-2 and SW13 cells were cultured in standard DMEM (Gibco) media
supplemented with 10% FBS (Gibco), 1mM HEPES pH 7.5 (Gibco), Pen/Step (Gibco). Cells
were evaluated to confirm wild-type gene sequences and gene expression for BAF complex
subunits using RNA-seq. Cells were transduced with lentivirus at 50% confluency and selected
with blasticidin at 10 ug/ml. Cell cultures were expended to 50-250 150mm dishes and used for
mSWI/SNF complex purifications.
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Drosophila melanogaster Cell Culture
Drosophila S2 cells were cultured in SFX-Insect™media at 28°C with constant shaking at
112rpm. To generate stable cell lines, cells were plated in 6 well plates at 2x106 and transfected
with 2µg of expression construct using Effectene Transfection Reagent in accordance with
manufacturers recommendation. Cells were selected using 250µg/ml of hygromycin or 10µg/ml
of puromycin for 10 days and expanded to 1 liter culture for complex purification. 1-L cultures
were induced with 500 µM copper sulfite for 72 hours and collected by centrifugation at 4000 g
for 5 minutes. Cell pelleters were processed identically to mammalian cells.

Constructs and cloning
Bap60-Flag/HA (clone FMO08119) expression construct was obtained from the BDGP Tagged
ORF Collection (FMO clones) from Drosophila Genomics Resource Center.

Full-length constructs were amplified from cDNA with primers complementary to the 5’ and 3’
ends of the coding sequence of the gene using Phusion High-Fidelity DNA Polymerase with GC
buffer (NEB) or with Q5 High-Fidelity Polymerase (NEB). Purified PCR products were cloned
into a modified pTight vector from Clonetech (EF1-alpha promoter) containing blasticidin
resistance using In-Fusion (Clontech) at the NotI cloning site. Recombination products were
transformed in to One Shot Stbl3 chemically competent E. coli (Invitrogen).

For HA-ARID1A C-term corresponding to aa1611-2285, the cloning region was selected based
on conservation analysis and CX-MS data. HA-ARID1A C-term was cloned into a modified
pTight vector from Clonetech (EF1-alpha promoter) containing blasticidin resistance.
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For mini ARID2 (mARID2), the cloning region was selected based on CX-MS data
corresponding to N-terminal aa1-626 fused to C-terminal aa1592-1835. The N-terminal (aa1626) and C-terminal (aa1592-1835) fragments were PCR amplified separately, with the primers
designed at the 3’ end of the aa1-626 and the 5’ end of aa1592-1835 containing 27 base pairs of
complementarity. N-terminal and C-terminal regions of ARID2 were amplified independently
and gel purified as above, and fused together in a second PCR reaction using equal ratios of Nterminal and C-terminal fragments and the 5’ N-terminal and 3’ C-terminal primers. The final
mARID2 construct was cloned into a modified pTight vector (EF1-alpha promoter) containing
Blast resistance using In-Fusion (Clontech) using the NotI cloning site as for all full length genes
described above.

SS18 was cloned into pENTR D-Topo vector and recombined into pMSCV Flag-HA IRES Puro
retroviral vector (Gift from Wade Harper laboratory (HMS) and Addgene). All constructs were
sequence validated.

Generation of knockout HEK-293T cell lines
CRISPR-Cas9 KO constructs were purchased from Santa Cruz (See Table 3.1) and transfected
into HEK-293T cells using Lipofectamine 3000 reagent. Cells were selected with puromycin at
2µg/ml for 5 days. Single cell clones were isolated and subsequently screened for loss of subunit
expression using immunoblot.
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Table 3.1. CRISPR-Cas9 knockout constructs used in this study.
CRISPR-Cas9 Constructs
Plasmid
Manufacturer
BAF57 CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
Ini1 CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
ARID1A CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
ARID1B CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
Brm CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
BAF155 CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
BAF170 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
BAF60A CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
BAF60B Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
BAF60C CRISPR/Cas9 KO Plasmid (h)
Santa Cruz
Biotechnology
BRG-1 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
BRD7 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
ARID2 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
PBRM1 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
SS18 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
CREST Double Nickase Plasmid (h)
Santa Cruz
Biotechnology
BRD9 Double Nickase Plasmid (h)
Santa Cruz
Biotechnology

Catalog Number
Cat#sc-404713
Cat#sc-401485
Cat#sc-400469
Cat#sc-402365
Cat#sc-401049KO-2
Cat#sc-400838
Cat#sc-402023NIC
Cat#sc-402641
Cat#sc-403091NIC
Cat#sc-402707
Cat#sc-400168NIC
Cat#sc-416299NIC
Cat#sc-401863NIC
Cat#sc-403988NIC
Cat#sc-401575NIC
Cat#sc-403134NIC-2
Cat#sc-404933NIC

Protein purification
Complexes were purified essentially as previously described with modifications38. Stable cell
lines were cultured in 150mm dishes and expanded to required quantity, depending on the assay
and bait expression levels. Cells were scraped from plates and washed with cold PBS.
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Suspension was centrifuged at 3000 rpm for 5 min at 4°C and pellets were resuspended in
hypotonic buffer (HB) containing 10mM Tris HCl pH 7.5, 10mM KCl, 1.5 mM MgCl2, 1mM
DTT, 1mM PMSF and incubated on ice for 5min. Suspension was centrifuged at 5000 rpm for 5
min at 4°C, and pellets were resuspended in 5 volumes of fresh HB containing protease inhibitor
cocktail and homogenized using glass Dounce homogenizer with 5 strokes. Suspension was
layered onto HB sucrose cushion containing 30% sucrose w/v, centrifuged at 5000 rpm for 1
hour at 4°C and cytosol-containing layer was discarded. Nuclear pellets were resuspended in
high salt buffer (HSB) containing 50mM TrisHCl pH 7.5, 300mM KCl, 1mM MgCl2, 1mM
EDTA, 1mM, 1% NP40, 1mM DTT, 1mM PMSF and protease inhibitor cocktail. Homogenate
was incubated on rotator for 1H. Homogenates then were centrifuged at 20,000 rpm (30,000g)
for 1 hour at 4°C using an SW32Ti rotor.

Chromatin pellets were discarded and high salt nuclear extract was filtered through a 0.45µm
filter and incubated overnight with HA magnetic resin. HA beads were washed in HSB and
eluted with HSB containing 1mg/ml of HA peptide for 4 times 1.5 hour each. Eluted proteins
were then subjected to density gradient centrifugation or dialysis.

Density sedimentation gradients
Eluted protein complexes or nuclear extracts were loaded on top of the linear 10-30% glycerol
gradient containing 25mM HEPES pH 7.9, 0.1mM EDTA, 12.5 mM MgCl2, 100mM KCl
supplemented with 1mM DTT and protease inhibitors. Tubes were loaded into SW41 rotor and
spun down at 40000 rpm for 16 hours at 4°C. 550ul fractions were manually collected from the
top of the gradient. Fractions were concentrated using 10ul of Strataclean beads and loaded onto
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SDS-PAGE gels and either stained using Silver Quest staining kit, or used for western blot
analysis.

Co-Immunoprecipitation
Cells were washed with cold PBS and resuspended in EB0 hypotonic buffer containing 50mM
Tris pH 7.5, 0.1% NP-40, 1mM EDTA, 1mM MgCl2 supplemented with protease inhibitors.
Lysates were pelleted at 5,000rpm for 5min at 4°C. Supernatants were discarded and nuclei were
resuspended in EB300 high salt buffer containing 50mM Tris pH 7.5, 300mM NaCl, 1% NP-40,
1mM EDTA, 1mM MgCl2 supplemented with protease inhibitors. Lysates were incubated on ice
for 10 min with occasional vortexing. Lysate was pelleted at 21000g for 10 min at 4°C.
Supernatants were quantified and supplemented with 1 mM DTT. 1mg of protein was used for
immunoprecipitation with 2-5ug of antibodies over night at 4°C. Protein-G Dynabeads were
added for 2 hours and washed with EB300. Beads were eluted with loading LDS and loaded onto
SDS-PAGE. See Table 3.2 for antibodies used in this study.

Immunoprecipitation under denaturing conditions
Cells were grown to 80% confluency and treated with MG132 at 20uM for 8 hours. Cells were
washed with PBS and lysed in buffer containing 25mM Tris pH 7.5 and 1.5% SDS. Lysates were
collected and boiled for 5 minutes. Lysates were sonicated and dissolved in EB300 buffer to
dilute SDS concentration to 0.1%. Diluted extracts were incubated with HA beads overnight,
washed with EB300 5 times and resuspended in LDS for loading.
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Colloidal blue labeling
For stoichiometric quantification 1µg of purified DPF2 cBAF complexes were loaded onto SDSPAGE, stained with colloidal blue according to manufacturer’s recommendations and scanned
using Li-Cor Odyssey CLx in 700 channel, bands were quantified and normalized to protein
molecular weight and DPF2 signal39.

Western Blotting
Western blot analysis was performed using standard technique and imaged using Li-Cor Odyssey
CLx. Samples were separated on 4-12% PAGE gels and transferred onto PVDF membranes.
Membranes were blocked with 5% milk PBST and incubated with primary antibodies for three
hours or over-night. Membranes were then washed with PBST three times and incubated with
secondary fluorophore-conjugated species-specific secondary antibodies (Li-Cor) for one hour.
Subsequently, membranes were washed 3 times with PBST and one final time with PBS before
being imaged on the Li-Cor Odyssey CLx. See Table 3.2 for antibodies used in this study.
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Table 3.2. Antibodies used in this study.
Antibodies
Antibodies and application
Mouse Anti-SMARCA4 (BRG1) (G-7) (WB)
Rabbit Anti-SMARCA4 (BRG1) (D1Q7F) (IP)

Manufacturer
Santa Cruz
Cell Signaling
Technology
Homemade
Santa Cruz
BD Biosciences
Santa Cruz
Cell Signaling
Technology
Cell Signaling
Technology
Santa Cruz
Cell Signaling
Technology
Santa Cruz
Abcam
Bethyl
Santa Cruz
Santa Cruz
Santa Cruz
Thermo Fisher
Scientific
Cell Signaling
Technology
Cell Signaling
Technology
Bythyl
Millipore
Santa Cruz
Santa Cruz
Abcam
Abcam
Cell Signaling
Technology
Santa Cruz
Cell Signaling
Technology

Bcl7c
Mouse Anti-INI1 (BAF47) (A-5) (WB)
Rabbit Anti-SMARCC1 (H-76) (WB)
Rabbit Anti-SMARCC1 D7F8S (155-7) (IP)
Rabbit Anti-SS18 (D6I4Z) (IP)
Mouse Anti-ARID1A (BAF250A) (C-7) (WB)
Rabbit Anti-ARID1A D2A8U (IP)
Mouse Anti-ARID2 (BAF200) (E-3) (IB)
Rabbit Anti-DPF2 (WB)
Rabbit Anti-SMARCE1 (WP)
Mouse Anti-SMARCD1 23 (WB)
Mouse Anti-SS18 A10 (WB)
Mouse Anti-GAPDH (G-9) (IB)
Mouse Anti-V5 tag (WB)
Rabbit Anti-V5 tag (D3H8Q) (IP)
Rabbit Anti-IgG (IP)
Rabbit Anti-Actl6A (WB)
Rabbit Anti-PBRM1 (WB)
Mouse Anti-BRD7 B-8 (WB)
Mouse Anti-GLTSCR1 (H-10) (IB)
Rabbit Anti-BRD9 (WB)
Rabbit Anti-ARID1B (WB)
Rabbit Anti-HA (C29F4) (WB)
Mouse Anti-Ubiquitin (P4D1) (WB)
Rabbit Anti-SMARCA4 (D1Q7F) (WB)
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Catalog Number
Cat#sc-17796
Cat#49360S
N/A
Cat#sc-166165
Cat#612111
Cat#sc-10756
#11956S
Cat#21792S
Cat#sc-373784
Cat#12354
Cat#sc-166117
Cat# ab134942
Cat# A300-810A
Cat# sc-135843
Cat# sc-365170
Cat#sc-365062
Cat#P/N-46-0705
Cat#13202S
Cat#2729S
Cat# A301-391A
Cat# ABE70
sc-376180
Cat#sc-515086
Cat#ab137245
Cat# ab84461
Cat# #3724S
Cat#sc-8017
Cat# #49360S

Mass-spectrometric sample preparation, protocol, and data analysis
Sample preparation. Equal amounts of selected fractions from glycerol gradient-separated
complexes were concentrated using StrataClean beads and loaded onto SDS-PAGE gels.
Samples were migrated 2cm into the gel, stained with colloidal blue stain and excised for MS
analysis. All subsequent gradient MS steps were performed at the Taplin Biological Mass
Spectrometry Facility directed by Dr. Steven Gygi (Harvard Medical School).

Excised gel bands were cut into approximately 1 mm3 pieces. Gel pieces were then subjected to
a modified in-gel trypsin digestion procedure40. Gel pieces were washed and dehydrated with
acetonitrile for 10 min. followed by removal of acetonitrile. Pieces were then completely dried
in a speed-vac. Rehydration of the gel pieces was with 50 mM ammonium bicarbonate solution
containing 12.5 ng/µl modified sequencing-grade trypsin (Promega, Madison, WI) at 4ºC. After
45 min., the excess trypsin solution was removed and replaced with 50 mM ammonium
bicarbonate solution to just cover the gel pieces. Samples were then placed in a 37ºC room
overnight. Peptides were later extracted by removing the ammonium bicarbonate solution,
followed by one wash with a solution containing 50% acetonitrile and 1% formic acid. The
extracts were then dried in a speed-vac (~1 hr). The samples were then stored at 4ºC until
analysis.

On the day of analysis the samples were reconstituted in 5 - 10 µl of HPLC solvent A (2.5%
acetonitrile, 0.1% formic acid). A nano-scale reverse-phase HPLC capillary column was created
by packing 2.6 µm C18 spherical silica beads (Accucore, ThermoFisher) into a fused silica
capillary (100 µm inner diameter x ~30 cm length) with a flame-drawn tip41. After equilibrating
the column each sample was loaded via a Famos auto sampler (LC Packings, San Francisco CA)
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onto the column. A gradient was formed and peptides were eluted with increasing concentrations
of solvent B (97.5% acetonitrile, 0.1% formic acid).

As peptides eluted they were subjected to electrospray ionization and then entered into an LTQ
Orbitrap Elite ion-trap mass spectrometer (ThermoFisher Scientific, Waltham, MA). Peptides
were detected, isolated, and fragmented to produce a tandem mass spectrum of specific fragment
ions for each peptide. Peptide sequences (and hence protein identity) were determined by
matching protein databases with the acquired fragmentation pattern by the software program,
Sequest (Thermo Fisher Scientific, Waltham, MA)42. All databases include a reversed version of
all the sequences, and the data were filtered to a 1% false discovery rate based on linear
discriminant analysis 43. All raw data from all fractions of gradient mass spectrometry across all
experiments are found in Appendix.

Analyses of gradient-mass spectrometric data. Total spectral counts (peptides) for each protein
subunit within mSWI/SNF complexes in each gradient fraction were assembled into elution
profiles and used for downstream analysis. For all panels showing mSWI/SNF complex
purification elution profiles, the total peptide counts are min-max normalized separately for each
subunit across fractions. Peptide counts are represented both as wave plots and heatmaps. For
waveplots, SS18 and SS18L1 peptide counts were combined because individually each yielded
low numbers of peptides, owing to the low number of lysines in these proteins. Z-Scores were
calculated for heatmaps across rows using the seaborns ‘z_score’ option with all default settings.

To calculate Pearson correlations across elution profiles, total peptide counts across data all
gradient fractions for each of the baits (SMARCD1, SMARCB1 and SMARCA4) were used.
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The profiles for each were appended to create a n x 3m matrix where n is the number of
mSWI/SNF proteins and m is the number of gradient fractions in each experiment. The
correlation across these three appended sample profiles was calculated using numpy. The total
peptide counts for paralogs of the baits used were excluded (i.e. SMARCD2/3 in the SMARCD1
purification, SMARCA2 in the SMARCA4 purification, etc.).

In order to generate the heatmap reflecting the impact of subunit loss (Figure 3.7B), a
normalization ratio was calculated by dividing the total number of mSWI/SNF subunit peptides
captured across all fractions in each experiment by the mean peptide total across all experiments.
All peptide numbers in a particular experiment were multiplied by this ratio to account for
potential differences in peptide abundance between experiments. After normalization, the
fraction in each experiment with the most total peptides for a given protein was taken and
divided by the number of (normalized) peptides in the WT SMARCC1 pull down condition,
yielding the proportion of normalized peptides in the mutant condition over the wild-type
condition. This was repeated for all proteins and then clustered using scipy hierarchical
clustering (from inside the seaborn clustermap package); correlation between samples was used
as the distance metric for the clustering. Paralogs of the bait for the mutant samples (SMARCD2
and SMARCD3), proteins that had low numbers of peptides across samples (BCL7B and SS18),
and ACTB were excluded from the heatmap.

Protein Sample preparation for cross-linking mass-spectrometry (CX-MS)
Native protein complexes were eluted in detergent free elution buffer and dialyzed over night
against amine free buffer containing 25mM HEPES pH 7.9, 1 mM EDTA, 1 mM MgCl2,
100mM KCl 10% Glycerol supplemented with 1mM DTT. Samples were concentrated using
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Amicon Ultra centrifugal filters with 30K cutoff and subjected to BS3-based crosslinking and
mass spectrometry described below.

BS3 crosslinking and cross-linking mass spectrometry (CX-MS) analysis
Purified protein complexes in 25mM HEPES pH 7.6, 150 mM KCl, 1mM EDTA, 1mM MgCl2,
1mM DTT, 1mM PMSF and 10% Glycerol, were crosslinked by addition of BS3 (Thermo
Scientific; freshly prepared as 100 mM in pure water) to 2 mM for 2hrs at 25º C. The protein
amounts used were HA-DPF2: 70 µg; Flag-HA-SS18: 52µg; HA-BRD7: 17µg; HA-PHF10:
15µg; BAP60-HA: 52µg; HA-D4: 60µg. The reactions were quenched by addition of 10 uL of
1M ammonium bicarbonate. For the HA-DPF2, FLAG-HA-SS18 and HA-BRD7 samples, an
equal volume of trifluoroethanol (TFE) was added and the samples were incubated at 60º C for
30 minutes to denature the proteins. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was
added to a final concentration of 5 mM. The samples were alkylated by addition of
iodoacetamide (IAA) to 10 mM. After incubating at 37º C for 2 hrs in the dark, the samples
were diluted 10-fold with 0.1 M ammonium bicarbonate and digested with trypsin (Promega,
Madison, WI) at a ratio of 20:1 (protein:trypsin) overnight at 37º C. For the HA-PHF10, BAP60HA and HA-D4 samples, we followed the sample preparation protocol using SP3 beads
previously described44: 10uL of SP3 beads (10ug/uL ) and an equal volume of acetonitrile were
added to the crosslinked samples and incubated at 60º C for 30 minutes with shaking. Then the
beads were concentrated with a magnet and washed with 70% ethanol and 100% acetonitrile.
The beads were then suspended in 100 uL 8M Urea in 1 M ammonium bicarbonate and treated
with TECP/IAA for 2 hrs at 37º C in the dark. Then the samples were diluted 10 times with
water and digested by addition of trypsin (20:1, protein:trypsin) overnight at 37º C.
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All peptide samples were desalted by passage over C18 cartridges (The Nest group,
Southborough, MA), and dried by Speed-Vac. The peptides were resuspended in 50 µL Buffer A
(25 mM ammonium formate, 20% acetonitrile, 0.1% formic acid, pH 2.8). 1 µg of each sample
was reserved for direct MS analysis and the remaining sample was fractionated using an in-house
prepared microcapillary strong cation exchange column (200 mm X 20 cm; 5 µm, 200 Å
partisphere SCX, Whatman or Proteomix SCX 3um, Sepax Technologies). We used a binary
HPLC pump with split flow with microcapillary flowrate at 2-3 uL/min. Peptides were loaded
onto the microcapillary column equilibrated in Buffer A and washed with Buffer A. Bound
peptides were eluted with 20 μl of Buffer A containing 30%, 50%, 70%, and 100% Buffer B
(800 mM ammonium formate, 20% acetonitrile, pH 2.8), followed by 50 μl elutions with Buffer
B containing 5%, or 10% Buffer D (0.5 M ammonium acetate, 30% acetonitrile),or just 20 μl of
Buffer D. All fractions were dried in a Speed-vac, and resuspended in 0.1% trifluoroacetic acid
(TFA), 2% acetonitrile.

Peptides were analyzed by electrospray ionization microcapillary reverse phase HPLC on a
Thermo Scientific Fusion with HCD fragmentation and serial MS events that included one
FTMS1 event at 30,000 resolution followed by FTMS2 events at 15,000 resolution. Other
instrument settings included: MS1 scan range (m/z): 400-1500; cycle time 3 sec; Charge states 410; Filters MIPS on, relax restriction = true; Dynamic exclusion enabled: repeat count 1,
exclusion duration 30s; Filter IntensityThreshold, signal intensity 50000; Isolation mode,
quadrupole; Isolation window 2Da; HCD normalized collision energy 28%, isolation width 2 Da;
AGC target 500,000, Max injection time 200ms. A 90 min gradient from 5% ACN to 40% ACN
was used.
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CX-MS database search and crosslinked peptide identification
The RAW files were converted to mzXML files by Rawconverter 45. For crosslinked peptide
searches, we used two different crosslink database searching algorithms: pLink46 and an in-house
designed Nexus. Crosslinking data were analyzed using pLink46 with default settings (precursor
monoisotopic mass tolerance: ±10 ppm; fragment mass tolerance: ±20 ppm; up to 4 isotopic
peaks; max evalue 1; static modification on Cysteines; 57. 0215 Da; differential oxidation
modification on Methionines; 15. 9949 Da) against a database containing only BAF or PBAF
protein sequences.

For Nexus searches, the same databases were used with the following parameter settings: (a) up
to three miscleavages; (b) static modification on Cysteines (+57.0215 Da); (c) differential
oxidation modification on Methionines (+15.9949 Da); (d) differential modification on the
peptide N-terminal Glutamic acid residues (-18.0106 Da) or N-terminal Glutamine residues (17.0265 Da); (e) differential mono-BS3 modification on Lysine residue (+156.0806 Da). A 5%
of FDR cutoff was used for both pLink and Nexus. After performing the pLink and Nexus
analyses, the search results were combined and each spectrum was manually evaluated for the
quality of the match to each peptide using the COMET/Lorikeet Spectrum Viewer (TPP).
Crosslinked peptides are considered confidently identified if at least 4 consecutive b or y ions for
each peptide are observed and the majority of the observed ions are accounted for. Search results
that did not meet these criteria were removed. Intralinks involving a crosslink between identical
residues were only kept if the spectral evidence strongly supported the identification; that is, the
major fragment ions correspond to the intralinked peptide sequence and no/few other fragment
ions were observed. The percentage of spectra deleted after manual examination was: for DPF2
(11% for interlinks, 5.1% for intralinks), SS18 (30% for interlinks, 5.6% for intralinks), BRD7
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(34.9% for interlinks, 15.7% for intralinks), PHF10 (25.7% for interlinks, 9.7% for intralinks),
BAP60 (10.4% for interlinks, 9.4% for intralinks), HAD4 (33.7% for interlinks, 10% for
intralinks). Crosslinks that met these criteria were uploaded into ProXL for viewing and data
analysis47. All of the data including the spectra, linkages and structure analyses can be visualized
at: https://www.yeastrc.org/proxl_public/viewProject.do?project_id=127

All the raw files are deposited at proteome Xchange48, 49: http://www.proteomexchange.org/
The PRIDE access numbers are: PXD010122, PXD010123, PXD010124, for BAF, PBAF and
BAP (Drosophila) respectively.

Computational Analysis
Unless otherwise noted, all data analysis was performed using Python version 2.7. Plots were
generated using matplotlib and the seaborns data visualization packages.

Structural Analysis
A complete list of SWI/SNF structures was compiled from the Protein Data Bank. If multiple
structures existed for a domain or protein, the structure with the highest resolution was selected.
If a single domain had structures in multiple organisms, the structure from the organism most
similar to humans was selected. For each protein that had an available structure, the canonical
FASTA sequence was aligned to the sequence of the structure using EMBOSS needle 6.6.0 in
order to create a map from the FASTA sequence numbers and the structure residue numbers. For
each internal cross link between two residues that were both in the structure, the distance
between carbon alphas was calculated and recorded in angstroms. All structures were
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represented using PyMOL, crosslinks were displayed on the structure using the PyMol distance
function.

Network schematics of SWI/SNF complexes from crosslinking data
For each complex, a directed network was built with subunits as nodes. Directed edges were
shown between subunits with crosslinks between them. The maximum out-degree of each
subunit was fixed to be two, where edges were preserved by taking the top edges ranked by
number of crosslinks. Modules were colored by membership in communities as detected by the
igraph implementation of Louvain clustering (cluster_louvain). Networks were plotted with
igraph in R. For yeast and human networks, any edges with fewer than 10 crosslinks mapping
between the subunits were removed. For Drosophila complexes, these analyses were not
performed because of the lower crosslink count compared to the other two networks.

Crosslinking Maps
Each protein was divided in to amino acid regions (defined in Figures S3.2F, S3.3A, and S3.4A).
Crosslinks between protein regions were counted, paralog proteins were considered equivalent.
A small number of proteins (BRD9, GLTSCR1, DPF1, DPF3, HNRL1) were excluded from this
analysis because of their very low peptide counts.

When these are clustered the matrix from above was filtered for a protein family of interest
(SMARCC, ARID1/2 and SMARCA respectively). Only domains that had a total of at least 3
external crosslinks to any domain in this family of interest were included. Any external
crosslinks between proteins in the family of interest were excluded (except for the SMARCC).
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The rows were clustered using the seaborns clustermap function with all clustering options set to
default, columns were not clustered.

Conservation analysis
Domain binding correlation
For each comparison of organisms, a matrix of external crosslinks between domains within each
organism was created, as described above. For humans, all paralogs were collapsed and
considered as single entities. All domains that were not present in both species were removed,
leaving n orthologous domains. (51 for humans to flies, 38 for humans to yeast, 38 for flies to
yeast,). The n X n matrices were ordered such that they had the same order of orthologous
domains on both axes. The Pearson correlation between each domain di in (1…n) in organism i
was correlated with each domain dj (1…n) in organism to get a full set of binding correlations
between every domain. A z-score was calculated for each correlation value across this set, and
they were then ranked.

Mutational analysis
Global Mutations
For every gene and protein included in the TCGA database (https://cancergenome.nih.gov/), the
number of non-silent mutations per amino acid was calculated. A z-score value for each protein
was calculated from this list. The list was then ranked and plotted.
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Truncation Mutation Impact
Tumor mutation data for each protein was downloaded from cBioPortal. Cell line data was
excluded. For each protein, the number of mutations (nonsense, frame shift in/dels or splice site
mutations) that resulted in a truncation/amino acid was calculated.

For each protein p, 5000 random integers were selected between 1 and the length of p using
numpy.random.randint. Each of these integers represents the position of a random mutation. For
each of these simulated ‘mutations’, the proportion of external crosslinking sites (lysines that
crosslink to another mSWI/SNF protein) that occur beyond the mutation (and thus would be lost
in the random ‘truncation’) was calculated. A mean fraction of sites lost was calculated over the
5000 runs for each protein.
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Abstract
Mammalian SWI/SNF chromatin remodeling complexes exist in three distinct, final-form
assemblies: canonical BAF (cBAF), PBAF, ncBAF. However, their complex-specific targeting
on chromatin, functions, and roles in disease remain largely unknown. Here, we
comprehensively mapped complex assemblies on chromatin and found that ncBAFcomplexes
uniquely localize to CTCF sites and promoters. We identified ncBAF subunits as synthetic lethal
targets specific to synovial sarcoma and malignant rhabdoid tumor, which both exhibit cBAF
complex perturbation. Chemical and biological depletion of the ncBAF subunit, BRD9, rapidly
attenuates synovial sarcoma and malignant rhaboid tumor cell proliferation. Importantly, in
cBAF-perturbed cancers, ncBAF complexes retain their hallmark localization to CTCF sites and
promoters, and maintain gene expression at retained mSWI/SNF sites to support cell
proliferation in a manner distinct from fusion oncoprotein-mediated targeting. Taken together,
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these findings unmask the unique targeting and functional roles of ncBAF complexes and present
new cancer-specific therapeutic targets.

Introduction
Mammalian SWI/SNF (mSWI/SNF) complexes are ATP-dependent chromatin remodelers that
modulate genomic architecture and DNA accessibility, enabling timely and appropriate control
of gene expression1, 2. They are combinatorially assembled from the products of 29 genes into
three primary final-form assemblies: canonical BAF (cBAF), polybromo-associated BAF
(PBAF), and non-canonical BAF (ncBAF). Importantly, combinatorial assembly of mutually
exclusive paralog subunits in mammalian SWI/SNF complexes gives rise to hundreds of possible
subunit combinations. Although the majority of subunits are shared between distinct assemblies,
certain subunits specify distinct, final-form complexes, such as PBRM1, ARID2, and BRD7 in
PBAF complexes, ARID1A/1B and DPF2 in cBAF complexes, and GLTSCR1/1L and BRD9 in
ncBAF complexes (Chapter 2)3, 4. The specific genome-wide targeting and functions of these
distinct complexes, however, remain poorly understood, owing in part to limitations in
understanding their full subunit composition, combinatorial parameters, complex assembly
pathways, and the paucity of robust strategies to map the relative localization of distinct
complexes on chromatin.

Exome-wide sequencing studies in human cancer as well as intellectual disability syndromes
have begun to suggest subunit-specific contributions to mSWI/SNF function as specific subunits
are mutated in specific disease types. Over 20% of human cancers bear mutations to the genes
encoding subunits of mSWI/SNF chromatin remodeling complexes5, 6, and specific subunits are
specifically and recurrently mutated in particular malignancies, pointing toward distinct
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functions for these subunits and the complexes into which they are assembled. For example,
>98% of cases of malignant rhabdoid tumors (MRT), a rare and aggressive pediatric cancer, are
defined by biallelic loss of the SMARCB1 gene, which encodes the
SMARCB1/BAF47/hSNF5/INI1 subunit of BAF and PBAF (but not ncBAF) complexes7-9.
Furthermore, loss-of-function mutations in complex-defining subunits, including ARID1A and
PBRM1, recur in distinct cancers, such as ovarian clear cell carcinoma and renal clear cell
carcinoma, respectively10, 11.

While the majority of mutations in mSWI/SNF genes result in loss-of-function phenotypes, the
SS18-SSX fusion hallmark to synovial sarcoma results in de novo gain-of-function targeting of
BAF complexes, which activates the unique synovial sarcoma gene expression signature12.
Incorporation of the SS18-SSX oncoprotein into BAF complexes results in protein-level
destabilization of SMARCB1 (a feature shared with MRT), but this event is secondary and not
required for maintenance of synovial sarcoma gene expression or proliferation12. Finally, genetic
perturbation screens in cell lines bearing mutations in mSWI/SNF subunits that are part of
paralog families (i.e. SMARCA4 and ARID1A) have unveiled synthetic lethal dependencies on
residual complexes assembled with their rarely-mutated partner paralogs (i.e. SMARCA2 and
ARID1B)13, 14. Collectively, these findings further highlight subunit- and paralog-specific
biological roles, such as those demonstrated in the development of the vertebrate nervous
system15-18.

Defining the functional differences among the diverse array of complexes within the mSWI/SNF
family represents a major goal for the field at large. In this study, we used biochemical and
bioinformatic approaches to map all three complexes on chromatin, which revealed an

108

unexpected, complex-specific localization of ncBAF complexes to CTCF and promoter-proximal
sites. Using genome-scale CRISPR-Cas9 and shRNA-based screens, we find that cancers driven
by core cBAF perturbations, such as synovial sarcoma and MRT, are uniquely dependent on
ncBAF function. We use these specific contexts coupled with small molecule inhibition and
degradation to elucidate domains on ncBAF-specific subunits which underlie this synthetic lethal
relationship. We further demonstrate that perturbation of ncBAF complexes is, unexpectedly,
mechanistically distinct from perturbation of synovial sarcoma disease-driver SS18-SSX and that
in both synovial sarcoma and malignant rhabdoid tumors ncBAF plays critical roles in
maintaining gene expression at retained mSWI/SNF sites.

Results
Distinct function and genome-wide localization across mSWI/SNF complex families
Recent genome-scale fitness screening efforts have proven useful in the determination of
functional similarity between genes and gene classes, with genes encoding proteins involved in
similar biological pathways or protein complexes exhibiting coordinated fitness variation across
human cancer cell lines19-22. Specifically, we have previously established that mSWI/SNF
complexes are comprised of three functional modules: cBAF, PBAF, and ncBAF23. In this study,
we performed a similar analysis on a combined shRNA- and CRISPR-Cas9-based dataset
(Project Achilles, Broad Institute)19, 20, 24 as well as in an independent dataset recently released
from Project DRIVE (Novartis)22, finding that these functional relationships are preserved
(Figure 4.1A, S4.1A). Taken together, these data suggest that the biochemical entities BAF,
PBAF, and ncBAF on average represent functionally distinct entities across hundreds of cancer
cell lines, thus providing motivation to define their underlying differentiating features.
Importantly, in agreement with these functional distinctions, biochemical studies resolved
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complexes of distinct size and componentry, as demonstrated by complex purification, massspectrometry, and density sedimentation (Chapter 1 and 2).

Figure 4.1. mSWI/SNF complexes localize differentially on chromatin.
(A) Principal component analysis (PCA) performed on fitness correlations between mSWI/SNF
genes from combined genome-scale RNAi- and CRISPR-Cas9-based genetic perturbation
screens (Project Achilles, Broad Institute). (B) Venn diagram of MACS-called peaks from
BRD9, GLTSCR1 and SMARCA4 ChIP-seq experiments. (C) Heatmap representing
correlations between normalized ChIP-seq reads (log2(reads per million mapped reads (RPM)))
over a merged set of all mSWI/SNF subunit peaks. (D) Localization of ncBAF, BAF, and PBAF
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Figure 4.1 (Continued)
complexes at the VEGFA locus. (E) Heatmap of CentriMo log adjusted p-values for top motifs
returned by MEME-ChIP analysis for each ChIP-seq experiment. (F) Proportion of peaks from
EoL-1 and MOLM-13 ChIP-seq experiments overlapping CTCF peaks in MOLM-13 and EoL-1
cell lines. (G) Proportion ofncBAF-, PBAF-, and ncBAF-specific peaks overlapping with
specified chromatin features. (H) Example tracks demonstrating differential enrichment of
mSWI/SNF complex families across the AFTPH locus.

To begin to characterize these distinct assemblies and determine whether differential targeting on
chromatin may in part underlie their differences, we performed comprehensive genome-wide
mapping of cBAF, PBAF, and ncBAF complexes by performing ChIP-seq in a mSWI/SNFintact cell line, EoL-1, using antibodies against pan-mSWI/SNF subunits (SMARCC1 and
SMARCA4) and complex-specific subunits BRD9 and GLTSCR1 (ncBAF), DPF2 (cBAF), and
BRD7 (PBAF) (Figure S4.1B). Consistent with biochemical studies (Chapter 2), BRD7, DPF2,
and BRD9 and GLTSCR1 comprise subsets of all SMARCA4 ATPase subunit peaks, and peaks
from BRD9 and GLTSCR1 ChIP-seq experiments significantly overlap one another (Figure
4.1B, S4.1C-E). Comparison of peaks called from ChIPs for all three complexes revealed a
subset of peaks with differential genomic localization (Figure S4.1F), and hierarchical clustering
performed on ChIP-seq read density over the merged set of peaks across all ChIPs performed
identified distinct, complex-specific enrichment on chromatin (Figure 4.1C). As examples, we
observed relative enrichment of ncBAF complexes over the VEGFA promoter (green shade),
PBAF complex occupancy into the gene body (red shade), and enrichment of cBAF complexes
at distal sites (blue shade) (Figure 4.1D). Genome-wide, ncBAF and PBAF complexes exhibited
a distinct promoter-proximal distribution relative to canonical BAF complexes, which were
substantially more localized to distal sites (Figure S4.1G). In addition, at transcription start sites
(TSSs), PBAF complexes were more enriched over gene bodies relative to ncBAF complexes
(Figure 4.1D, S4.1H).
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Motif analyses revealed a central enrichment of cBAF complexes over known transcription
factor (TF) motifs, including FOS/JUN, AP-1, SPDEF, and ETS, (with PBAF complexes
enriched at a subset of these). However, ncBAF complexes specifically localized to CTCF
sequence motifs, sites that are known to be involved in the maintenance of DNA architecture25-28
(Figure 4.1E). We performed ChIP-seq for CTCF and found that ncBAF complexes strongly
and selectively co-localized with CTCF across cell lines (Figure 4.1E-F, S4.1I).

We next examined the distribution of ncBAF, cBAF, and PBAF complexes relative to defined
chromatin features: active enhancers (H3K27ac and H3K4me1), active promoters (H3K27ac and
H3K4me3), primed sites (H3K4me1), and CTCF co-localized sites (Figure S4.1J). Canonical
BAF complexes were most enriched at active enhancers, and a large proportion of all cBAF sites
were at primed sites, suggesting roles for cBAF in enhancer regulation (Figure 4.1G-H, S4.1KL). In contrast, a greater proportion of PBAF complexes were localized to active promoters
among the three complexes, of which PBAF complexes were also the most enriched. Finally,
ncBAF complexes were most enriched at CTCF sites, particularly CTCF sites co-localized with
H3K4me1 (Figure 4.1G-H, S4.1K-M). These CTCF co-localized sites comprised a greater
portion of all ncBAF peaks relative to cBAF and PBAF complex distributions (Figure 4.1G).
Thus, although the localization and biological roles for mSWI/SNF complexes have been most
extensively explored at enhancers in recent studies29-32, these results imply specialized roles for
ncBAF and PBAF complexes at promoters and CTCF sites, respectively, and demonstrate
distinct chromatin localization across the three mSWI/SNF final-form complexes.
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Genome-scale fitness screening reveals cancer-specific dependencies on ncBAF complexes
To determine whether ncBAF subunits were uniquely required for proliferative maintenance of
any cancer types, we analyzed CRISPR-Cas9-based screens performed across 387 cancer cell
lines19 and performed screens in 3 new synovial sarcoma cell lines (Figure S4.2A, Achilles
18Q3 dataset, https://cds.team/depmap/#). These screens identified significant, selective
sensitivity of both synovial sarcoma and MRT cell lines to perturbation of ncBAF complex
subunits BRD9, GLTSCR1, and SMARCD1 (Figure 4.2A). These dependency profiles were
specific to synovial sarcoma and MRT, both of which are sarcomas, and not to other soft-tissue
malignancies (Figure S4.2B). To corroborate these results, we analyzed shRNA-based fitness
screens performed across 398 cancer cell lines from Project DRIVE22 and again found that
synovial sarcoma (n=5) and MRT (n=4) cell lines were selectively sensitive to BRD9
suppression (Figure 4.2B, S4.2C). We further confirmed that the sensitivity of synovial sarcoma
cell lines to ncBAF perturbation (via CRISPR-Cas9 screening) was specific to SS18-SSX fusion
oncoprotein-driven synovial sarcoma, as a synovial sarcoma histological mimic cell line, SW982
(lacking the SS18-SSX fusion) was insensitive to ncBAF component perturbation (Figure 4.2C).
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Figure 4.2. ncBAF complex components are selective synthetic lethal dependencies in
synovial sarcoma and malignant rhabdoid tumor cell lines.
(A) Waterfall plots for CERES dependency scores for mSWI/SNF subunit genes across n=393
cancer cell lines screened using CRISPR-Cas9 (Project Achilles, Broad Institute). Synovial
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Figure 4.2 (Continued)
sarcoma (orange) and MRT (blue) cell lines are indicated. The dashed line represents the median
dependency. (B) BRD9 sensitivity profile across n=387 cancer cell lines in Project DRIVE
(Novartis). The median z-score in each cancer type is plotted against the two-sided Fisher’s exact
test -log10(pvalue) for BRD9 sensitivity (ATARIS score<-0.75). Annotations with FDR < 0.1 are
colored in red. (C) Heatmap of CERES scores in SYO-1 (SS18-SSX driven synovial sarcoma)
and SW982 (histological synovial sarcoma mimic without SS18-SSX translocation) ranked by
difference in dependency. (D) (Top) Immunoblot of total cell lysates from SYO-1 cells in each
knockdown condition; (Bottom) Proliferation experiments. (E) (Left) Chemical structure and
properties of dBRD9 degron compound (from Remillard et al., 2017); (Right) Immunoblot of
total cell lysates isolated from SYO-1 cells treated with either DMSO vehicle control or dBRD9
(500nM) for 3 days. (F) Proliferation experiments in SYO-1 cells treated with either DMSO
vehicle control or dBRD9 (500nM). (G) Heatmap of gene expression changes of significantly
changed genes (q<0.001 and log2(fc)>0.59) in any one of the four treatments. Genes were kmeans clustered into 2 groups, samples were clustered hierarchically. (H) (Top) Immunoblot of
total cell lysates isolated from TTC1240 MRT cells treated with either DMSO vehicle control or
dBRD9 (250nM); (Bottom) Proliferation experiments. (I) Representative colony formation assay
performed on SYO-1 treated with either dBRD9, BI-7273 (BRD9 bromodomain inhibitor), or
lenalidomide as a control.
Both synovial sarcoma and MRT are defined by mSWI/SNF subunit perturbations to the cBAF
core functional module (defined in Pan, et al., 2018). Synovial sarcoma is uniformly
characterized by the t(X;18) chromosomal translocation which produces the SS18-SSX fusion
oncoprotein, a stable and dedicated mSWI/SNF complex subunit that destabilizes SMARCB133,
34

, whereas MRT and atypical teratoid/rhabdoid tumor (AT/RT) cell lines are driven by bi-allelic

loss of the SMARCB1 gene (encoding the SMARCB1/BAF47/SNF5/INI1 subunit)7-9 (Figure
S4.2D). In synovial sarcoma, loss of proliferative fitness resulting from ncBAF subunit
perturbation was comparable to that of perturbation of SS18, the driver of disease (Figure 4.2A).
Both synovial sarcoma and MRT cell lines exhibited higher sensitivity to BRD9 loss than acute
myeloid leukemia (AML) cell lines, which have previously been reported to be sensitive to
BRD9 knockdown35, 36 (Figure 4.2A, S4.2C). We found AML cell lines were near uniformly
sensitive to depletion of a wide range of mSWI/SNF complex subunits, and not uniquely to
depletion of ncBAF components (Figure S4.2E). Interestingly, subunits such as SMARCB1
(destabilized and deleted in synovial sarcoma and MRT, respectively) as well as other cBAF and
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PBAF subunits, such as SMARCE1, ARID1A, and BRD7, did not score as dependencies
(Figure 4.2A, S4.2C), thus highlighting the selective sensitivity of these cancer types to ncBAF
subunit perturbation.

To validate these findings, we depleted BRD9 both biologically and chemically using shRNA
and dBRD9 chemical degradation (dBRD9)37. Knockdown of BRD9 in SYO-1 synovial sarcoma
cells significantly attenuated proliferation in culture, as compared to either a control shRNA or
shRNA directed against SMARCE1, a structurally essential component of cBAF and PBAF
complexes that is not part of ncBAF (Chapter 2 and 3), confirming results of both CRISPR-Cas9
and shRNA dependency screens (Figure 4.2D). Synovial sarcoma cells treated with dBRD9
exhibited near complete depletion of BRD9 from whole-cell lysates and proliferative attenuation,
approaching that which results from SS18-SSX oncoprotein knockdown (Figure 4.2E-F, S4.2FG). Cell cycle analysis performed on cells treated with BRD9 inhibitors revealed a decrease of
cells in S phase and an increase of cells in sub G1 relative to DMSO vehicle control, and annexin
V staining demonstrated an increase in apoptotic cells (Figure S4.3A-B). Furthermore, global
transcriptional profiling revealed similar effects on gene expression between dBRD9 and
shBRD9 treatments, while shSMARCE1 resulted in discordant changes and minimal
transcriptional effects (Figure 4.2G). Lastly, dBRD9 treatment of SMARCB1-deficient MRT
cell lines TTC1240 and G401 resulted in reduced proliferation (Figure 4.2H, S4.3C), whereas
dBRD9 treatment in a SMARCB1-intact epithelioid sarcoma cell line, ESX, did not (Figure
S4.3D). As mSWI/SNF complexes in synovial sarcoma and MRT/AT/RT/epithelioid sarcoma
disease settings exhibit the shared feature of cBAF perturbation and SMARCB1 (BAF47) loss or
destabilization, these results unmask a novel and selective dependency on ncBAF complexes in
two aggressive and intractable cBAF-mutant cancer types.
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Finally, to further characterize the anti-proliferative effect of BRD9 perturbation in sensitive cell
lines, we compared total degradation of BRD9 mediated by the dBRD9 degrader to inhibition of
the BRD9 bromodomain by BI-727335, 36. Colony formation assays in SYO-1, HSSYII, and Aska
synovial sarcoma cell lines demonstrated that degradation by dBRD9 was substantially and
reproducibly more potent in the inhibition of colony formation than bromodomain inhibition by
BI-7273 or treatment with lenalidomide control (Figure 4.2I, S4.3E-F). Moreover, these
treatments in cell lines lacking BAF complex perturbations did not result in colony formation
inhibition over lenalidomide control treatment (Figure S4.3G-I). These data are consistent with
the role of BRD9 in ncBAF complex stability (Chapter 3). Taken together, these data suggest
that total loss of BRD9 is more potent than inhibition of the bromodomain and support the
possibility that other domains of BRD9 may be important for BRD9 subunit function in synovial
sarcoma.

CRISPR guide RNA tiling experiments define required domains on GLTSCR1 and BRD9 ncBAF
subunits
Owing to the relative strength of the dBRD9 degrader compound versus isolated bromodomain
inhibition by BI-7273 and the effect of BRD9 KO on ncBAF abundance, we sought to identify
specific regions on BRD9 as well as other ncBAF components that uniquely underlie the
synthetic lethality in synovial sarcoma. We performed CRISPR tiling screens with an array of
guide RNAs against the exonic sequences of several subunits and their paralogs in the SYO-1
synovial sarcoma cell line (Figure 4.3A). Guides targeting regions of the disease driver SS18,
part of the SS18-SSX fusion, dropped out as expected (Figure 4.3B). Consistent with CRISPR
and RNAi screening across hundreds of cancer cell lines, cBAF- and PBAF-specific subunits
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SMARCB1 and SMARCE1 did not drop out (Figure 4.3C-D), and ncBAF-specific paralogs
SMARCD1 and SMARCC1 exhibited more drop out relative to SMARCD2/SMARCD3 and
SMARCC2, respectively, paralogs which do not assemble into ncBAF, although no domain
drops out specifically in these subunits (Figure 4.3E,F). More specifically, guides targeting the
GLTSCR domain of the ncBAF-specific GLTSCR1 and most of the coding region of BRD9,
including the bromodomain and the DUF3512, exhibited significant fitness dropout (Figure
4.3G,H). In contrast, guides targeting the bromodomain and DUF3512 of PBAF-specific BRD7,
the paralog of BRD9, did not result in reduced fitness (Figure 4.3I). Taken together, these data
highlight the synthetic lethal specificity for ncBAF components and specifically demonstrate the
importance of the GLTSCR and DUF3512 domains of GLTSCR1/1L and BRD9 in ncBAF
function in synovial sarcoma. These data are also consistent with the GLTSCR and DUF3512
domains of GLTSCR1/1L and BRD9 being involved in ncBAF complex binding and assembly
(Chapter 2 and 3).
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Figure 4.3. ncBAF subunit domains underlie complex-specific synthetic lethalities.
(A) Schematic for tiled gRNA CRISPR-Cas9 screening performed across mSWI/SNF subunit
genes in SYO-1 synovial sarcoma cells. (B) Box plot of dropout scores for guides targeting the
SS18 gene or non-targeting control in CRISPR tiling screen in SYO-1. (C,D) CRISPR tiling
screening performed across the SMARCB1 (C) and SMARCE1 (D) gene. (E,F) Box plot of
dropout scores for guides to SMARCD family paralogs (E) or SMARCC family paralogs (F) and
non-targeting control in CRISPR tiling screen in SYO-1. (G-I) Tiled CRISPR screening for the
GLTSCR1 gene (G), BRD9 gene (H) and BRD7 gene (I) in SYO-1 cells.
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ncBAF is not required for SS18-SSX fusion-mediated gene expression and primarily regulates
retained fusion-independent sites
SS18 is a subunit of both cBAF and ncBAF complexes (Chapter 2 and 3), and the SS18-SSX
fusion protein is a dedicated and stable subunit in cBAF complexes in synovial sarcoma33. To
understand the sensitivity of synovial sarcoma to ncBAF complex depletion, we investigated
whether the SS18-SSX fusion oncoprotein incorporates into ncBAF complexes. Complex
purifications for HA-tagged wild-type SS18 and SS18-SSX1 revealed that, although ncBAF
subunits co-purify with the SS18-SSX1 fusion protein, relative to SMARCA4 they are less
robustly captured by purification of SS18-SSX1 than SS18 (Figure 4.4A).

Given that the SS18-SSX1 fusion protein destabilizes SMARCB1, a core subunit in cBAF
complexes but not present in ncBAF complexes, we sought to determine whether relatively intact
fusion-containing ncBAF complexes may drive oncogenesis and the hallmark gene expression
phenotypes of synovial sarcoma tumors. Thus, we performed RNA-seq on SYO-1 synovial
sarcoma cells treated with either an shRNA targeting SS18-SSX (shSSX) or dBRD9.
Intriguingly, while treatment with dBRD9 resulted in proliferative attenuation similar to
knockdown of disease-driver SS18-SSX (Figure 4.2), few genes were concordantly affected by
both treatments (Figure 4.4B, S4.4A). Specifically, although both BRD9 and SS18-SSX
perturbations similarly affected cell cycle pathways consistent with proliferative attenuation, we
found discordant effects on mesenchymal stem cell differentiation, neural differentiation, and
bivalent polycomb target genes, gene sets that are hallmarks of the synovial sarcoma-specific
oncogenic signature, suggesting different underlying mechanisms (Figure 4.4C)12, 33.
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Figure 4.4. ncBAF is not required for SS18-SSX1-mediated gene expression and primarily
regulates fusion-independent sites.
(A) Immunoblot for ncBAF components in HA-SS18 and HA-SS18-SSX complex purifications.
(B) Heatmap of significantly downregulated genes (adjusted p<0.01 and log2(fold change) <-
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0.59) in shSS18-SSX (7 days post infection) and dBRD9 (3 days and 6 days of treatment)
conditions k-means clustered into 4 groups. (C) GSEA of RNA-seq data for shSS18-SSX and
dBRD9 (6 days) conditions in (B). Specific pathways and gene sets are indicated. (D)
Immunoblot on CRL7250 whole cell lysates described in Figure S4.4B. (E) Heatmap of
log2(fold change) of gene expression in CRL7250 human fibroblast cells treated with DMSO,
dBRD9, or dBRD9 followed by lentiviral introduction of V5-SS18-SSX. The included genes
were expressed (>1 RPKM) and had a log2(fold change) of at least +/-0.59 in at least one of the
conditions. Genes were k-means clustered into 2 groups and samples were clustered
hierarchically. (F) Heatmap of ChIP-seq read densities of SS18, BRD9, H3K4me3 and CTCF
over SS18 sites in SYO-1 cells (shScr(control hairpin) and shSSX (targeting SS18-SSX)
conditions) clustered into 3 groups. (G) Box plot of log2(fold change) in gene expression of
genes closest to fusion-dependent sites in shSS18-SSX and dBRD9 conditions. (H) Chromatin
landscape (fusion-dependent, fusion-independent promoter, fusion-independent distal) of BRD9
peak nearest to the top 500 most downregulated genes at day 6 of dBRD9 treatment. (I) Violin
plot of CERES scores for genes that changed with a significance of q<1e-3 after 6 days of
dBRD9 treatment in SYO-1 cells. P-value calculated by two-tailed t-test.

To determine whether BRD9 (and hence ncBAF complexes) were required for de novo SS18SSX-mediated gene activation, we performed RNA-seq in CRL7250 human fibroblasts in which
we expressed either wild-type V5-SS18 or V5-SS18-SSX1 fusion with or without 24-hour pretreatment with dBRD9, followed by sustained dBRD9 treatment (Figure S4.4B). Despite full
degradation of BRD9 protein, dBRD9 treatment did not attenuate SS18-SSX-mediated gene
activation and polycomb target genes associated with H3K27me3-mediated repression were
equally activated irrespective of dBRD9 treatment (Figure 4.4D,E, Figure S4.4C). These data in
the SYO-1 and CRL7250 settings suggest that the function of ncBAF complexes is distinct from
that of SS18-SSX-bound cBAF complexes known to oppose polycomb at cancer-specific sites on
the genome12. In addition, ncBAF is not required for the de novo activation of synovial sarcomaspecific gene signatures driven by the SS18-SSX fusion protein, pointing toward a distinct
mechanism underlying ncBAF dependency in synovial sarcoma.
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We next sought to define the divergent gene regulatory effects between SS18-SSX1 and BRD9
perturbation. In synovial sarcoma, the SS18-SSX fusion directs targeting of BAF complexes to a
cancer-specific set of sites on chromatin which are crucial for oncogenesis12 (Figure 4.4F). To
assess whether the SS18-SSX fusion hijacks BRD9 to such cancer-specific sites, we performed
ChIP-seq for BRD9 before and after SS18-SSX knockdown and found that BRD9 is minimally
retargeted by the SS18-SSX fusion to broad-peak fusion-dependent sites (Figure 4.4F).
Additionally, fusion-independent sites (sites retained irrespective of the SS18-SSX knockdown)
are largely marked by H3K4me3 and CTCF (Figure 4.4F), two hallmarks of ncBAF complex
targeting (Figure 4.1), whereas fusion-dependent sites are not.

After defining these two types of chromatin landscapes, we examined changes in gene
expression of the nearest genes to BRD9 peaks upon dBRD9 treatment. We found that genes
closest to fusion-dependent sites were strongly downregulated by SS18-SSX knockdown12, but
the expression of these genes did not change with BRD9 degradation (Figure 4.4G, S4.4D).
Instead, the most downregulated genes upon dBRD9 treatment were closest to fusionindependent sites (Figure 4.4H, S4.4E). This result is consistent with the lack of requirement for
BRD9 in mediating de novo activation of fusion-dependent genes in CRL7250 fibroblasts and
the divergent transcriptional effects between shSS18-SSX and dBRD9 treatments in SYO-1
synovial sarcoma cells. Finally, we compared changes in gene expression upon dBRD9 treatment
with gene dependency scores derived from CRISPR screening and found that genes
downregulated by dBRD9 treatment significantly enriched for sensitivities (Figure 4.4I).
However, dBRD9 treatment in a BAF-intact cancer cell line, such as MOLM-13, did not result in
preferential downregulation of genes that are enriched for dependencies (Figure S4.4F).
Together, these results support a model in which BRD9/ncBAF complexes are important for
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regulation of gene expression at fusion-independent sites. We propose that ncBAF complexes,
which preferentially associate with wild-type SS18 and are, in contrast to canonical BAF
complexes, less perturbed by the incorporation of the fusion protein, are critical for maintenance
of essential genes at fusion-independent sites in a setting in which SS18-SSX has further targeted
cBAF complexes away from these sites.

ncBAF is required for the maintenance of gene expression via retained co-localization with
CTCF in SMARCB1-deficient cancers
Malignant rhabdoid tumors (MRT) are characterized by bi-allelic loss of SMARCB1, a subunit
of cBAF and PBAF that is absent from ncBAF complexes. Notably, in the absence of
SMARCB1, residual SMARCA4-marked mSWI/SNF complexes are substantially more
localized to promoter-proximal sites and are deficient in enhancer targeting31, 32. Previous studies
using Brg1 (Smarca4) conditional knockout in mouse models identified SMARCB1-deficient
cells are still dependent on SMARCA4 for survival38, and these data have been more recently
corroborated in large-scale dependency screens in cancer cell lines. Thus, we investigated
whether these residual SWI/SNF complexes in MRT would primarily represent intact ncBAF
complexes. We performed ChIP-seq for BRD9 in MRT cell line TTC1240 and found that BRD9
localizes to a large proportion of SMARCA4 sites (Figure 4.5A). In contrast, ncBAF complexes
co-localize with approximately one-third or fewer of all SMARCA4 sites in mSWI/SNF- intact
settings, such as MOLM-13 and Jurkat cells, and in MRT TTC1240 cells in which SMARCB1
has been rescued (Figure 4.5B). Thus, these data indicate that a large percentage of the residual
mSWI/SNF complexes required for proliferative maintenance in SMARCB1-deficient cell lines
represent ncBAF complexes.
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Figure 4.5. ncBAF is required for maintenance of gene expression and retains colocalization with promoters and CTCF in SMARCB1-deficient cancers.
(A) Venn diagram of BRD9 and SMARCA4 ChIP-seq peaks in TTC1240 MRT cells infected
with empty vector. (B) Bar plot of the proportion of SMARCA4 peaks that overlap with a BRD9
peak in synovial sarcoma, malignant rhabdoid tumor, and mSWI/SNF-intact hematopoietic
cancer cell lines. (C) Proportion of MRT-specific super-enhancers (SE) defined by Chun et al.,
(2016) overlapping a BRD9 ChIP-seq peak in TTC1240 MRT cells. (D) Plot of log2(fold
change) in SMARCA4 ChIP occupancy versus the mean occupancy between DMSO- and
dBRD9-treated TTC1240 cells. Occupancy changes with FDR<0.05 are highlighted; FDR values
are multiple-test-corrected Wilcox test p-balues. (E) Example ChIP-seq track showing BRD9,
SMARCA4, and H3K27ac occupancy with DMSO or dBRD9 treatment at SPARCL1. (F) Spikein normalized heatmap of SMARCA4 and BRD9 ChIP occupancy across SMARCA4 lost in
TTC1240 upon dBRD9 treatment ranked by SMARCA4 occupancy in DMSO. (G) Boxplot of
H3K27ac ChIP occupancy in WT TTC1240 cells at sites lost and retained upon dBRD9
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Figure 4.5 (Continued)
treatment. (H) Volcano plot of gene expression changes in TTC1240 cells with 7 days of 250nM
dBRD9 treatment. Blue dots indicate enes with a TSS within 100kb of a lost SMARCA4 site.
MRT disease-associated gnes with a TSS less than 100kb from the peak are labelled. Histogram
(top) showed distribution of the log2(fold change) of differentially expressed genes within 100kb
of a lost SMARCA4 site. (I) Genome-wide change log2([ROM+1]BRD9-log2[RPM+1]DMSO)
in SMARCA4 ChIP occupancy across SMARCA4 peaks in TTC1240 and MOLM-13 cells after
dBRD9 treatment. (J) SMARCA4 peak distribution in BAF-perturbed settings (SMARCB1deficient MRT (TTC1240) and SS18-SSX-containing synovial sarcoma (SYO-1)), and BAFwild-type settings (EoL-1 and MOLM-13 cell lines). (K) BRD9 peak distribution in BAFperturbed settings (SMARCB1-deficient MRT (TTC1240) and SS18-SSX-containing SS (SYO1)), and BAF-wild-type settings (EoL-1, MOLM-13, and Jurkat cell lines).
Targeting of BAF complexes and their regulatory functions at enhancers and super-enhancers
have been shown to be aberrant in MRT31, 32. Thus, we examined BRD9 targeting to MRTspecific super-enhancers defined by Chun et al. (2016) as having high levels of H3K27ac in
MRT primary tumors and cell lines compared to hESC lines and fetal brain tissue39. The
TTC1240 cell line exhibits strong overlap with these primary tumor-associated MRT-specific
enhancers and super-enhancers (Figure S4.5A) and BRD9-marked ncBAF complexes localized
to a large number of these MRT-specific super-enhancers, particularly those which encompass a
TSS (Figure 4.5C). To investigate the gene regulatory role of BRD9 at these genes in MRT, we
treated TTC1240 cells with dBRD9 and performed ChIP-seq and RNA-seq. Treatment with
dBRD9 resulted in a significant decrease in SMARCA4 occupancy, particularly at BRD9marked sites genome-wide (Figure 4.5D-F, S4.5B). Consistent with overlap at super-enhancers,
lost SMARCA4 peaks were highly enriched in H3K27ac relative to peaks that did not change
(Figure 4.5G). In addition, many of the downregulated genes had BRD9 occupancy at their
promoters and genes that demonstrated significant changes had higher H3K27ac and BRD9
occupancy than active genes without significant changes (Figure S4.5C). Genes that were
significantly downregulated by BRD9 degradation and lost SMARCA4 occupancy were enriched
for those genes overexpressed in MRT compared to wild-type tissue or defined as regulated by
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MRT-specific super enhancers (such as JUND, VGF, ID3, HOXC9, and CREB3L1) (Figure
4.5H)39 and involved in development and differentiation (Figure S4.5D). Finally, the loss of
SMARCA4 occupancy is specific to the MRT cell setting, as BRD9 degradation by dBRD9 in
MOLM-13, a BAF-intact cell line, did not exhibit similar loss in SMARCA4 occupancy (Figure
4.5I). Similar to synovial sarcoma, these data support a model in which ncBAF complexes, the
only mSWI/SNF family complexes not perturbed by SMARCB1 loss, are critical for the
maintenance of gene expression, and subsequently the proliferative capacity, of MRT cells.

As synovial sarcoma and MRT, which share in common core cBAF (particularly SMARCB1)
perturbation, are dependent on ncBAF complexes that regulate gene expression at retained
mSWI/SNF sites, we investigated whether there were any convergent features between these
sites in these two distinct disease settings. Importantly, we found that SMARCA4-marked
mSWI/SNF complexes in MRT and synovial sarcoma both converge on a largely promoterproximal and CTCF co-localized distribution, two hallmarks of ncBAF complex localization,
relative to SMARCA4 in mSWI/SNF-intact cell types (Figure 4.5J, S4.5E-F). In both synovial
sarcoma and MRT cell lines, enrichment of BRD9 at CTCF sites remained unchanged upon
SS18-SSX knockdown or SMARCB1 re-introduction, respectively, further highlighting that
default, hallmark ncBAF complex-specific targeting to promoters and CTCF sites occurs
irrespective of BAF complex perturbations (Figure 4.5K, S4.5G-H).

Taken together, these data support in a model in which ncBAF complexes maintain gene
expression at retained promoter-proximal and CTCF sites when regulatory functions of the core
cBAF functional module containing SMARCB1, SMARCE1, and ARID1A/B (defined in Pan et
al., 2018) are disrupted (Figure 4.6A). Disruption (either chemical or biological) of ncBAF
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complexes leads to a loss of gene expression maintenance, thus defining cancer-specific
sensitivities of cBAF-perturbed cancers such as synovial sarcoma and MRT (Figure 4.6B).

Figure 4.6. Model for ncBAF dependency in cancers driven by cBAF perturbations.
(A) Synovial sarcoma (SS18-SSX) and malignant rhabdoid tumor (SMARCB1-/-) are driven by
perturbations to subunits of the core BAF functional module consisting of SMARCB1,
SMARCE1, ARID1A/B, with the exception of the ATPase subunits which also nucleate ncBAF.
Upon cBAF perturbation, gene regulatory functions of cBAF complexes at promoters are lost,
leading to reliance on ncBAF for gene expression maintenance at hallmark ncBAF landscapes
(promoters and CTCF sites). (B) Perturbation of ncBAF (via BRD9 bromodomain inhibition,
dBRD9-mediated chemical degradation of BRD9, or loss of GLTSCR or DUF3512 domains of
GLTSCR1 and BRD9, respectively) results in a loss of gene expression maintenance.

Discussion
Characterizing the targeting and function of a comprehensive set of mSWI/SNF complex
assemblies represents a major goal for the field. Here we used an integrative set of biochemical
and bioinformatic approaches to study the three mSWI/SNF family complexes, cBAF, PBAF,
and ncBAF, and found that ncBAF complexes exhibit unique targeting on chromatin and
function in cancer. Occupancy patterns of ncBAF, BAF, and PBAF complexes to CTCF sites,
active enhancers, and active promoters, respectively, were consistent across wild-type cell lines
used in this study, and may in part underlie the complex-specific functional modules that arise
from genome-scale fitness screening efforts. Although mSWI/SNF complexes have been known
to localize to enhancers and promoters for many years now, how these complexes are targeted to
these genomic regions is still an open question. Thus, further studies will be needed to uncover
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the mechanisms driving these preferential genome-wide localizations of ncBAF, cBAF, and
PBAF to CTCF sites, active enhancers, and active promoters, respectively. Differences in histone
binding affinity, interactions with general or tissue-specific transcription factors, or complexspecific steric constraints for binding specific chromatin landscapes may underlie part of this
mechanism.

Importantly, we identify a synthetic lethal relationship in specific cancers with perturbations to
the core cBAF functional module: synovial sarcoma (driven by the SS18-SSX fusion) and
SMARCB1-deficient malignant rhabdoid tumor. These cancers are uniquely and specifically
dependent on ncBAF complexes for proliferative maintenance, unveiling ncBAF as a potential
target for therapeutic intervention in these cancers (relative to other cancer types spanning
hundreds of other lineages). Our findings are particularly relevant given recent development of
selective small molecule inhibitors and chemical degraders targeting BRD935-37, 40. Further
studies will be needed to carefully define in vitro properties of these compounds, particularly
potential toxicity within the hematopoietic system, which appears to be more broadly sensitive to
mSWI/SNF complex perturbation. We also expand the set of potential therapeutic targets in
ncBAF complexes by performing CRISPR tiling screens to define the domains within ncBAFspecific subunits that underlie these dependencies. Guides specifically targeting the GLTSCR
domain of GLTSCR1/1L and the DUF3512 of BRD9 exhibited highest drop out scores, and
established these domains as important for incorporation of these subunits into ncBAF
complexes.

We further characterized the convergent mechanism of selective dependency on ncBAF
complexes in synovial sarcoma and malignant rhabdoid tumor using ChIP-seq and RNA-seq.
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Unexpectedly, although ncBAF complexes do incorporate the SS18-SSX fusion that drives
synovial sarcoma, perturbation of BRD9 and SS18-SSX are mechanistically distinct. Rather
than regulating SS18-SSX fusion-specific oncogenic sites, ncBAF complexes primarily regulate
retained fusion-independent sites. This is similar to the malignant rhabdoid tumor disease
setting, in which ncBAF complexes comprise a large share of essential residual complexes that
likewise maintain gene expression at retained mSWI/SNF sites. The retained sites in both of
these disease settings share in common CTCF co-localization and promoter proximity, the two
hallmarks of ncBAF complex localization. Thus, this work provides a new, complex-specific
basis for an observed residual SMARCA4 (BRG1) dependency in SMARCB1-deficient
cancers38 and our observations for the subunit-specific effects in synovial sarcoma highlight the
importance of understanding the specific contribution of each subunit to complex assembly and
function when designing therapies to target mSWI/SNF-perturbed cancers. The enhanced
proliferative phenotype of SMARCE1 loss may be a result of further skewing of mSWI/SNF
complexes toward ncBAF, which maintain gene expression and proliferation in synovial
sarcoma. Moreover, it is possible that other disease settings characterized by deletion of core
cBAF components such as ARID1A and ARID1B or SMARCE141, 42 subunits, which are not
members of ncBAF, may likewise exhibit similar preferential dependency on ncBAF complexes
and an increase in proliferation upon loss of other core BAF subunits. To date, cell lines derived
from rare ovarian cancers and spinal meningiomas bearing ARID1A and ARID1B dual loss and
SMARCE1 loss, respectively, have not been subjected to fitness screens.

The role of ncBAF at promoters in gene regulation and proliferative maintenance may begin to
explain the sensitivity observed in acute myeloid leukemia35, 36, particularly in AML cell lines
containing MLL-AF9 fusions. MLL/COMPASS complexes are localized to a set of cancer-
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specific promoters, at which it is possible ncBAF complexes could support activating function.
Future studies will be needed to elucidate the role of ncBAF complexes in hematological
malignancies; however, cell lines of hematologic origin, including AML, are generally more
sensitive to mSWI/SNF subunit perturbation compared to cell lines of other lineages. This must
be reconciled when determining whether reliance on ncBAF in this setting or others is cancerspecific.

Taken together, these findings underscore the utility of identifying mSWI/SNF complex
configurations, in normal and disease settings, as a means to interrogate their functions and
potential dependencies in specific human diseases.

Materials and Methods
Cell lines and tissue culture
HEK-293T, G401, TTC1240, ESX, and CRL7250, cells were grown in DMEM (Gibco)
supplemented with 10% FBS, 1% GlutaMAX (Gibco), and 1% penicillin-streptomycin (Gibco).
EoL-1 and MOLM-13 were grown in RPMI (Gibco) supplemented with 10% FBS, 1%
GlutaMAX (Gibco), and 1% penicillin-streptomycin (Gibco). SYO-1 was grown in DMEM
without sodium pyruvate (Gibco) supplemented with 10% FBS, 1% GlutaMAX (Gibco), and 1%
penicillin-streptomycin (Gibco). The human rhabdomyosarcoma (RD) cell line was cultured in
DMEM (Gibco) supplemented with 10% FBS. HCT116 cells were grown in McCoy’s 5A media
(Gibco) supplemented with 10% FBS. Calu-6 cells were grown in Eagle's minimal essential
medium (ATCC) supplemented with 10% FBS. SYO-1 cells were grown in DMEM without
sodium pyruvate (Gibco) supplemented with 10% FBS, 1% GlutaMAX (Gibco) and 1%
penicillin-streptomycin (Gibco). The SYO-1 cell line was a gift from A. Kawai (National Cancer
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Center Hospital, Japan). The ASKA-SS and HS-SY-II cell lines were obtained from RIKEN49.
The CRL7250 human fibroblast cell line was a gift from B. Gryder and J. Khan
(National Cancer Institute).

Constructs and cloning
Lentiviral shRNA hairpins targeting BRD9 (RHS4430-200302441), SMARCE1 (RHS4430200219172), and a non-silencing control (RHS4346) were constitutively expressed from the
pGIPZ vector and obtained from GE Dharmacon.

shRNA hairpins targeting SS18-SSX (5’-CAGTCACTGACAGTTAATAAA-3’) or a nontargeting scramble control (5’CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG-3’) were
constitutively expressed from the pLKO.1 vector with puromycin selection.

HA-SS18 and HA-SS18-SSX1 constructs were generated as described in Chapter 3. V5-SS18
and V5-SS18 are from McBride, et al., Cancer Cell 201812.

Lentiviral Production and Transduction
shRNA and gene delivery vectors, psPAX2, and pMD2.g were transfected into HEK-293T cells
at a ratio of 4:3:1 using PEI (Polysciences, Inc.). Media was filtered through 0.4micron filters
72h post transfection and lentiviral particles were concentrated at 20,000rpm for 2.5h at 4°C with
a SW28 rotor. Lentiviral particles were resuspended in 200µl PBS and cells were transduced
using 1:1000 polybrene (Santa Cruz Biotechnology, cat. sc-134220). Two days post infection,
cells were selected with 2µg/mL puromycin or 10µg/mL blasticidin.
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Proliferation Curves
Cells (25,000-40,000 per well) were plated onto 12 well plates, or 50,000-60,000 per 10cm plate,
depending on cell line. Cell counts were performed in technical triplicate using a Vi-CELL XR
Cell Counter (Beckman Coulter) on the indicated days. At least two independent proliferation
curves were performed for each experiment.

Colony Formation Assays
Colony formation assays were performed in 6-well or 12-well format. For each cell line,
appropriate cell seeding conditions were first identified in a 14-day assay format. A titration of
cell number of each of the cell lines was performed to identify the best cell seeding condition.
Compounds were treated continuously for 14 days at the indicated concentration, with change of
medium every 5 days. By day 14, medium was removed, and cells were washed with PBS and
stained using 500uL of 0.005% (w/v) crystal violet solution in 25% (v/v) methanol for at least 1
hour at room temperature.

Cell Cycle Analysis
Cell cycle analysis was performed using the Click-iT Plus EdU Flow Cytometry Assay
(Invitrogen). Apoptosis assay was performed using the Annexin V-FITC Apoptosis Detection
Kit (Sigma A9210). Assays were performed according to the manufacturer’s protocol. SYO-1
cells were treated for 8 days and compound was refreshed every five days.

133

CRISPR Domain Scanning
To perform high density sgRNA tiling screen, sgRNA library against BAF complex subunits
were custom synthesized at Cellecta (Mountain View, CA) following Cellecta’s
recommendation. Negative and positive control sgRNA were included in the library for quality
control check with the screening results. Negative controls consist of 200sgRNAs that do not
target human genome. The positive controls are sgRNAs targeting essential genes (CDC16,
GTF2B, HSPA5, HSPA9, PAFAH1B1, PCNA, POLR2L, RPL9 and SF3A3). Procedure for
virus production, cell infection and performing sgRNA screen were previously described20, 43.
For each sgRNA, 50 counts were added to the sequencing counts and the resulting counts were
normalized to the total number of counts. The log2 of the ratio between the counts (defined as
dropout ratio) at day 24 and day 1 post-infection was calculated. For negative control sgRNAs
the 2.5 and 97.5 percentile of the log2 dropout ratio of all non-targeting sgRNAs was calculated
and considered as background (grey box in the graph). Protein domains were obtained from
PFAM regions defined for the following UNIPROT identifiers: BRD9 : Q9H8M2, BICRA :
Q9NZM4, BRD7 : Q9NPI1, SMARCA2 : P51531, SMARCA4 : Q9HBD4, SMARCB1 :
G5E975, SMARCC1 : Q92922, SMARCC2 : Q8TAQ2, SMARCD1 : Q96GM5, SMARCD2 :
Q92925, SMARCE1 : Q969G3, SS18 : Q15532, SSX2 : Q16385. Rolling average was calculated
for each nucleotide in the corresponding transcript by selecting a 150 nucleotide window
centered at the corresponding position and calculating the average of log2 dropout ratio of the
sgRNAs in the window.

SWI/SNF Complex Purification
SWI/SNF complexes were purified as previously described 44, with the following modifications.
Mammalian SWI/SNF complexes were purified from 293T cells stably expressing the HA-
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tagged constructs indicated. Cells were collected by scraping, washed with ice cold PBS, and
pelleted at 3000rpm for 5min at 4°C. Cells were resuspended in Hypotonic Buffer (HB, 10mM
Tris HCl pH 7.5, 10mM KCl, 1.5 mM MgCl2, 1mM DTT, 1mM PMSF), incubated on ice for
10min, and centrifuged for 5min at 5000rpm at 4°C. Pelleted cells were resuspended in fresh
HB with protease inhibitors (~5 volumes of pellet size) and subjected to mechanical lysis using a
Dounce homogenizer (40mL Kontes, Pastel A). Suspension was overlaid on 30% HB sucrose
with protease inhibitors and centrifuged at 5,000rpm for 45min at 4°C. Pelleted nuclei were
isolated and resuspended in 5 volumes of pre-extraction buffer (50mM Tris pH 7.5, 1mM EDTA,
100mM KCl, 1mM MgCl2, 0.1% NP-40, 1mM DTT, 1X protease inhibitor cocktail, 1mM
PMSF), incubated for 10min at 4°C, and centrifuged at 5,000rpm for 15min at 4°C. Supernatant
was removed, and the chromatin pellet was resuspended in High Salt Extraction Buffer (HSB,
50mM Tris pH 7.5, 1mM EDTA, 300mM KCl, 1mM MgCl2, 1% NP-40, 1mM DTT, 1X
protease inhibitor cocktail, 1mM PMSF). Proteins were extracted for 1h at 4°C with rotation.
Chromatin was pelleted by subjecting suspensions to ultracentrifugation at 20,000rpm for 1h at
4°C. Supernatants containing soluble nuclear extracts were filtered through 0.4 micron filters
and incubated overnight at 4°C with Pierce Anti-HA Magnetic Beads (cat. 88837). The next day,
beads were washed with HSB 5 times, and purified complexes were eluted 4 times with 1mg/mL
HA peptide, 1.5h per elution.

Protein Extraction Methods
For whole cell lysates, cells were washed in PBS and resuspended in ~5 volumes of extraction
buffer (150mM Tris and 1.5% SDS). Chromatin was solubilized via sonication, and proteins
were quantified using bicinchoninic acid assay (BCA).
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Protein SDS PAGE
Proteins were run on 4-12% Bis-Tris NuPAGE gels (Life Technologies). For Western blotting,
proteins were wet transferred onto PVDF membranes at 300 mA for 2.5h, blocked for 1h with
10% milk PBS-T, and visualized using LI-COR Odyssey CLx. For silver stain, gels were stained
using SilverQuest Silver Staining Kit (Thermo Fisher) according to manufacturer’s protocol.
See Table 4.1 for antibodies used in this study.

Table 4.1. Antibodies used in immunoblot in this study.
Antibodies used in WB
Rabbit Anti-SMARCC1 D7F8S (155-7)
Rabbit Anti-SS18 (D6I4Z)
Rabbit Anti-SMARCE1
Mouse Anti-SMARCD1 23
Mouse Anti-GAPDH (G-9)
Mouse Anti-V5 tag (WB)
Mouse Anti-BRD7 B-8 (WB)
Mouse Anti-GLTSCR1 (H-10) (IB)
Rabbit Anti-SMARCA4 (D1Q7F) (WB)
Rabbit Anti-BRD9

Antibodies
Manufacturer
Cell Signaling Technology
Cell Signaling Technology
Bethyl
Santa Cruz
Santa Cruz
Thermo Fisher Scientific
Santa Cruz
Santa Cruz
Cell Signaling Technology
Abcam

Catalog Number
#11956S
Cat#21792S
Cat# A300-810A
Cat# sc-135843
Cat#sc-365062
Cat#P/N-46-0705
sc-376180
Cat#sc-515086
Cat# #49360S
ab137245

Chromatin Immunoprecipitation (ChIP)
Cells were fixed in 1% formaldehyde (Sigma Aldrich, F8775) for 10min at 37°C and quenched
with 125mM glycine for 5min at 37°C. Cells were subsequently washed with cold PBS and
stored at -80°C until use. 10M cells per ChIP were used for EoL-1, MOLM-13, and Jurkat cell
lines, and 5M cells per ChIP were used for SYO-1 cell lines. Nuclei were extracted and
chromatin was sonicated using the adaptive focused acoustics technology with a Covaris
sonicator. Sonicated chromatin was used in immunoprecipitation reactions with indicated
antibodies (Table 4.2) overnight followed by capture using Protein G Dynabeads (Thermo
Fisher). For ChIP-seq with spike-in chromatin, 15ng of spike in Drosophila chromatin from
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Active Motif was used with 2ug of spike in antibody. Captured antibody-chromatin complexes
were washed, eluted, and treated with RNAse A (Roche 11 119 915 011) for 30min at 37°C and
Proteinase K (Life Technologies 100005393) for 3 hours at 65°C. ChIP DNA was extracted
using SPRI beads (Beckman Coulter Agencourt AMP Xpure), washed, and eluted.

Table 4.2. Antibodies used in ChIP-seq in this study.
Antibodies used in WB
Rabbit Anti-SMARCC1
Rabbit Anti-SS18 (D6I4Z)
Rabbit Anti-CTCF
Rabbit Anti-H3K27Ac
Rabbit Anti-H3K4me1
Rabbit Anti-H3K4me3
Rabbit Anti-BRD7
Rabbit Anti-DPF2
Mouse Anti-GLTSCR1
Rabbit Anti-SMARCA4
Rabbit Anti-BRD9
Rabbit Anti-BRD9

Antibodies
Manufacturer
Homemade
Cell Signaling Technology
Cell Signaling Technology
Abcam

Catalog Number
Cat# 21792S
Cat# 3418S
ab4729

Abcam
Millipore

ab8895
Cat# 05745R

Cell Signaling Technology
Abcam
Santa Cruz
Abcam
Abcam
Abcam

Cat#14910
ab134942
Cat# SC-240516

EPNCIR111A
ab137245
ab66443

RNA-seq Sample Preparation
RNA was collected from 2 million cells per condition, in biological duplicate, using the RNeasy
Mini Kit (QIAGEN) according to manufacturer’s protocol.
Library Preparation and Sequencing
Library preparation and sequencing of ChIP DNA and RNA was performed by the Molecular
Biology Core Facilities at the Dana-Farber Cancer Institute (75bp single end on Illuminia
Nextseq 500).
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ChIP-seq Data Alignment
For alignment of ChIP-seq data, Bowtie2, version 2.1.045 was used to map reads to the hg19
human reference genome, using the parameter –k 1. For spike-in normalization, Drosophila
DNA was aligned to the dm3 genome using Bowtie2 version 2.1.0 with the parameter –k 1.
Duplicated reads were removed using samtools rmdup with the –b option (SAMtools v1.3.1). As
per the manufacturer's instructions, the normalization ratios were calculated using the ratio of the
total number of non-redundant mapped reads in each sample to the sample with the fewest nonredunant mapped reads.

ChIP-Seq Data Analysis
Data Processing
MACS246 version 2.1.0 was used to call peaks against input with a cutoff of q = .001. In EoL-1,
MOLM13 and TTC1240 cells narrow peaks were called for all SWI/SNF antibodies and CTCF
whereas broad peaks were used for all histone marks. In SYO-1, broad peaks were called for all
antibodies. Peaks that fell in ENCODE blacklisted regions or were mapped to unmappable
chromosomes (not chr1-22, X or Y) were removed. All downstream analysis was performed on
bam files with duplicates removed using the samtools rmdup command. ChIP-seq tracks were
generated using the bedGraphToBigWig script downloaded from the UCSC. Bedgraph files were
generated with MACS2 using the –B –SPMR options. For TTC1240 SMARCA4 tracks shown,
the bedGraph files were multiplied by the spike-in normalization ratios calculated as described
above.

Overlaps for ChIP venn diagrams were created using the ChIPPeakAnno47 v3.10.1 bioconductor
package, the peak files were read in using the toGRanges() command and values were
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determined using the getVennCounts() function with maxgap=0. Data was visualized using
matplotlib. The number of overlapping peaks displayed in pie charts, bar charts and heatmaps
was determined using the pybedtools48 intersect function. Proportions were calculated by
dividing the number of overlapping peaks by the number of total peaks.

Read count across peak sets of interest were calculated by calling the Rsubread49 v1.26.1
bioconductor package function featureCounts() on duplicate removed bam files. These values
were divided by the total number of mapped reads divided by one million, giving a normalized
value of reads per million mapped reads for each interval in the input bed. Peak distance from
TSS elements was determined using BEDtools v2.26.0 closest function with the hg19 ref Flat
TSS annotation.

Determination of super enhancers was performed using ROSE50, 51 with all default settings using
the TTC1240 H3K27ac ChIP-seq file and TTC1240 H3K27ac peak file as input. MRT specific
super enhancers were downloaded from Chun et al, 201639. The published file was merged using
bedtools merge, as many of their published enhancers abutted one another.

Data analysis and visualization
Metagene plots and heatmaps were generated created using HTSeq52 v0.9.1. To account for the
200bp average fragment length selected for in sonication, fragment length was extended 200 bp
from the edge of each genomic interval. Total read counts for each interval were normalized to
reads per million mapped reads (RPM). For each antibody, the resulting matrix has a width of the
number of bp in the window (in this study primarily 5000) and a height of the number of peaks
in the indicated set. Strandedness of the interval was not considered, except for the TSS
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metagene plot. Metagene plots show the average RPM at each position. Heatmaps were
visualized using python. Heatmaps were ordered by the maximum value in each matrix row of
the indicated antibody. Heatmaps were colored such that the midpoint of the color spectrum is
equivalent to the median of the set of maximum values in each row. For heatmaps where
multiple peak sets are shown, these color values were calculated for each antibody across both
sets together. For the spike-in normalized heatmap in TTC1240, all heatmap data was calculated
as described but then multiplied by the normalization factor, described above, before plotting.

In the heatmap generating the distribution of all mSWI/SNF sites relative to defined genomic
features in EoL-1, the HTSEQ procedure described above was carried over peaks that had been
split into 100 bins and 2500 bp on either side of the peak. The resulting matrix was k-means
clustered to 4 clusters. This was carried out over the merged set of all EoL-1 SWI/SNF peaks.

The SYO-1 differential heatmap for synovial sarcoma was ordered by the ratio of the row means
for BRD9 in the +/- shSSX conditions. Any interval that had more than or equal to a 25%
increase in mean BRD9 ChIP occupancy upon shSSX treatment was considered gained. Any
interval that had more than or equal to 25% decrease in mean BRD9 ChIP occupancy upon
shSSX treatment was considered lost. Intervals that did not change more than 25% in either
direction were considered retained.

Differential occupancy of SMARCA4 in TTC1240 following dBRD9 treatment was determined
using the DiffBind v2.4.8 bioconductor package (https://
bioconductor.org/packages/release/bioc/html/DiffBind.html), with all default settings. Peak files
and duplicate-removed bam files were provided for each SMARCA4 sample in each condition,
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along with the bam files corresponding to the input in each condition. The package functions
count(), contrast(), analyze() and report() were used in sequence.

Gene ontology of genes near lost SMARCA4 sites in TTC1240 (Supplementary Fig. 6d) was
performed using the Genomic Regions Enrichment of Annotations Tool (GREAT)

Motif Analysis
A fasta sequence for a region of 250 bp on either side of the center of each peak was generated
using the bedtools getfasta function. Motif analysis on these sequences was done was done using
the MEME-ChIP suite53. For the motif heatmap, each antibody the motif with the highest
Centrimo log-adjusted p-value in the indicated TF Family was selected. These log-adjusted pvalues were used to make a heatmap using the Seaborns clustermap function, clustered by
correlation. Enrichment plots for the motifs are the average number of the CentriMo site counts
for each antibody in the window around the indicated motif split into bins of 10bp.

RNA-Seq Data Analysis
Data Processing
RNA-seq reads were mapped using default parameters to hg19 using STAR version 2.5.2a.
RPKM values were calculated using GFOLD version 1.1.454. Unless otherwise noted, log2[fold
change] and Bonferroni-corrected p values were generated using DESEQ2 v1.16.1, with reads
mapped using RSUBREAD49 v1.26.1. Genes were considered significantly changing if they had
an adjusted p-value <.001 and a log2[fold change] of at least .59 (approximately 50% change).
All RNA-seq experiments were performed in duplicate. RNA BigWig files were generated using
the bamCoverage command from deep tools release 2.4 with all default settings.
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Data analysis and visualization
The input for Gene Set Enrichment Analysis (GSEA)55 was created by calculating the log2[fold
change] between the mean RPKM of the replicates in each condition +1. Noncoding genes
(snoRNA and miRNA) were excluded, as were genes that did not have an expression level of at
least 1 RPKM in any condition of the comparison. Pre-ranked GSEA was run over these files
with default settings.

Gene ontology and pathway terms of gene clusters in synovial sarcoma were determined using
Metascape.

Genes associated with MRT superenhancers were downloaded from Chun et al., 201639.
Differential expression files of genes between MRT and normal tissues were downloaded from
Chun et al., 2016, genes that were overexpressed in MRT with Bonferroni-adjusted p-value < .01
were considered overexpressed in MRT.

CRISPR-Cas9 and shRNA synthetic lethal screening data analysis
DRIVE data is publicly available and downloaded from the Novartis DRIVE Data Portal22.
Statistical analysis was performed using the scipy.stats package.

Significance values for shBRD9 in tissue types were calculated using a Fisher’s Exact Test, and
FDR corrected using the Benjamini-Hochberg procedure. An ATARIS score of -0.75 was used
as the cutoff for sensitivity.
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Principal components analysis of fitness data from Project Achilles
Datasets were obtained from the Project Achilles Data Portal
(https://portals.broadinstitute.org/achilles/about). The CRISPR data (Avana-18Q1) and the RNAi
data (2.20.2) for BAF subunits were scaled across cell lines. In the RNAi dataset, cell lines were
omitted if fitness scores were not available for all BAF genes. The fitness scores from both
datasets were concatenated and correlated across genes, and principal components analysis was
performed on the resulting correlation matrix (R prcomp, default settings). The first two
principle components were plotted. All heatmaps and plots were generated using matplotlib
and/or seaborns. Unless otherwise noted, all default parameters were used for the seaborn
clustermap function.

Data Availability Statement
The ChIP-seq and RNA-seq datasets generated and/or analyzed during the current study have
been deposited in the Gene Expression Omnibus repository under accession number GSE113042
(https://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE113042). Other datasets that were
previously published and used in this study have been deposited in the Gene Expression
Omnibus repository under accession numbers GSE90634 and GSE108025 available at
https://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc=GSE90634 and
https://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE108025, respectively. The fitness data
were derived from Project Achilles through the Project Achilles Data Portal (https://portals.
broadinstitute.org/achilles/about). The dataset derived from this resource that supports the
findings of this study is available at https://portals.broadinstitute. org/achilles/datasets/all. The
fitness data were also derived from Project DRIVE. The dataset derived from this resource that
supports the findings of this study is available at https://oncologynibr.shinyapps.io/drive/.
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Chapter 5: Discussion and future directions
It is clear that the extensive diversity generated by combinatorial assembly of mSWI/SNF
chromatin remodeling complexes permits nuanced functions across different cellular contexts.
However, much remains to be understood regarding the functions of mSWI/SNF complexes in
normal development and their roles in disease pathogenesis, particularly in human development
syndromes and cancer. This body of work has led to a significant advance in our understanding
of mSWI/SNF complex biology, particularly with respect to complex composition and
organization, genome-wide targeting, and cancer vulnerabilities.

Discovery of a third evolutionarily conserved SWI/SNF complex configuration
One of the goals of the field has been to understand what role each subunit plays in overall
mSWI/SNF assembly, organization, and function. Some subunits are known to be critical for the
activity of mSWI/SNF complexes, such as ATPase subunits SMARCA2 and SMARCA4, some
subunits have been conflictingly implicated in having important structural roles, such as
SMARCB1 (see Chapter 1), and a subset of subunits have been deemed as more accessory, such
as BRD9 and BRD7.

Evolutionary and biochemical considerations and future directions
In this body of work, we discover a new mSWI/SNF final-form configuration distinct from
canonical BAF and PBAF. This configuration is unusual in that it lacks highly evolutionarily
conserved core subunits such as SMARCB1 and SMARCE1 and is restricted to incorporation of
SMARCD1 and SMARCC1 paralogs from the SMARCD and SMARCC paralog families. It is
uniquely defined by the incorporation of BRD9, one of the most recently identified mSWI/SNF
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subunits1, and a new paralog family, GLTSCR1 and GLTSCR1L. Due to the non-canonical
composition, we have termed this final-form configuration non-canonical BAF, or ncBAF;
elsewhere, this configuration has been called GBAF2. Evolutionary tracing of the BRD9 and
GLTSCR1/1L subunits of ncBAF led to the identification of homologs across species, and
follow up biochemical experiments in Drosophila melanogaster indicated the presence of a noncanonical SWI/SNF complex (Chapter 2). Further biochemical dissection of the roles of these
subunits in mammalian ncBAF complex formation and stability revealed that assembly of
GLTSCR1/1L onto a SMARCC1 and SMARCD1 trimer is the first step in specifying ncBAF
complexes (Chapter 3) and that binding is mediated through the evolutionarily conserved
GLTSCR domain (Chapter 2). BRD9 binds to this SMARCD1-SMARCC1-GLTSCR1/1L
ncBAF core through its evolutionarily conserved DUF3512, followed by binding of the SS18containing ATPase module, identical to the ATPase module of canonical BAF complexes
(Chapter 2 and 3).

Interestingly, while BAF and PBAF complexes are ubiquitous across organisms, ncBAF
complexes are not as S. cerevisiae lack homologs of BRD9 and GLTSCR. However, in addition
to metazoans, there is evidence of ncBAF-like chromatin remodeling complexes in plants3-5.
Both Arabidopsis thaliana and maize contain a GLTSCR1/1L homolog which co-purifies with
ANGUSTIFOLIA3 (AN3, SS18 homolog)4, 5. AN3-purified complexes captured homologs of
components found in metazoan non-canonical SWI/SNF complexes, including SMARCA,
BCL7, BRD7/9, SMARCC, and SMARCD homologs, and exclusively did not coimmunoprecipitate BUSHY (BSH), the homolog of metazoan SMARCB1, which is a known
plant SWI/SNF subunit4, 5. These data suggest that while SS18 is a subunit of canonical BAF
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complexes containing SMARCB1 in metazoans, it is not a defining subunit of counterpart plant
SWI/SNF complexes containing BSH.

The discovery and biochemical characterization of metazoan non-canonical SWI/SNF expands
the repertoire of final-form SWI/SNF configurations and raises several interesting questions.
From an evolutionary perspective, one broad potential line of investigation is how and why has
this family of complexes lost, gained, and shuffled subunits over time. More specifically, how
did mammalian BRD9 and BRD7 become specific for ncBAF and PBAF complexes,
respectively? Speculatively, a duplication event followed by divergence may have resulted in the
specificity; some key regions of difference between the C-terminal regions of BRD9 and BRD7
are in amino acids 236-312, 396-414, and 585-619 of human BRD7, which are largely absent in
BRD9 proteins across species. Additional mutagenesis and biochemical studies will be needed to
pinpoint the precise changes conferring specificity to ncBAF and PBAF complexes.

It is also intriguing that ncBAF complexes exclude the SMARCD2/3 and SMARCC2 paralogs
while canonical BAF and PBAF complexes are capable of indiscriminately incorporating these
subunits. Given our new insights into the assembly of mSWI/SNF complexes, specifically that
GLTSCR1/1L is likely the first ncBAF subunit to assemble on top of the
SMARCC1/SMARCD1 initial core (Chapter 3), it is possible that the GLTSCR1/1L subunit
drives this specificity for the SMARCD1 and SMARCC1 subunits. Alternatively, the specificity
may be a result of the amino acid changes that have arisen in BRD9 relative to BRD7 which
could possibly result in an inability to associate with the other paralogs. However, this model is
difficult to reconcile with the fact that the mammalian BRD7 amino acid sequence is more
similar to the homologs in organisms where only single paralogs of the SMARCD and SMARCC
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families are present, and mammalian BRD7 is capable of incorporating into PBAF complexes
containing all paralogs. Future biochemical and structural studies on ncBAF complexes, such as
cross-linking mass spectrometry and cryo-electron microscopy, can provide further insight into
the specific interfaces present on ncBAF complexes and clues as to what subunits and residues of
ncBAF-specific components contribute to the exclusion of the other paralogs.

Functional implications of ncBAF complexes and future directions
Further questions also remain as to the function and activity of ncBAF complexes. The studies
presented here suggest differential function of ncBAF, cBAF, and PBAF complexes and
highlight unique localization patterns genome-wide to CTCF sites, enhancers, and promoters,
respectively (Chapter 4). Presently, we are unable to explain the mechanisms that drive these
differential enrichments on chromatin, but these ChIP-seq localization studies provide a starting
point for further dissection. Several possible mechanisms may underlie these patterns, including
differential binding to epigenetic marks, local chromatin architecture, and interaction with
transcription factors and other chromatin-bound machinery. It is likely that a combination of all
of these factors will at least in part explain our observations.

Finally, there are additional features that may functionally differentiate these complexes aside
from genome-wide localization. Since the catalytic ATPase subunits (SMARCA2/4) are part of
ncBAF complexes, it is presumed ncBAF complexes have remodeling and ATP consumption
activity. However, whether these three biochemical entities differentially consume ATP, have the
same remodeling capacity, and prefer the same epigenetic marks as cBAF and PBAF complexes
remains to be determined. It is possible ncBAF complexes may exhibit different remodeling
activity from cBAF and PBAF complexes, as SMARCB1 (not part of ncBAF) has been shown to
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enhance the remodeling activity of the SMARCA2/4 subunits in vitro6. The development of a
robust method to purify mSWI/SNF complexes and their specific final-form configurations will
be instrumental in performing ATP consumption, remodeling, and binding assays to assess
potential differences.

Implications of the biochemical modularity of mSWI/SNF complexes
This body of work also contributes significantly to our understanding of mSWI/SNF complex
organization and assembly (Chapter 3). We establish that mSWI/SNF complexes are organized
in a modular fashion (core, ARID/DPF, and ATPase modules), with current evidence pointing
toward a specific order of assembly of these subunits and modules. All three final-form
configurations, cBAF, PBAF, and ncBAF, begin with the same initial core containing a
SMARCC dimer upon which a SMARCD subunit assembles (in the case of ncBAF, only the
SMARCC1 and SMARCD1 paralogs are incorporated, described above). In BAF and PBAF
complexes, the SMARCB1 and SMARCE1 subunits complete the core module. The ARID
proteins (ARID1A and ARID1B for BAF, ARID2 for PBAF) bridge the assembled core module
with the ATPase module, and serve as the complex-specifying branch point in the assembly
process. ARID1 binding in BAF complexes permits DPF2 incorporation and promotes
association with a BAF-specific ATPase module containing SMARCA, BCL7, ACTL6, and
SS18. ARID2 binding in PBAF complexes permits BRD7 (and likely PHF10) binding and
promotes association with a PBAF-specific ATPase module lacking SS18 but containing
SMARCA, BCL7, ACLT6, and PBRM1. Given the high mutational burden of mSWI/SNF
complex subunits across disease, this modularity and assembly map can now inform the impact
of mutations resulting in protein-level loss.
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Structural and organizational implications and future directions
The comprehensive modularity and assembly pathway also presents several exciting new
opportunities for the field. Although our biochemical and cross-linking mass spectrometry
studies greatly inform direct subunit-subunit interactions in mSWI/SNF complexes, structural
studies will be needed to confirm these interactions and to enhance their resolution, as crosslinking mass spectrometry is limited by a dependency on lysine residues for cross-linking. To
date, there are no published structures of final-form mSWI/SNF complexes, and only a few
isolated crystal structures of conserved domains are available. Owing to the structural
complexity of mSWI/SNF complexes, it may be more feasible to determine the structure of
smaller modules assembled in vitro, and our elucidation of the modularity of mSWI/SNF
complexes makes possible isolation or reconstitution of biologically-relevant modules for further
study.

In addition to structural studies, these biologically relevant modules may be leveraged in largescale screening efforts. Residual mSWI/SNF complexes are vulnerabilities in mSWI/SNF mutant
cancers7-9, and therapeutically targeting these residual complexes has the potential to yield great
benefit. The most well-known synthetic lethal relationships are between SMARCA4/SMARCA2
and ARID1A/ARID1B. The SMARCA paralogs have obvious potential domains to target for
therapeutic development; while targeting the bromodomain has no effect10, small molecule
inhibitors of the ATPase domain would abolish catalytic activity and render residual complexes
inactive. On the other hand, the only well annotated domain in the ARID1 proteins is the ARID
domain, which is dispensable for cBAF complex assembly (Chapter 3). The elucidation of the
CBRA and CBRB regions of the ARID1 proteins, along the impact of cancer-specific mutations
in these domains on protein stability, presents CBRA and CBRB as new therapeutic targets.
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While developing therapeutic strategies that will selectively disrupt binding of these regions to
cBAF complexes may not currently be feasible, ARID1A is the most frequently mutated
mSWI/SNF subunit in cancer and any specific targeted therapies could have wide applications.

One of the next steps for the field, now that we have more insight into the structural
consequences of mSWI/SNF subunit loss, is to deepen our understanding of the activity of these
complexes. For example, SMARCB1 can enhance the in vitro remodeling activity of
SMARCA2/SMARCA46; however, it is unknown what role other subunits play in modulating
activity of the complexes and whether SMARCB1 still enhances in vitro remodeling activity
when analyzing fully-intact complexes. Further studies will also be needed to illuminate the roles
of specific domains in subunits of mSWI/SNF complexes, particularly domains not involved in
structural stability, in modulating activity and targeting of complexes on the genome. This work
also highlights the opportunity to characterize the effect of specific and recurrent point mutations
to mSWI/SNF subunits, including their effects on complex stability, remodeling activity, and
binding preferences across cellular and developmental contexts.

Reconciling the core BAF functional module with the biochemical functional module
Another area of interest is in reconciling the biochemically-defined modules of mSWI/SNF with
functionally-defined modules. Recently, large-scale fitness screens in cancer cell lines have been
useful in determining complex membership and protein function11, 12. mSWI/SNF complexes
form three functional modules: PBAF (PBRM1, ARID2, BRD7, and PHF10), ncBAF
(SMARCD1, BRD9, GLTSCR1), and core BAF (ARID1A, SMARCA4, SMARCB1,
SMARCE1), with the other SWI/SNF subunits exhibiting correlations most strongly to the core
BAF module12.
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The core BAF functional module is distinct from the biochemically-defined modules in that it
contains two subunits from the biochemical core (SMARCB1, SMARCE1), one subunit from the
ARID module (ARID1A), and one subunit from the ATPase module (SMARCA4).
Biochemically, the SMARCE1 and ARID1A subunits are critical for final-form cBAF assembly,
potentially tying these two subunits from distinct biochemical modules together functionally.
Additionally, although SMARCB1 has minimal impact on complex stability, SMARCB1 may
modulate mSWI/SNF activity, linking this subunit to the core BAF functional module.
Intriguingly, rare human cancers (i.e., malignant rhabdoid tumor, small cell carcinoma of the
ovary hypercalcemic type, clear cell meningioma) are exclusively mutated in subunits
comprising the core BAF functional module12. It is also possible that structural integrity of the
complex may not fully recapitulate the core BAF functional module, as the functional module
consists of subunits frequently mutated in Coffin-Siris Syndrome and Nicolaides-baraitser
syndrome12. The mutations to subunits in CSS and NCBRS are primarily heterozygous missense
mutations, or heterozygous truncations in the case of ARID1B, which should not entirely disrupt
the structural integrity of mSWI/SNF complexes, suggesting there are still further roles and
functions for these subunits across diverse cellular and developmental contexts.

Lastly, cancers perturbed in the core BAF functional module such as malignant rhaboid tumor
(MRT) and synovial sarcoma are sensitive to ncBAF perturbation. In the case of SMARCB1deficient MRT, ncBAF complexes are the only intact mSWI/SNF complexes, and ncBAF
complexes are required for maintenance of gene expression (Chapter 4). In contrast, in synovial
sarcoma PBAF complexes are intact and cBAF complexes incorporate the oncogenic driver
SS18-SSX resulting in destabilization of SMARCB1 and hijacking of cBAF complexes to
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oncogenic sites. Although ncBAF complexes can incorporate the SS18-SSX fusion oncoprotein
and can also be hijacked to cancer-specific SS18-SSX-dependent sites, these complexes
unexpectedly exert their regulatory effects at SS18-SSX independent sites. Despite the different
oncogenic mechanisms behind MRT and synovial sarcoma, ncBAF complexes converge on
regulation of gene expression at retained mSWI/SNF sites in both settings, and primarily localize
to their hallmark CTCF and promoter-proximal sites. Targeting ncBAF complexes represents a
therapeutic opportunity in these aggressive cancers. Future studies will be necessary to determine
if other cancers driven by core BAF functional module mutations, such as clear cell meningioma
(SMARCE1)13 and endometrial and ovarian clear cell carcinomas (dual ARID1A/ARID1B
inactivation)14 will likewise exhibit dependency on ncBAF complexes.
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Figure S2.1. BRD9 and GLTSCR1/1L subunits define a third mSWI/SNF complex
configuration.
(A) Purification scheme for HA-tagged baits to capture native mSWI/SNF complexes. (B-C)
Immunoprecipitation of endogenous GLTSCR1 (B) and GLTSCR1L (C) followed by
immunoblot captures BRD9-containing mSWI/SNF subunits and not canonical BAF- or PBAFspecific subunits. (D) Immunoprecipitation of BRD9 followed by immunoblot for indicated
subunits in NCIH-1437, BJ fibroblasts, IMR90, and ES-2 cell lines supports ncBAF
configuration across multiple cell types. (E) Urea denaturation experiments performed on
SMARCA4 IPs performed across a range of urea concentrations (0M<[urea (M)]<7M) followed
by immunoblot for selected mSWI/SNF subunits in HEK-293T cells. (F) Separation of nuclear
extracts from HEK-293T cells expressing V5-GLTSCR1L followed by 10-30% glycerol gradient
density sedimentation and immunoblot reveals co-sedimentation with BRD9 and SMARCD1 and
not with ARID1A and SMARCB1. (G) Immunoprecipitation of GLTSCR1 and GLTSCR1L
followed by immunoblot indicates mutually exclusive incorporation of these paralogs within
complexes.
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Figure S2.2. BRD9 and GLTSCR1/1L bind ncBAF complexes via defined regions in
Drosophila and mammalian cells.
(A) Domain organization and construct design for BAP/PBAP baits used in complex
purifications in S2 cells. (B) Immunoblot for HA before and after induction by CuSO4 for
Bap60-HA (SMARCD), HA-D4 (DPF2), and CG7154-HA (BRD7) constructs. (C) Alignment of
GLTSCR1 amino acid sequences across species. GLTSCR domain is highlighted. (D)
Immunoprecipitation of mammalian GLTSCR1 full length (GLTSCR1-FL) and GLTSCR1 Nterminal deletion (G1-Ndel) followed by immunoblot in HEK-293T cells. (E) (Top) Construct
design to validate Drosophila CG11873 as a SWI/SNF subunit; (Bottom) Immunoblot for HA
before and after induction by CuSO4 for CG7154 (BRD7) and CG11873-C (GLTSCR1)
constructs. (F) Separation of purified CG7154 (BRD7) complexes by 10-30% glycerol gradient
density sedimentation followed by silver stain.
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Figure S3.1.
(A) Schematic mSWI/SNF complex purification and analyses. (B) Silver stain of HA-bound
proteins in indicated conditions. (C) Silver stain of BAF complexes purified using HA-DPF2 or
HA-SMARCD1 as baits. (D) Heat map clustering of mass-spectrometry-determined peptide
abundance on selected fractions collected from HA-SMARCD1 purified BAF complexes from
Figure 3.1B. (E) Heat map clustering of mass-spectrometry-determined peptide abundance
performed on fractions collected from HA-DPF2 density gradient in Figure 3.1C.
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Figure S3.2.
(A) Analysis of the distance between crosslinked residues in known 3D structures of BAF complex
subunit domains. Dashed line indicates the length of the BS3 crosslinker spacer at 11.4Å. (B)
Structures of the SNF2 ATPase domain in nucleosome bound (blue) and free (green) states.
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Figure S3.2 (Continued)
SMARCA4 crosslinks in dynamic regions are colored in purple and orange. Crosslinks in constant
regions are colored yellow. (C) Clustered distribution of the total crosslinks from mammalian BAF
complex cross-linking mass spectrometry. Clustering analysis indicates similarly strong correlations
between SMARCC, SMARCD, and SMARCE subunits and ARID1, which bridges this module to
the ATPase and their associated subunits. (D-E) Clustered distribution of the total crosslinks from
D. melanogaster complex (D) and S. cerevisiae complex (E) cross-linking mass spectrometry. (F)
Schematic representation of defined and newly-identified regions in BAF subunits used in
representing inter-subunit crosslinks. Only one paralog of each subunit is displayed.
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Figure S3.3
(A) Schematic representation of defined and newly-identified regions in D. melanogaster BAP
subunits used in representing inter-subunit crosslinks. (B) Matrix heatmap of the total crosslinks
from D. melanogaster BAP complex cross-linking mass spectrometry. Individual subunits are
divided into domains and ordered according to Figure 3.2C.
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Figure S3.4
(A) Schematic representation of defined and newly-identified regions in S. cerevisiae SWI/SNF
subunits used in representing inter-subunit crosslinks. (B) Matrix heatmap of the total crosslinks
from Sen. et. al. from S. cerevisiae SWI/SNF complex cross-linking mass spectrometry. Individual
subunits are divided into domains and ordered according to Figure 3.2D. (C) Correlation analysis
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Figure S3.4 (Continued)
between D. melanogaster BAP and S. cerevisiae SWI/SNF subunit domain and region interactions
from cross-linking mass spectrometry datasets.
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Figure S3.5
(A) Silver stain on density sedimentation of native HA-SMARCB1 BAF complexes. (B) Graphical
representation of peptide relative abundance in each density gradient fraction identified by mass
spectrometry analysis. (C) Clustering heatmap of HA-SMARCB1 density gradient mass spec
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Figure S3.5 (Continued)
fractions. (D) (Left) Silver stain on density sedimentation of native HA-SMARCE1 BAF
complexes purified from HEK-293T cells; (Right) Clustering heatmap of HA-SMARCE1 density
gradient mass spec fractions. (E) (Left) Silver stain on density sedimentation of native HASMARCD2 BAF complexes purified from HEK-293T cells; (Right) Clustering heatmap of HASMARCD2 density gradient mass spec fractions.
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Figure S3.6
(A) HEK-293T nuclear extracts were immunodepleted using indicated antibodies and analyzed by
immunoblot with indicated antibodies. (B) Representative colloidal blue near infra-red detection of
pulled fractions 12-15 from DPF2 purified cBAF complexes. Identified proteins are labeled and
their DPF2 relative stoichiometry indicated in parenthesis. (C) Evolutionary conservation of the
SMARCC subunits. Conserved domains and regions are indicated.
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Figure S3.7
(A) Co-IP/immunoblot analysis of BAF core module in WT and subunit KO cells. Antibodies used
for detection are indicated. (B) Silver stain on density sedimentation of native HA-SMARCB1
BAF complexes purified from ΔSMARCD HEK-293T cells. (C) Silver stain of Fraction 8 of the
HA-SMARCB1 gradient in HEK-293T cells. Subunits are labeled. (D) (Left) Silver stain on density
sedimentation of native HA-SMARCD1 BAF complexes purified from ΔSMARCB1 HEK-293T
cells; (Right) Clustered heatmap of the mass spec analysis performed on selected fractions. (E)
Silver stain on density sedimentation of native HA-SMARCD1 BAF complexes purified from
ΔSMARCB1 HEK-293T cells.
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Figure S3.8
(A) Alignment and conservation of ARID1 amino acid sequences across species and identification
of the conserved CBR A and B bridging regions. (B) Schematic representation of crosslinks from
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Figure S3.8 (Continued)
orthologous BAF core/ARID subcomplex from S. cerevisiae and D. melanogaster cross-linking
mass spectrometry datasets. Line width is proportional to the number of crosslinks. Black links in S.
cerevisiae schematic represents crosslinks between SWI3 and SWI1. (C) Silver stain on density
sedimentation of native HA-DPF2 BAF complexes purified from ΔSMARCB1 HEK-293T cells.
(D) Silver stain on density sedimentation of native HA-DP BAF complexes purified from
ΔSMARCE1 HEK-293T cells. (E) Silver stain on HA-SMARCD1 purified complexes from HEK293T and MIA-Pa-Ca-2 confirming ARID1A and ARID1B deficiency in MIA-Pa-Ca-2. (F)
Western blot analysis of the total cell lysates (TCL) from HEK-293T and MIA-Pa-Ca 2 cells with
indicated antibodies. (G) Silver stain on density sedimentation of HA-DPF2 BAF complexes
purified from MIA-Pa-Ca-2 (ARID1A and ARID1B deficient) cells after glycerol gradient density
sedimentation. (H) Circle-plot analysis of the mammalian CX-MS dataset. DPF2 subunits
crosslinks to other BAF subunits are indicated. DPF2/ BAF core are in teal, DPF2/ARID crosslinks
subunits are in green, and DPF2/ATPase in yellow. Data from paralogous subunits was combined.
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Figure S3.9
(A) Silver stain on density sedimentation of native HA-DPF2 BAF complexes purified from SW13
(SMARCA4/SMARCA2-deficient) cells. (B) Mass spectrometry analysis of the total elution from
HA-DPF2 purifications from ATPase-negative SW13 cells. (C) Nuclear extracts from WT or ARID
subunit CRISPR-Cas9-mediated KO cell lines were subjected to immunoprecipitation with
indicated antibodies. Eluted samples were SDS-PAGE separated and immunoblotted with indicated
antibodies.

175

Figure S3.10
(A) Circle-plot analysis of the mammalian cross-linking mass spectrometry dataset. ATPase module
subunits crosslinks are in blue, ATPase/ARID module crosslinks are in yellow, and CORE and
ARID module subunits are in green. Data from paralogous subunits was combined. (B) Schematic
representation of crosslinks from orthologous ATPase subcomplexes from H. sapiens, D.
melanogaster and S. cerevisiae and cross-linking mass spectrometry datasets. Line width is
proportional to the number of crosslinks. Black links represents crosslinks between actin-like
proteins. (C) Clustered heatmap of the mass spectrometry analysis performed on the fractions
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Figure S3.10 (Continued)
collected from HA-SMARCA4 density gradient from WT 293T cells. Colors represent Z-scores
according to legend. (D) (Left) Silver stain on density sedimentation of native HA-BCL7A BAF
complexes purified from HEK-293T cells; (Right) Clustered heatmap of mass spec on selected
gradient fractions.
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Figure S3.11
(A) Louvain modularity analysis performed on mass-spec analyses from glycerol gradients
collected from SMARCD1, SMARCB1 and SMARCA4 purifications. Colors are generated as a
function of the relations between the nodes (subunits) of the generated network. (B) Nuclear
extracts from WT or core BAF subunit KO cell lines were subjected to immunoprecipitation with
indicated antibodies and immunoblotted with indicated antibodies.
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Figure S3.12
(A) Heatmap reflecting distributions of total crosslinks from mammalian PBAF complex crosslinking mass spectrometry. (B) Correlation analysis of the total subunit crosslinks from CX-MS
obtained from PHF10 and BRD7 datasets. (C) Silver stain on density sedimentation of native HA-
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Figure S3.12 (Continued)
BRD7 PBAF complexes purified from HEK-293T cells. (D) Silver stain on density sedimentation
of native HA-PHF10 PBAF complexes purified from HEK-293T cells.
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Figure S3.13
(A) Co-IP and immunoblot analysis performed on PBAF subunit KO 293T cells. Antibodies used
for detection are indicated. (B) Distribution of self-crosslinks and inter-paralog crosslinks in PBAF
complex cross-linking mass spectrometry dataset. Redundant crosslinks were removed. (C) HEK293T cells were stably infected GFP-PBRM1 or empty vector and used for co-IP/immunoblot
analyses. Antibodies used for detection are indicated. (D) HEK-293T cells were infected with WT
V5-PBRM1, V5-PBRM1∆BAH1 or empty vector and used for WB-co-IP analysis. Antibodies used
for detection are as indicated. (E) WB-co-IP analysis performed on WT and ncBAF subunit KO
cells. Antibodies used for detection are indicated. *-Non-specific band above BRD9 band in the
input.
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Figure S3.14
(A) Mutations in mSWI/SNF genes in human developmental syndromes and other diseases. (B)
Mutations in ACTL6A in autism spectrum disorders and crosslinks to BAF ATPase module. (C)
Mutations in SMARCD2 in human specific granule deficiency (SGD) and crosslinks to other BAF
subunits. (D) Silver stain on density sedimentation of native HA-ARID1A G2087R BAF complexes
purified from HEK-293T cells. (E) (Left) TCGA mRNA expression levels of the ARID1A and
ARID1B transcripts in ARID1A proficient and deficient cancers; (Right) Boxplot of ARID1B
expression in ARID1A deficient and proficient cell lines. (F) (Left) CCLE mRNA expression levels
of the ARID1A and ARID1B transcripts in ARID1A proficient and deficient cancers; (Right)
Boxplot of ARID1B expression in ARID1A deficient and proficient cell lines. (G) Boxplot of
expression of ARID1A and ARID1B across CCLE cell lines. (All represented cell lines have WT
ARID1A and ARID1B).
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Figure S4.1. mSWI/SNF complexes differentially localize on chromatin.
(A) Heatmap representing correlations of fitness scores between mSWI/SNF complexes genes in
genome-scale shRNA-based genetic perturbation screens (Project DRIVE, Novartis). (B)
Schematic of subunits selected for ChIP-seq in EoL-1 cells: BRD9 and GLTSCR1 (ncBAFspecific), DPF2 (BAF-specific), BRD7 (PBAF-specific) and SMARCA4 and SMARCC1 (pan-
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Figure S4.1 (Continued)
mSWI/SNF) subunits. (C) Pearson correlation of read density between two different BRD9
antibody ChIP-seq experiments. (D-E) Venn diagram representing overlap between SMARCA4
DPF2 (D) or BRD7 (E) ChIP-seq peaks. (F) Venn diagram of peaks for BRD7 (PBAF), BRD9
(ncBAF), and DPF2 (cBAF) in EoL-1. (G) Distance of each peak to the nearest TSS in indicated
ChIP-seq experiments in EoL-1. (H) BAF, PBAF, and ncBAF complex ChIP-Seq read density
distribution over the TSS and 2.5kb into the gene body. (I) Localization of CTCF and ncBAF,
BAF, and PBAF complexes at the SH2B3 locus. CTCF-BRD9 overlap sites are shaded in gray.
(J) Distribution of CTCF, H3K27ac, H3K4me1, and H3K4me3 marks across all mSWI/SNF
sites genome-wide, clustered into four groups. (K) ChIP-seq read density summary plots of
DFP2-, BRD9-, and BRD7-bound mSWI/SNF complexes over active enhancers, active
promoters, CTCF sites, and primed sites. (L) Example track depicting differential mSWI/SNF
complex binding at the CMC1 locus. (M) Heatmap of CTCF, BRD9, H3K4me3 and H3K4me1
ChIP-seq occupancy over all CTCF sites in EoL-1, split into proximal and distal sites, and
ranked by BRD9 density.

185

Figure S4.2. Synthetic lethal screening and chemical degradation strategies indicate that
synovial sarcoma and malignant rhabdoid tumor cell lines are sensitive to ncBAF complex
perturbation.
(A) Schematic of CRISPR-Cas9-based synthetic lethal screening performed in Project Achilles.
(B) Heatmap of CRISPR-Cas9 (Project Achilles) CERES dependency scores for ncBAF subunits
BRD9, GLTSCR1, and SMARCD1 across all soft tissue and bone cancers ranked by BRD9
CERES score. (C) Waterfall plots of ATARIS (Project DRIVE) scores across n = 387 cancer
cell lines for indicated subunits; dashed line = −0.75 score. (D) Schematic of BAF subunited
perturbations in synovial sarcoma and malignant rhabdoid tumor. (E) Heatmap of the z-score of
CERES scores (CRISPR-Cas9 screening, Project Achilles) across all 408 cancer cell lines ranked
by median z-score across all analyzed mSWI/SNF subunits. (F) Immunoblot for ncBAF-specific
subunit GLTSCR1 and shared ncBAF subunits in HEK-293T cells upon 250nM dBRD9
treatment or BRD9 KO. (G) (Left) Immunoblot on whole cell lysate from SYO-1 synovial
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Figure S4.2 (Continued)
sarcoma cells lentivirally infected with shRNAs against SS18-SSX1 (shSSX) or control (shCtrl);
(Right) Proliferation experiments performed in SYO-1 synovial sarcoma cells infected with
shRNAs against SS18-SSX1 (shSSX) and control (shCtrl).
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Figure S4.3. Further validation of synthetic lethal screening results.
(A) FACS-based cell cycle analyses for synovial sarcoma cell line SYO-1 after 8 days of
compound treatment. (B) Annexin V staining apoptosis assay on SYO-1 SS cells after 8 days of
dBRD9 compound treatment. (C) (Top) Immunoblot performed on total cell lysates isolated
from G401 MRT cells treated with either DMSO vehicle control or dBRD9 (250nM) for

188

Figure S4.3 (Continued)
indicated time; (Bottom) Proliferation experiments performed in G401 MRT cells treated with
either DMSO or dBRD9 (250nM). (D) Proliferation experiments performed in ESX epithelioid
sarcoma (SMARCB1-intact) cells treated with either DMSO or dBRD9 (250nM). (E-F) Colony
formation assay performed on additional synovial sarcoma cell line HSSYII (E) and Aska (F)
treated with either dBRD9, BI-7273 (BRD9 bromodomain inhibitor), or lenalidomide as a
control. (G-I) Colony formation assay performed on mSWI/SNF wildtype cell lines HCT-116
colorectal cancer (G), Calu-6 lung adenocarcinoma (H), and RD rhabdomyosarcoma (I) treated
with either dBRD9, BI-7273 (BRD9 bromodomain inhibitor), or lenalidomide as a control.
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Figure S4.4. BRD9 and SS18-SSX regulate distinct gene sets in synovial sarcoma.
(A) Enriched gene ontology terms for groups 1, 2, and 3 from Figure 4.4B. (B) Schematic
depicting experimental conditions in CRL7250 human fibroblast cells used in RNA-seq
experiments. (C) GSEA performed on conditions outlined in Figure S4.4B. (D) Example track of
a fusion-dependent site (left) and bar graph of gene expression by RNA-seq (right) in SYO-1 at
the FLRT2 gene. (E) Example tracks of fusion-independent sites (left) and bar graphs of gene
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Figure S4.4 (Continued)
expression by RNA-seq (right) in SYO-1 at the SLC7A5 and SRM genes. (F) Violin plot of
CERES scores for genes that changed with a significance of q<1e-3 after 6 days of dBRD9
treatment in MOLM-13 cells. P-value calculated by t-test.
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Figure S4.5. BRD9 maintains gene expression at retained, CTCF-marked promoter sites in
BAF-perturbed settings of synovial sarcoma and malignant rhabdoid tumor.
(A) Hockey stick plot of TTC1240 H3K27ac signal with MRT-specific super enhancers as
defined by Chun et al. marked in red. (B) Example ChIP-seq track showing BRD9, H3K27ac in
WT TTC1240, and SMARCA4 +DMSO or +dBRD9 occupancy at the LIF locus. (C) Boxplot of
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Figure S4.5 (Continued)
H3K27ac and BRD9 ChIP occupancy at the promoters of active genes. (D) GREAT analysis of
GO Biological Process genes near SMARCA4 sites lost upon dBRD9 treatment in TTC1240. (E)
ChIP-Seq density heatmap of SMARCA4, BRD9, H3K4me3, H3K4me1, H3K27Ac, and CTCF
over SMARCA4 proximal (<2kb to TSS) and distal sites in TTC1240 empty vector control cells
sorted by BRD9 density. (F) ChIP-Seq density heatmap of SS18, BRD9, H3K4me3, SYO-1
CTCF and EOL-1 CTCF over shScr BRD9 sites in Aska. Sorted by difference in SS18 density
between shScr and shSSX conditions. (G) SYO-1 BRD9 ChIP-seq density over CTCF sites
ordered by BRD9 density in shCtrl condition. (H) TTC1240 BRD9 ChIP-seq density over CTCF
sites before and after SMARCB1 introduction.
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