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Summary

Mammalian SWI/SNF (mSWI/SNF or BAF) ATP-dependent chromatin remodeling complexes 

play critical roles in governing genomic architecture and gene expression and are frequently 

perturbed in human cancers. Transcription factors (TFs), including fusion oncoproteins, can 

bind to BAF complex surfaces to direct chromatin targeting and accessibility, often activating 

oncogenic gene loci. Here, we demonstrate that the FUS::DDIT3 fusion oncoprotein hallmark to 

myxoid liposarcoma (MLPS) inhibits BAF complex-mediated remodeling of adipogenic enhancer 

sites via sequestration of the adipogenic TF, CEBPB, from the genome. In mesenchymal stem 

cells, small molecule inhibition of BAF complex ATPase activity attenuates adipogenesis via 

failure of BAF-mediated DNA accessibility and gene activation at CEBPB target sites. BAF 

chromatin occupancy and gene expression profiles of FUS::DDIT3-expressing cell lines and 

primary tumors exhibit similarity to SMARCB1-deficient tumor types. These data present a 
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mechanism by which a fusion oncoprotein generates a BAF complex loss-of-function phenotype, 

independent of deleterious subunit mutations.

Graphical Abstract

eTOC Blurb

Zullow et al. demonstrate that the FUS-DDIT3 fusion oncoprotein inhibits the targeting and 

activity of the mSWI/SNF (BAF) chromatin remodeling complex in myxoid liposarcoma, driving 

the tumor’s unique gene expression signature, which is similar to that of other BAF loss-of-

function tumors. BAF complex disruption similarly attenuates normal adipogenesis in MSCs.

Introduction

Chromosomal translocations are found in approximately 20% of all soft-tissue sarcomas 

(Åman, 2015; Nakano and Takahashi, 2018). Fusion oncoproteins generated by 

chromosomal translocations often delineate specific sarcoma types, such as FUS::DDIT3 

in myxoid liposarcoma (Aman et al., 1992; Crozat et al., 1993; Rabbitts et al., 

1993), EWS::FLI1 in Ewing sarcoma (Delattre et al., 1992), PAX3-FOXO1 in alveolar 

rhabdomyosarcoma (Barr et al., 1993; Galili et al., 1993), and SS18::SSX in synovial 

sarcoma (Crew et al., 1995; Smith et al., 1987). These fusion pairs most frequently involve 

nuclear proteins, including transcription factors, and are increasingly recognized to serve 

critical cancer-initiating roles via the disruption of key chromatin regulatory factors such 

as chromatin remodeling complexes (Bishop, 1987; Boulay et al., 2017; Brien et al., 2019; 

Gryder et al., 2017; Kadoch and Crabtree, 2013; McBride et al., 2018; Nacev et al., 2020; 

Rabbitts, 1994; Riggi et al., 2014).
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Recent studies by our group and others have demonstrated that several fusion oncoproteins 

drive oncogenesis by collaborating with the mammalian SWI/SNF (mSWI/SNF or BAF) 

family of ATP-dependent chromatin-remodeling complexes, which play critical roles in the 

establishment and maintenance of genomic accessibility and gene expression (Clapier et 

al., 2017; Iurlaro et al., 2021; Kadoch and Crabtree, 2015). For example, the SS18::SSX 

fusion oncoprotein hallmark to synovial sarcoma dominantly replaces the wild-type SS18 

subunit of BAF complexes, resulting in molecular ‘hijacking’ of BAF complexes to 

polycomb repressive complex (PRC) target sites genome-wide (Kadoch and Crabtree, 2013; 

McBride et al., 2020; McBride et al., 2018). Similarly, in Ewing sarcoma, the characteristic 

EWS::FLI1 fusion protein binds to and directs BAF complexes to a select set of GGAA 

repeat-containing enhancers, leading to oncogenic enhancer activation and gene expression 

(Boulay et al., 2017). In both fusion-driven cancers, one involving a stable and dedicated 

BAF complex subunit (SS18) and the other involving an ETS transcription factor that 

transiently associates with BAF complexes (FLI1), BAF complexes and their activities are 

mistargeted on chromatin in a gain-of-function manner to initiate and support oncogenic 

gene transcription.

Here, we sought to determine whether the FUS::DDIT3 fusion oncoprotein alters the 

activities of BAF complexes in myxoid liposarcoma (MLPS). MLPS is characterized by 

the t(12;16) chromosomal translocation event that fuses the N-terminal region of either FUS 

or EWS to the 5’ untranslated region of DDIT3 (Crozat et al., 1993; Panagopoulos et al., 

1996; Rabbitts et al., 1993), with the FUS::DDIT3 fusion protein found in 95% of MLPS 

cases (Conyers et al., 2011; Jain et al., 2010). FUS::DDIT3 fusions harbor at least the first 

3 exons of FUS and the entire coding region of DDIT3 (Figure S1A) (Antonescu et al., 

2001; Knight et al., 1995; Kuroda et al., 1995; Panagopoulos et al., 1994; Powers et al., 

2010; Yang et al., 1995). Similar to the EWS::FLI1 fusion protein in Ewing sarcoma, the 

N-terminal partner of FUS::DDIT3 (FUS) belongs to the FET protein family consisting 

of FUS, EWSR1, and TAF15 (Andersson et al., 2008), which harbor disordered protein 

regions compatible with phase separation (Nacev et al., 2020; Riggi et al., 2007; Ron, 1997; 

Schwartz et al., 2015). The C-terminal partner of FUS::DDIT3 (DDIT3) is a member of 

the CCAAT enhancer binding protein (C/EBP) family of transcription factors (TFs), which 

dimerize and bind their cognate motifs on DNA, serving critical roles in the development 

and differentiation of several tissue lineages, including adipocytes (Cao et al., 1991; Lindén 

et al., 2019; Nerlov, 2007; Tsukada et al., 2011). Notably, DDIT3 is a dominant negative 

member of this family, in that its dimerization with other C/EBP family members generates 

heterodimers that cannot bind C/EBP homodimer motifs on DNA (Adelmant et al., 1998; 

Ron and Habener, 1992; Tang and Lane, 2000; Ubeda et al., 1996).

Here, we find that FUS::DDIT3 expression inhibits CEBPB-mediated BAF complex 

targeting to adipogenic enhancers, resulting in downregulation of adipogenic genes 

and upregulation of tumorigenic pathways in MLPS cell lines and primary tumors. 

BAF complexes and their ATPase-driven chromatin remodeling activities are required 

for CEBPB-mediated reestablishment of adipogenic enhancers upon suppression of 

FUS::DDIT3 in MLPS cell lines as well as for adipogenesis in mesenchymal stem cells 

(MSCs). These data highlight the role for BAF complex-mediated chromatin remodeling in 

normal adipogenesis and demonstrate the mechanistic convergence between FUS::DDIT3-
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mediated sequestration of the critical adipogenic transcription factor CEBPB and BAF 

complex loss-of-function in the setting of MLPS.

Results

Expression of the FUS::DDIT3 fusion oncoprotein inhibits BAF complex targeting and 
activity over C/EBP target enhancers

To characterize the genomic localization of the FUS::DDIT3 fusion oncoprotein in MLPS, 

we performed chromatin immunoprecipitation followed by sequencing (ChIP-seq) using 

antibodies targeting DDIT3 (i.e., FUS::DDIT3), the pan mSWI/SNF complex subunit 

SMARCC1/BAF155, and H3K27ac, a marker of active chromatin in the MLPS-1765–92 

myxoid sarcoma cell line (type VIII fusion) (Aman et al., 1992). Further, we performed 

Assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) to define DNA 

accessibility (Buenrostro et al., 2015b; Shashikant and Ettensohn, 2019). The large majority 

(>70%) of DDIT3-only peaks (marking FUS::DDIT3) localized within 2kb of promoters, 

and FUS::DDIT3-BAF complex co-targeted sites exhibited strong H3K27ac signal and DNA 

accessibility (Figure S1B-D). Genome-wide, SMARCC1-marked BAF complexes localized 

primarily to distal enhancer regions, as expected given the demonstrated role for this family 

of complexes in the establishment and maintenance of enhancer accessibility (Mathur et al., 

2017; Nakayama et al., 2017; Pan et al., 2019; Wang et al., 2017) (Figure S1D).

To determine the effects of FUS::DDIT3 expression on BAF complex chromatin targeting in 

MLPS, we suppressed FUS::DDIT3 in the MLPS-1765–92 cell line using shRNA-mediated 

knockdown (Figure 1A-B). Nuclear protein levels of FUS::DDIT3 were reduced by >90% 

in the fusion knockdown condition (shDDIT3) relative to the control, non-targeting shRNA 

condition (shSCR) (Figure 1B, S1E). Levels of the wild-type DDIT3 gene were extremely 

low and we were unaffected by DDIT3 knockdown (Figure S1E). We performed ChIP-seq 

using antibodies targeting the SMARCC1/BAF155 core subunit to map the localization of 

BAF complexes in the control and fusion knockdown conditions. Unexpectedly, suppression 

of FUS::DDIT3 resulted in an overall increase in BAF complex MACS-called peaks, 

predominantly at TSS-distal regions (Figure 1C, S1F). Clustering these sites revealed 

considerable increases in H3K27ac by ChIP-seq and DNA accessibility by ATAC-seq at 

the 1,980 sites that gain BAF complex occupancy upon fusion knockdown (Figure 1D-E, 

S1G-H), indicative of enhancer recommissioning upon suppression of FUS::DDIT3.

Intriguingly, HOMER motif analysis performed over sites exhibiting gains in BAF complex 

occupancy upon FUS::DDIT3 suppression revealed significant enrichment of the C/EBP 

family motif (p=1e-494) (Figure 1F). Further, BAF complex occupancy was increased 

selectively at C/EBP family sites, while it was unchanged at sites corresponding to all other 

TF motifs genome-wide (Figure 1G). C/EBP family members such as CEBPB, CEBPA, and 

CEBPD are known to play critical roles in early adipogenesis, leading to the expression 

of PPARG, which is required for terminal differentiation of adipocytes and maintenance 

of the adipocytic phenotype (Figure S1I) (Barak et al., 1999; Rosen et al., 1999; Tanaka 

et al., 1997; Tang and Lane, 2000; Tang et al., 2003; Wang et al., 1995). Strikingly, locus 

overlap analysis (LOLA) over BAF gained sites revealed strong enrichment of CEBPB and 

adipogenesis-related factor occupancy (i.e., CEBPA, STAT, and PPARG) across publicly-
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available ChIP-seq studies performed in mesenchymal stem cells (MSCs) and adipocytes 

(Figure 1H). Furthermore, sites with increased accessibility (via ATAC-seq) upon fusion 

knockdown were enriched for C/EBP family motifs (Figure S1J-K), suggesting a shift in 

BAF complex-mediated DNA accessibility generation at genomic regions harboring C/EBP 

family motifs, as exemplified at the IRS1, EIF5A2, and RASD2 loci (Figure 1I). Similar 

results demonstrating increases in BAF complex occupancy at CEBPB target sites following 

FUS::DDIT3 suppression were obtained in an independent MLPS cell line, MLPS-402-91 

containing the type I FUS::DDIT3 fusion (Figure S1A, L-N). Taken together, these data 

highlight an unexpected increase in BAF complex occupancy, specifically at CEBPB 

target sites, following suppression of the FUS::DDIT3 fusion oncoprotein, implicating the 

FUS::DDIT3 fusion as an inhibitor of proper lineage-specific BAF complex chromatin 

localization in myxoid liposarcoma.

FUS::DDIT3-mediated sequestration of CEBPB inhibits BAF complex activity at CEBPB 
target sites and attenuates adipogenic gene activation

The DDIT3 transcription factor is known to heterodimerize with CEBPB in a dominant 

negative manner, preventing CEBPB binding to its cognate DNA motifs. Further, the 

intact DDIT3 dimerization domain, but not the DNA-binding domain, is required for 

the oncogenic activity of FUS::DDIT3, as dimerization mutants do not interfere with 

contact inhibition and adipogenesis in culture (Adelmant et al., 1998; Ron and Habener, 

1992; Zinszner et al., 1994). Given this and our findings suggesting sequestration of BAF 

complexes away from CEBPB target sites genome-wide in the presence of FUS::DDIT3, 

we performed biochemical studies to characterize the interactions of FUS::DDIT3 with 

CEBPB and BAF complexes in the MLPS setting. We found that the FUS::DDIT3 fusion 

predominantly interacts with CEBPB but less strongly with the principal ATPase subunit 

of BAF complexes, SMARCA4/BRG1, across three MLPS cell lines (Figure S2A-B), 

indicative of its biochemical role of heterodimerizing with CEBPB.

Given this, we next aimed to determine whether FUS::DDIT3-mediated reduction of BAF 

complex occupancy and subsequent DNA accessibility over CEBPB target sites could 

be explained by changes in the binding of CEBPB on the genome. Notably, ChIP-seq 

studies revealed a striking >20-fold increase in CEBPB occupancy on chromatin following 

suppression of FUS::DDIT3 (Figure 2A), with the strongest gains at distal sites exhibiting 

increases in BAF complex targeting upon fusion knockdown (Figure 2B, S2C). Specifically, 

nearly 50% of sites at which BAF complexes were retargeted following fusion knockdown 

overlapped with sites of gained CEBPB occupancy (dually-gained sites) (Figure 2C). 

Furthermore, upon fusion knockdown, dually-gained sites were primarily distal, marked 

with increased H3K27ac and DNA accessibility, and overlapped sites known to be bound 

by adipogenic factors in MSCs and adipocytes (Figure 2D, S2C-D). Together, these data 

indicate that the FUS::DDIT3 fusion prevents CEBPB chromatin binding and CEBPB-

mediated recruitment of BAF complexes, and that BAF complexes and CEBPB reciprocally 

reinforce one another’s binding to and activation of adipogenic enhancers upon FUS::DDIT3 

suppression.
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Accordingly, biochemical studies revealed that CEBPB biochemically interacts with BAF 

complexes, and further, mutagenesis experiments indicated that this interaction is mediated 

by the CEBPB N-terminus (Figure S2E). We also found that total nuclear protein levels 

of CEBPB were significantly increased in MLPS-1765-92 cells following FUS::DDIT3 

suppression (Figure 2E, S2F), in support of the notion that FUS::DDIT3 drives competition 

between CEBPB homodimer and FUS::DDIT3-CEBPB heterodimer generation in MLPS, 

with FUS::DDIT3 expression attenuating the formation of CEBPB homodimers that bind to 

and target BAF complexes to enhancers.

We next sought to identify the impact of CEBPB re-binding, BAF complex re-targeting, and 

increased enhancer accessibility on the gene expression programs of MLPS cells following 

suppression of FUS::DDIT3. Notably, RNA-seq analyses performed in the shSCR and 

shDDIT3 conditions revealed substantial changes in gene expression, with the majority 

of genes upregulated in expression (n= 3283 genes upregulated; n=791 downregulated 

significantly) (Figure S2G). Further, we identified 242 significantly up-regulated genes that 

mapped to sites of de novo CEBPB and BAF complex co-targeting following FUS::DDIT3 

suppression (Figure 2F). Importantly, gene sets corresponding to adipogenesis were strongly 

enriched among these upregulated targets, in agreement with the strong enrichment of 

CEBPB and BAF complexes over sites targeted by adipogenic factors such as CEBPB, 

CEBPA, PPARG, STAT, and others (Figure 2G, S2H). Notably, genes strongly upregulated 

upon FUS::DDIT3 fusion knockdown relative to control knockdown included a collection 

of genes closely associated with adipogenic processes (i.e. LAMA4, MGLL, and ENPP2), 

myogenesis (FHL1, COL4A2, and LPIN1) as well as those known to play roles in EMT, 

differentiation, and apoptosis (Chang et al., 2014; Gonzalez Porras et al., 2021; Rancoule et 

al., 2012; Reue, 2007) (Figure 2H). Enhancers of these upregulated genes showed increased 

CEBPB and BAF complex occupancy, as exemplified at the FOXO3, SOD2, LPIN1, DMD, 
AEBP1, and IRS1 loci (Figure 2I). Fusion suppression resulted in similar changes in 

CEBPB targeting the MLPS-402-91 cell line (Figure S2I-K). Finally, in line with these 

findings, overexpression of CEBPB in MLPS cell lines resulted in significant attenuation 

of cell proliferation in culture (Figure S2L-M). Collectively, these results underscore the 

role of the FUS::DDIT3 fusion in precluding CEBPB-DNA binding and CEBPB-mediated 

BAF complex targeting on the genome, such that upon fusion suppression, the CEBPB-BAF 

complex interaction, target locus accessibility, and target gene expression are all restored.

Aberrant BAF complex and CEBPB chromatin binding underlie the MLPS gene expression 
signature

We next aimed to determine whether BAF-CEBPB-mediated gene regulatory effects in 

MLPS cell lines were consistent with gene expression profiles observed in primary MLPS 

tumors. To this end, we performed RNA-sequencing (RNA-seq) on n=10 MLPS tumor 

samples pathologically confirmed to contain >95% tumor cells (Figure S3A, Table S1). 

Compared to the transcriptional profile of normal adipose tissue (n=46, GTEx), primary 

MLPS tumors demonstrated markedly reduced expression of genes involved in adipogenesis 

and adipocyte biology (i.e., glycerolipid/glycerophospholipid synthesis, insulin signaling, 

and fatty acid/omega oxidation) and elevated expression of genes involved in cancer-

promoting pathways (i.e., G2/M checkpoint, cell cycle, and E2F targets) (Figure 3A-B). 
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These data underscore the defects in MLPS adipocytic differentiation gene expression 

programs relative to normal adipose tissue, consistent with our findings in MLPS cell lines, 

in which BAF complex targeting, DNA accessibility, activation of adipogenic enhancers, 

and subsequent target gene expression are all attenuated in the presence of the FUS::DDIT3 

fusion protein.

Importantly, we identified a number of adipogenic genes that exhibited substantially reduced 

expression in primary MLPS tumors relative to normal adipose tissue and that mapped 

to gained BAF complex target sites in fusion-suppressed MLPS-1765-92 cells (Figure 

3C). Furthermore, we identified a set of genes lowly expressed in primary MLPS tumors 

and upregulated upon fusion knockdown in MLPS-1765-92 cells, which were enriched 

in adipogenic gene sets, and conversely, we identified a set of genes highly expressed 

in primary MLPS tumors and downregulated upon fusion knockdown in MLPS-1765-92 

cells which were enriched in cancer-promoting gene sets (Figure 3D-E, S3B). Importantly, 

we identified overlap between lowly-expressed genes in MLPS primary tumors and genes 

that were significantly upregulated upon suppression of the FUS::DDIT3 fusion in the 

MLPS-1765-92 and MLPS-402-91 cell lines (Figure S3C-D). As examples, genes playing 

central roles in lipid, cholesterol, and steroid biosynthesis such as IRS1, LPIN1, and 

STAT5B, were among the sets of genes that exhibited reduced expression in MLPS primary 

tumors and/or were upregulated upon FUS::DDIT3 knockdown in MLPS cell lines (Figure 

3D, S3C). Reciprocally, genes exhibiting high expression in MLPS primary tumors and/or 

those that were downregulated upon fusion knockdown were enriched for cell cycle and 

growth pathway genes, such as CXCL8, TRIB3, and PTX3 (Figure 3E, S3D). Indeed, we 

found that >40% of genes upregulated in MLPS primary tumors mapped to chromatin loci 

marked by both FUS::DDIT3 and CEBPB, FUS::DDIT3-CEBPB heterodimers, along with 

BAF complexes, suggesting the contributions of heterodimer-BAF sites to the activation 

of specific genes hallmark to MLPS (Figure 3F). This is exemplified at the PTX3 locus, 

at which we observed and increased CEBPB localization as well as reduced DDIT3 

and promoter accessibility upon fusion suppression (Figure 3G). Given this observation, 

we performed PTX3 immunohistochemical (IHC) staining across a tissue microarray 

(TMA) containing n=50 MLPS tumors and n=27 normal adipose samples. Indeed, we 

found that the expression of PTX3, a gene previously suggested as a potential marker of 

liposarcomas (Willeke et al., 2006), was statistically significantly higher in MLPS relative 

to normal fat (Figure 3H-I, S3E). These data implicate a role for a specific set of sites 

at which FUS::DDIT3-CEBPB heterodimers, along with BAF complexes bind to maintain 

or augment MLPS-specific gene expression. Further, these studies integrating chromatin 

binding, DNA accessibility, and gene expression results in MLPS cell lines (with and 

without fusion suppression) and primary tumors underscore that the central feature of MLPS 

is the failure to properly enter and complete adipogenesis due to loss of CEBPB-mediated 

BAF complex targeting to adipogenic enhancers.

BAF complex ATPase activity at CEBPB target loci is required for normal adipogenesis

Given that a central feature in MLPS is the failure to properly enter and complete 

adipogenesis, we next sought to determine the role of BAF complex targeting and 

chromatin remodeling activities in normal adipogenesis. While chromatin regulation has 
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been implicated in adipocytic differentiation in specific contexts (Caramel et al., 2008b; 

Pedersen et al., 2001a; Salma et al., 2004), the contributions of BAF complexes to these 

processes have not been examined comprehensively to date.

To this end, we subjected an MSC model cell line (ASC52telo hTERT-immortalized 

adipose derived mesenchymal stem cells (hTERT-MSCs)) to adipogenic differentiation 

using adipogenic stimulation media (or base media as control) (Figure 4A, S4A). We 

then profiled the genome-wide chromatin occupancy of BAF complexes in the presence 

or absence of treatment with adipogenic stimulation medium for 24 hours. Excitingly, 

we observed a striking overall increase in genome-wide BAF complex occupancy upon 

adipogenic stimulation, consistent with active, lineage-specific differentiation (Figure 4B). 

These gained sites were largely TSS-distal (Figure S4B) and strongly enriched DNA 

sequences corresponding to the C/EBP family of transcription factors (CEBPB, CEBPBA, 

CEBPBD, and CEBPE) (Figure 4C, S4C-D). Occupancy of CEBPB and the H3K27ac 

mark, as determined by CUT&RUN-sequencing, as well as DNA accessibility, were 

substantially gained over adipogenesis-induced de novo BAF complex target sites (Figure 

4D, S4B). Corresponding RNA-seq demonstrated upregulation of gene sets involved in 

cellular response to lipid, fat cell differentiation, and regulation of lipid metabolic process 

upon adipogenic stimulation (Figure S4E).

To determine whether BAF complex ATPase activity is required for the adipogenic process, 

we next pretreated MSCs with either DMSO or compound 12 (CMP12), a SMARCA4/

SMARCA2-specific inhibitor of mSWI/SNF complex-specific ATPase activity (Papillon et 

al., 2018) for 24 hours, followed by either base or adipogenic media for an additional 

24 hours (Figure 4E). Notably, treatment with CMP12 markedly decreased the ability of 

BAF complexes and CEBPB to target to new sites upon adipogenesis (Figure 4F, S4F-H). 

Further, CMP12-mediated ATPase inhibition nearly completely attenuated the placement of 

H3K27ac over enhancers as well as the generation of de novo DNA accessibility during 

adipogenesis (Figure 4F, S4I).

Importantly, small molecule-mediated BAF complex inhibition resulted in significant 

attenuation of gene activation for genes near sites exhibiting decreased BAF complex 

targeting and accessibility upon CMP12 treatment (Figure 4G, S4J). CMP12-attenuated 

BAF complex target genes corresponded to relevant gene ontology pathways (such as EMT 

and adipogenesis) as well as several targets of both BAF complexes and CEBPB such 

as CD36, ELOVL6, and WNT5A, absent changes in the mRNA expression of CEBPB, 

indicative of its BAF-dependent protein-level chromatin binding defect as most critical for 

reduced adipogenic differentiation (Figure 4H-J, S4K). These data demonstrate the critical 

role for BAF complexes in generating accessibility over target sites of the critical early 

adipogenic factor, CEBPB, which is required for downstream adipogenic differentiation. 

Further, these studies uncover the BAF targeting and gene regulatory similarities between 

MLPS (cell lines and primary tumors) and MSCs treated with BAF complex ATPase 

inhibition, further underscoring the loss-of-function impact of FUS::DDIT3 on BAF 

complexes in MLPS (Figures 1–3). Indeed, these experiments defining the role of BAF 

complex inhibition indicate that the failure to appropriately differentiate, via FUS::DDIT3-

mediated sequestration of CEBPB from the genome and consequent loss of BAF complex 

Zullow et al. Page 8

Mol Cell. Author manuscript; available in PMC 2023 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



targeting to adipogenic enhancers, is the principal feature governing the gene expression 

signatures in these tumors.

FUS::DDIT3-mediated attenuation of BAF complex targeting and activity over adipogenic 
target sites phenocopies a BAF complex loss-of-function oncogenic mechanism

Our findings strongly suggest that FUS::DDIT3-mediated sequestration of BAF complexes 

away from CEBPB target sites render MLPS a ‘BAF complex loss-of-function’-like cancer. 

Indeed, loss of BAF complex targeting to lineage-specific distal enhancers is a common 

feature observed in SMARCB1-deficient, SMARCA4/2-deficient and other ‘BAF loss-of-

function’ cancer types known to be driven by BAF subunit deletions (Mathur et al., 2017; 

Nakayama et al., 2017; Pan et al., 2019; Wang et al., 2017). Further, such tumors often 

do not display reliance on residual canonical BAF complex components for proliferative 

maintenance (Michel et al., 2018). In line with this, proliferation of MLPS 1765 cells treated 

with shRNA-mediated knockdown of the SMARCA4/BRG1 ATPase was unchanged relative 

to cells treated with a control shRNA (p=0.664), while shDDIT3 resulted in significant 

attenuation of proliferation (p=3.39e-5) (Figure S5A-B). These data suggest that BAF 

complexes are not required for the proliferative maintenance of MLPS, in stark contrast to 

tumor types in which a fusion oncoprotein mistargets BAF complexes to pro-oncogenic sites 

in a gain-of-function manner (such as EWS::FLI1 in Ewing sarcoma (Boulay et al., 2017)), 

further supporting the idea that loss of BAF complex targeting due to CEBPB sequestration 

is the dominant mechanism in MLPS.

To determine the impact of BAF complex perturbation or loss in FUS::DDIT3-driven MLPS, 

we generated MLPS-1765-92 SMARCB1-KO cells using CRISPR-Cas9-mediated editing 

(Figure S5C) and performed genomic studies with and without FUS::DDIT3 knockdown 

(Figure 5A-B, S5D). In the setting of SMARCB1-KO without fusion knockdown (shSCR 

control), FUS::DDIT3 genome-wide occupancy was decreased, particularly at distal 

enhancer sites, and this was paired with increased total numbers of CEBPB peaks, 

largely restricted to promoter sites (relative to bulk WT cells treated with shSCR control 

knockdown) (Figure 5C-F). Furthermore, upon FUS::DDIT3 knockdown in SMARCB1-

KO cells, BAF complex targeting and CEBPB binding to CEBPB target sites, as well 

as activation of these distal enhancers, were nearly completely attenuated. These data 

underscore that the critical function of BAF complexes over CEBPB target sites during 

normal adipogenesis is defective in MLPS (Figure 5F-G, S5D-F), as can be seen at the 

LPIN1 and FHL1 loci, at which gain of CEBPB binding upon fusion knockdown is 

attenuated in the setting of SMARCB1-KO (Figure 5E).

Intriguingly, while FUS::DDIT3 is the predominant fusion in MLPS, other sarcomas can 

be driven by either FET fusion proteins or SMARCB1 loss in a mutually exclusive manner 

(Agaimy, 2019), strongly suggesting convergent gene regulatory mechanisms. To evaluate 

this, we performed comparative analyses of RNA-seq profiles from SMARCB1-deficient 

(‘BAF loss-of- function’) tumor types, including malignant rhabdoid tumor (MRT), renal 

medullary carcinoma (RMC), and epithelial sarcoma (EpS), as well as those of Ewing 

sarcoma (ES; driven by EWS::FLI1 fusion) and MLPS (driven by FUS::DDIT3). Using 

K-means clustering, we identified a cluster of genes for which expression was uniformly 

Zullow et al. Page 9

Mol Cell. Author manuscript; available in PMC 2023 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduced in BAF loss-of-function settings MLPS, MRT, RMC, and EpS, but not in the BAF 

gain-of- function ES setting (Figure 5H). Notably, these included genes corresponding to 

both general BAF complex functions over enhancers, such as regulation of DNA binding 

transcription factor activity and pro-proliferative pathways (negative regulation of cell cycle 

arrest), as well as lineage-specifying functions of BAF complexes over enhancers, such as 

differentiation and developmental processes (Figure 5I, S5G), further underscoring the BAF 

complex loss-of-function profile hallmark to FUS::DDIT3-driven sarcomas.

Discussion

Here, our studies reveal an unexpected BAF complex loss-of-function phenotype conferred 

by a fusion oncoprotein. These data demonstrate that unlike fusion proteins that direct the 

targeting of BAF complexes to loci that support oncogenic gene expression and proliferation 

(i.e. EWS::FLI1 in Ewing sarcoma, which contain highly similar FET N-terminal members), 

fusion proteins containing CEBPB family members (i.e. DDIT3) generate a loss-of-function 

BAF complex mechanism with chromatin and gene regulatory signatures similar to those 

tumors driven by BAF complex subunit deletions (i.e. SMARCB1 loss). We find that 

expression of FUS::DDIT3 prevents BAF complex binding specifically to C/EBP family 

target motif-containing enhancer elements via near-complete inhibition of CEBPB genomic 

binding in MLPS, resulting in decreased chromatin activation (i.e., reduced decoration 

with H3K27ac and accessibility) and decreased adipogenic gene expression in this cancer. 

These data suggest that the C-terminal partners of FET fusions can direct either gain- or 

loss-of-function mechanisms, with ETS factors (such as FLI1, ERG) potentiating gained 

targeting of BAF complexes over which gene activation results, while C/EBP dimeric factors 

such as DDIT3 heterodimerizing in a dominant negative manner, depleting abundance of 

TFs (such as CEBPB) on the genome that are critical for proper lineage differentiation.

We also show that while BAF complexes are at least partly required for FUS::DDIT3 

localization on the genome, they are not required for proliferative maintenance of MLPS. 

We did, however, identify selected loci at which both DDIT3 and CEBPB together 

(presumably, heterodimers) and BAF complexes localize to accessible sites corresponding 

to specific genes of the MLPS gene expression signature, such as PTX3 (Figure 3). Using 

SMARCB1-KO clones that we generated from an MLPS cell line, we found that BAF 

complexes are critical for robust genomic re-binding of CEBPB and activation of CEBPB-

targeted sites upon FUS::DDIT3 suppression.

Finally, two entirely separate, corollary lines of evidence support our findings that 

expression of the FUS::DDIT3 fusion protein generates a BAF complex loss-of-function 

phenotype. First, other sarcoma types such as myoepithelial carcinoma, extraskeletal 

myxoid chondrosarcoma, and primary pulmonary myxoid sarcoma are driven either by 

recurrent FET-non-ETS fusion proteins (e.g. EWSR1-PBX1, EWSR1-NR4A3, and EWSR1-

CREB1, among others) or by SMARCB1 (BAF47) loss in a mutually exclusive manner 

(Agaimy, 2019; Schaefer and Hornick, 2021). Second, CEPBE mutations and mutations 

in the SMARCD2 BAF complex subunit result in neutrophil-specific granule deficiency 

(SGD) phenotypes, also in a mutually exclusive manner (Priam et al., 2017). These 

examples demonstrate that BAF complexes and transcription factors in the C/EBP family 
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work together to establish appropriate gene expression programming and that perturbing 

either side of this collaboration can lead to deleterious phenotypes, such as cancer or 

immunodeficiency syndromes with hallmark differentiation inhibition signatures. Our work 

in the context of MLPS has uncovered an unexpected category of BAF complex perturbation 

in cancer, in which the expression of a cancer-specific fusion oncoprotein results in the 

inhibition of BAF complex chromatin remodeling activities, mirroring BAF complex loss-

of-function mutations found in over 20% of cancers and expanding the increasingly broad 

collection of human tumors in which this major chromatin remodeler is implicated.

Limitations of the Study

While we demonstrate that expression of the FUS::DDIT3 fusion protein results in a 

BAF complex loss-of-function phenotype in MLPS, blocking normal adipogenesis, future 

studies will be required to define the precise biochemical and 3D structural mechanism by 

which this occurs. Specifically, at present, we have a limited understanding regarding the 

biophysical interaction, dynamics and order of events, and the subunit-level requirements for 

CEBPB binding to BAF complexes. Further, the differences between DDIT3 and CEBPB 

binding interactions with BAF complexes will similarly require detailed biochemical and 

structural approaches. In addition, as we observed attenuation in proliferation of MLPS 

cell lines in culture following overexpression of CEBPB, detailed genomic profiling of the 

impact of CEBPB overexpression at a range of doses (expression levels) and time points 

will further illuminate the mechanisms of CEBPB-BAF complex interplay with respect to 

chromatin accessibility and gene expression.

Star Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Cigall Kadoch 

(Cigall_kadoch@dfci.harvard.edu).

Materials Availability—This study did not generate unique new reagents.

Data and Code Availability

• Genomics data (ChIP-seq, Cut&Run, ATAC-seq, and RNA-seq) have been 

deposited at GEO under accession number GSE179720 and are publicly 

available as of the date of publication. Accession numbers are listed in the key 

resources table. Original western blot images have been deposited at Mendeley 

and are publicly available as of the date of publication. The DOIs are listed in the 

key resources table.

• No original code was generated for this study.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects—The age, sex, and gender identity of all subjects whose tumors 

(deidentified) were subjected to RNA-seq are provided in Table S1. Deidentified myxoid 

liposarcoma (n=10 for RNA-seq), Ewing sarcoma (n=10 for RNA-seq), and extraskeletal 

myxoid chondrosarcoma (n=7 for RNA-seq) cases were identified, with pathology and 

diagnosis confirmed by two independent pathologists at MD Anderson Cancer Center 

(MDACC). The samples and anonymous clinical data used were obtained and analyzed 

under protocols approved by the local Institutional Review Board (IRB) or exempted by the 

HHS Office of Human Subjects Research Protections determination per NIH policy. The 

IRB committee at MD Anderson approved the studies and confirm that informed consent 

was obtained from all subjects. Additional primary tumor sequencing data were obtained 

from publicly available resources and publications.

Cell lines—Three MLPS cell lines, two MSC lines, and a HEK293T LentiX cell line were 

used in this study. The MLPS-1765-92 and MLPS-402-91 cell lines were generous gifts 

from Pierre Åman (University of Gothenburg, Sweden) and the MLPS-DL221 cell line was 

a generous gift from Alexander Lazar (MD Anderson). The hTERT-MSC line (ASC52telo, 

hTERT immortalized adipose derived Mesenchymal stem cells, ATCC® SCRC-4000) was 

purchased from ATCC.

MLPS-1765-92 and MLPS-402-91 cells were cultured in RPMI medium (Gibco) 

supplemented with 10% fetal bovine serum, 1% Glutamax (Gibco), 1% Sodium Pyruvate 

(Gibco), and 1% Penicillin-Streptomycin (Gibco). MLPS-DL221 cells were cultured in 

DMEM medium (Gibco) supplemented with 10% fetal bovine serum, 1% Glutamax 

(Gibco), 1% Sodium Pyruvate (Gibco), and 1% Penicillin-Streptomycin (Gibco). hTERT-

MSC and AD-MSC lines were cultured in Mesenchymal Stem Cell Basal Medium (ATCC 

No. PCS-500-030) supplemented with the Mesenchymal Stem Cell Growth Kit for Adipose 

and Umbilical-derived MSCs - Low Serum (ATCC No. PCS-500-040) and 0.1% Penicillin-

Streptomycin (Gibco). HEK293T LentiX cells were cultured in DMEM medium (Gibco) 

supplemented with 10% fetal bovine serum, 1% Glutamax (Gibco), 1% Sodium Pyruvate 

(Gibco), 1% HEPES (Gibco), 1% MEM NEAA (Gibco), and 1% Penicillin-Streptomycin 

(Gibco). All cells were maintained in a humidified incubator at 37°C with 5% CO2.

METHOD DETAILS

Gene Knockdown and Stable Gene Expression Constructs—Constitutive 

expression of short-hairpin RNA (shRNA) constructs targeting either the C-terminal end 

of the FUS::DDIT3 fusion (shDDIT3: 5’-CGGCTCAAGCAGGAAATCG-3’), SMARCA4/

BRG1 (shBRG1: 5’-AGCCTCAACGACCTAGAGA-3’), or a scrambled, non-silencing 

sequence (shSCR: 5’-TCTCGCTTGGGCGAGAGTAAG-3’) was achieved using lentiviral 

infection of the GIPZ vector selected with puromycin (2 μg/ml). Constitutive expression of 

FUS::DDIT3 with an HA C-terminal tag in the MSC lines was achieved using lentiviral 

infection of an EF1alpha-driven expression vector (modified from Clontech, dual Promoter 

EF-1a-MCS-PGK-Puro).
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Lentiviral Generation—Lentivirus was produced by PEI (Polysciences) transfection of 

HEK293T LentiX cells (Clontech) with gene delivery vector co-transfected with packaging 

vectors pspax2 and pMD2.G as previously described (Kadoch and Crabtree, 2015). Viral 

supernatants were harvested 72 hr post-transfection and concentrated by ultracentrifugation 

at 20,000 rpm for 2.5 hr at 4°C. Virus containing pellets were resuspended in PBS and 

added dropwise to cells in the presence of 10 μg/mL polybrene. Selection of lentivirally-

infected cells was achieved with puromycin used at 2 μg/ml. Knockdown efficiency and 

overexpression was measured by western blot analysis.

Cell Lysate Collection—Whole-cell extractions were obtained by washing harvested cell 

pellets with PBS pH 7.4, resuspending them in whole-cell lysis buffer (PBS pH 7.4 and 

1% SDS) and sonicating until fully liquid. Nuclear extracts were obtained by suspending 

harvested cells in Buffer 0 (50 mM Tris pH 7.5, 0.1% NP40, 1 mM EDTA, 1 mM MgCl2 

with protease inhibitor cocktail, 1 mM DTT and 1 mM phenylmethylsulfonyl fluoride 

(PMSF)), centrifuging at 5,000 rpm for 5 min at 4 °C and discarding the supernatant. The 

nuclei-containing pellets were then resuspended in Buffer 300 (50 mM Tris pH 7.5, 0.1% 

NP40, 1 mM EDTA, 1 mM MgCl2, 300 mM NaCl with protease inhibitor cocktail, 1 mM 

DTT, and 1 mM PMSF), vortexed, incubated on ice, and centrifuged at 15,000 rpm for 10 

min at 4 °C. Supernatant containing nuclear proteins soluble at 300mM NaCl was then 

collected.

Immunoprecipitations—Nuclear extracts were quantified by bicinchoninic acid (BCA) 

assay and 500μg-1mg of protein was incubated with antibody in Buffer 300 (50 mM Tris 

pH 7.5, 0.1% NP40, 1 mM EDTA, 1 mM MgCl2, 150 mM NaCl with protease inhibitor 

cocktail, 1 mM DTT and 1 mM PMSF) overnight at 4 °C. Each sample was then incubated 

with Protein G Dynabeads (Thermo Scientific) for 2hr. Beads were washed five times with 

Buffer followed by elution with 20 μl of elution buffer (NuPage LDS buffer (2×) (Life 

Technologies) containing 100 mM DTT and water).

Western Blot Analysis—Standard protocols were used for the detection of proteins by 

immunoblot (IB) analysis and the primary antibodies used are listed. Membranes were 

developed using IRDye (LI-COR Biosciences) secondary antibodies for visualization by the 

LI-COR Odyssey Imaging System (LI-COR Biosciences).

Cell Proliferation Assay—To measure cell proliferation following lentiviral infection, 

5K cells per well were seeded in 12-well plates following 72-hr exposure to lentivirus and 

4-day selection with puromycin (2 μg/ml). The viable cell count in three wells was then 

measured using a Vi-CELL Cell Counter (Beckman) at each timepoint.

CRISPR-Cas9 Mediated Gene Knockout of SMARCB1—The SMARCB1 locus was 

targeted by the Ini1 (h) CRISPR/Cas9 KO Plasmid (Santa Cruz Biotechnology sc-423027) 

in MLPS-1765-92 cells following the manufacturer’s protocol with the Lipofectamine 3000 

transfection reagent (Invitrogen). Cells were expanded for 72–96 hours and GFP+ cells 

expressing the KO plasmids were single-cell sorted using FACS (fluorescence-activated cell 

sorting). Single-cell clones were expanded and screened using immunoblot detection for 

identification of successful knockouts.

Zullow et al. Page 13

Mol Cell. Author manuscript; available in PMC 2023 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chromatin Immunoprecipitation (ChIP)—Cells were harvested following 72-hr 

exposure to specified lentivirus and 4-day selection with 2 μg/ml of puromycin. ChIP 

experiments were performed per standard protocols (Millipore, Billerica, MA) with minor 

modifications. Briefly, cells were cross-linked for 10 min with 1% formaldehyde at 37 °C. 

This reaction was subsequently quenched with 125 mM glycine for 5 min and 10 million 

fixed cells were used per ChIP experiment. Chromatin from fixed cells was fragmented 

by sonication with a Covaris E220 and the solubilized chromatin was incubated with the 

indicated antibody listed overnight at 4°C. Antibody-chromatin complexes were pulled 

down by incubation with Protein G-Dynabeads (Thermo Scientific) for 2 hours at 4°C, 

washed, and eluted. The samples then underwent crosslink reversal, RNase A (Roche) 

treatment, and proteinase K (Thermo Scientific) treatment before the captured DNA was 

extracted with AMPure XP beads (Beckman Coulter). ChIP-seq libraries were prepared with 

Illumina’s NEBNext Ultra II DNA library Prep Kit using standard protocols. ChIP-seq was 

sequenced on Illumina Next-seq 500 using 75 bp single-end sequencing parameters.

Cleavage Under Targets and Release Using Nuclease (CUT&RUN)—Cells were 

harvested following 24-hr exposure to DMSO or 10uM of CMP12 (generous gift of Jun 

Qi) followed by 24-hr exposure to DMSO plus base media or StemPro Adipogenesis 

media (ThermoFisher) or 10uM CMP12 plus base media or StemPro Adipogenesis media. 

CUT&RUN experiments were performed according to established protocols (Skene et 

al., 2018) with minor modifications. Briefly, 500K cells per sample were incubated with 

Concanavalin A-coated beads (Polysciences) for 10 min and then permeabilized with Triton 

X-100. Cell-bead complexes were then incubated with the indicated antibody for 2 hr at 

4°C. Cell-bead complexes were washed and then incubated with pA-MNase for 1 hr at 4°C. 

Cell-bead complexes were washed and then cooled to ~0°C. pA-MNase was activated by the 

addition of calcium chloride and incubated for 30 min at ~0°C. The cleavage reaction was 

quenched with a solution containing spike-in DNA and RNAase A. Cleaved DNA fragments 

released into solution were then collected and treated with sodium dodecyl sulfate (SDS) 

and proteinase K (Thermo Scientific). DNA was then isolated using phenol-chloroform. 

CUT&RUN libraries were prepared with Illumina’s NEBNext Ultra II DNA library Prep Kit 

with modifications that aim to preserve short fragments.

RNA Isolation from Cell Lines—Cells were harvested following 72-hr exposure to 

the specified lentivirus and either 4-day (day 7 post-transduction) or 11 day (day 14 post-

transduction) selection with 2 μg/ml of puromycin for RNA-seq experiments. All RNA was 

collected using the RNeasy Mini Kit (Qiagen). RNA-seq libraries were prepared using the 

Nebnext Poly(A) mRNA Magnetic Isolation Module and the Nebnext Ultra II Directional 

RNA Library Prep Kit for Illumina using standard protocols. RNA was sequenced on 

Illumina Next-seq 500 (Illumina) using 75 bp single-end sequencing parameters.

RNA Isolation from Tumor Samples—Snap-frozen tumor tissue samples were obtained 

from the MD Anderson Institutional Tissue Bank (ITB) using an IRB-approved protocol. 

Frozen samples were embedded in O.C.T. (Tissue-Tek), sectioned in a Cryostat (Leica 

CM1680 UV) and underwent hematoxylin and eosin staining for pathologist review to 

confirm the presence of viable tumor tissue. Tissues were then excised from O.C.T. 
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using scalpel and forceps and 30 mg samples were placed in RNAlater-ICE (Invitrogen) 

pre-chilled to −80°C. Samples were thawed overnight at −20°C, then disrupted using a 

TissueLyser LT (Qiagen) for 5 minutes at 50 Hz. RNA was isolated using the RNeasy 

Mini Kit (Qiagen), following the manufacturer protocol with on-column DNase I (Qiagen) 

digestion.

Immunohistochemistry—Immunohistochemistry (IHC) staining was performed on 

formalin fixed, paraffin embedded (FFPE) tissue microarrays (TMA) containing samples 

from 50 myxoid liposarcoma (MLPS) patients and 8 normal adipose tissue samples. An 

additional 19 whole slide sections of normal adipose tissue were also stained. Sections 

were stained with rabbit anti-human polyclonal antibody against PTX3 (Sigma-Aldrich, 

HPA069320). IHC was done using a Leica Bond RXm automated Stainer, using Bond 

Refine Detection (Leica) kit reagents except where otherwise noted. After dewaxing, 

samples underwent antigen retrieval with Tris-EDTA Buffer at 100°C for 20 minutes, 

followed by peroxidase blocking for 5 minutes. Samples were incubated with primary PTX3 

antibody diluted 1:500 in Dako Antibody Diluent (Dako, S0809) at room temperature for 

15 minutes, followed by an 8-minute incubation with polymer secondary antibody. Slides 

were then treated with 3’−3-diaminobenzidine (DAB) for 10 minutes, DAB Enhancer for 5 

minutes, and Hematoxylin counterstain for 8 minutes. After air-drying, slides were mounted 

with Cytoseal 60.

Slides were scanned and digitized using Scanscope XT (Aperio/Leica Technologies). A 

pathologist performed quantitative analysis of the IHC staining using microscope direct 

observation. The results were expressed as percentage (0 to 100%) and intensity (negative: 

0, mild: 1, moderate: 2, and high: 3) of cytoplasmic and membranous positivity in tumor 

cells for each tumor and normal adipose tissue. When patients were represented by multiple 

tumor samples, the scores of all samples for a given patient were averaged. Representative 

images were obtained from scanned IHC slides using Halo software v3.1.1.

Assay for Transposase-Accessible Chromatin Sequencing (ATAC-seq)—Cells 

were harvested following 72-hr exposure to lentivirus and 4 days of selection with 2 μg/ml 

of puromycin. ATAC-seq experiments were performed as previously described (Buenrostro 

et al., 2015a). Samples for ATAC-seq prepared using the Nextera DNA sample Prep Kit 

(Illumina). Briefly, 50K cells were incubated in hypotonic buffer and lysis buffer, then 

were resuspended in transposase reaction mixture for 30 min at 37°C with gentle shaking 

followed by DNA purification and 12 cycles of amplification. ATAC-seq samples were 

sequenced on Next-seq 500 (Illumina) using 37 bp pair-end sequencing parameters.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Processing for ChIP, Cut&Run, RNA, and ATAC samples—ChIP-seq reads 

were mapped to the hg19 human genome assembly using Bowtie2 v2.1.0 (-k 1) (Langmead 

and Salzberg, 2012). RNA-seq reads were mapped to the hg19 human genome assembly 

using STAR v2.3.1 (Dobin et al., 2013) with default parameters. Alignment files in BAM 

format were generated using samtools v0.1.19 (Li et al., 2009). ATAC-seq paired-end reads 

were processed as follows: reads were trimmed to 30bp using Trimmomatic v0.35 (Bolger 
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et al., 2014), mapped to the hg19 human genome assembly using Bowtie2 v2.1.0 (-X2000), 

and filtered for duplicates using Picard MarkDuplicates (BroadInstitute, 2019).

Cut&Run reads were processed using the Cut&RunTools pipeline with default parameters 

(Zhu et al., 2019). Exogenous spike-in reads were mapped similarly with fly reads mapped 

to the dm3 fly genome assembly and e-coli reads mapped to the NC_000913.3 genome 

assembly. Unless otherwise noted, ChIP-seq and RNA-seq data were adjusted for exogenous 

spike-in in downstream analyses, and Cut&Run data was not adjusted for exogenous spike-

in.

Raw counts for ChIP, Cut&Run, and ATAC samples across a subset of sites were generated 

using bedtools intersect with default parameters on coverage bed files. Single-end reads for 

ChIP-seq were converted to the appropriate single-end bed file using samtools bamtobed 

with default parameters. Paired-end reads for Cut&Run and ATAC samples were converted 

to the appropriate paired-end bed file using samtools view (-h) and a custom perl script to 

filter the SAM entries. RNA-seq gene counts for cell-line data were generated with using 

STAR (-quantMode GeneCounts, last column of GeneReadsOut.tab) against the hg19 refFlat 

annotation. Raw counts were converted to RPKMs based on the standard formula using gene 

lengths from the hg19 refFlat annotation and total mapped reads from samtools idxstats.

ChIP-seq Data Analysis—Peaks were called over corresponding input using MACS2 

v2.1.0 (-q 0.001) (Zhang et al., 2008) with the narrow peak caller for all marks in this study. 

Duplicate reads were excluded using samtools rmdup and used for downstream analyses. 

ChIP-seq tracks on the scale of per million mapped reads were created using MACS2 v2.1.0 

(-B -SPMR).

SMARCC1, CEBPB, and DDIT3 peaks were merged across conditions for each antibody 

using the default bedtools merge call. Venn diagrams of peak overlaps were generated using 

the ChIPpeakAnno package in R with the findOverlapsOfPeaks and makeVennDiagram 

functions with default parameters. SMARCC1 lost and gained sites upon shDDIT3 in 

MLS1765 were determined using SMARCC1-MLS1765 replicates (002, 003, 004, 005, 012, 

018) in edgeR (glmQLFit, log2FC=0, q=0.01). Exogenous spike-in was not factored in this 

analysis. SMARCC1 lost and gained sites upon shDDIT3 in MLS402 were determined using 

a fold-change calculation based on RPKMs (log2FC=0.59). Unless otherwise noted, spike-in 

normalized MLS1765 replicates for DDIT3 (007, 008), CEBPB (013, 019), SMARCC1 

(002, 003), and H3K27ac (014, 020) and all spike-in normalized MLS402 samples were 

used for data visualization, especially for density heatmaps and metaplots across a set of 

genomic sites.

Transcription factor enrichment across these sets of sites was determined using the LOLA 

R package (Sheffield and Bock, 2016) with default parameters, against a background of 

merged SMARCC1-MLS1765 peaks for MLS1765 and merged SMARCC1-MLS402 peaks 

for MLS402 sites. Scatterplots of log(p-val) vs rank were made using matplotlib and colored 

by tissue type or antibody.
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FASTA sequences across these sets of sites were generated using site centers with flanking 

windows of 200bp (total window size of 400bp). Enriched motifs across these sets of 

sites were determined using HOMER findMotifsGenome.pl (Heinz et al., 2010) against 

genome-background (-size 400) and SMARCC1-background (-size 400 -bg). HOMER motif 

known results were visualized as barplots using matplotlib. Motif enrichment across these 

sets of sites against a shuffled set of control sequences with similar k-mer frequencies was 

also determined using AME (McLeay and Bailey, 2010) with modified parameters (--scoring 

totalhits --control). AME motif results were visualized as scatterplots of log(q-val) vs rank 

and colored by transcription factor or transcription factory family. Unless otherwise noted, 

barplots and Venn diagrams were visualized using matplotlib, and heatmaps were created 

using seaborn clustermap.

CUT&RUN-seq Data Analysis—The Brg1 and CEBPB sites were merged (for each 

antibody separately) across conditions (−/+ adipogenic media) in DMSO and CMP12. Raw 

counts for Cut&Run were generated across these sets of sites using bedtools intersect with 

default parameters and converted to RPKMs using site widths and total million mapped 

reads from samtools idxstats as the scaling factor.

Brg1 lost and gained sites upon adipogenesis in DMSO and CMP12 in hTERT- and AD-

MSCs were determined using a fold-change calculation based on RPKMs (log2FC=0.59). 

MA plots of gained and lost sites for Brg1 and CEBPB were visualized as scatter plots 

in log(RPKMs) in base and adipogenic media under DMSO and CMP12 conditions using 

matplotlib.

Cell Line RNA-seq Data Analysis—Gene counts were extracted from the STAR counter 

(ReadsGeneOut.tab) using the last column. Counts were prefiltered to exclude genes with 

less than one read per sample on average across all the samples in the design matrix. The 

design matrix consisted of all samples pertinent to the contrasts of interest. Unless otherwise 

noted, upregulated and downregulated genes were determined using the edgeR (Robinson et 

al., 2010) package in R (glmQLFit, LFC > 0, q < 0.01). The prefiltered raw count matrices 

were converted to RPKMS using a hg19 refFlat annotation with median isoform length 

for gene length and total million gene counts per sample for the scaling factor. Unless 

otherwise noted, gene heatmaps were visualized as z-scored RPKMs across the samples 

using a blue-white-red heatmap in the clustermap function of seaborn.

Enrichment of biological processes was determined through a plethora of methods: 

Metascape (Zhou et al., 2019) analyses with default parameters, GSEA (Subramanian et 

al., 2005) analyses with default parameters, and custom gene set overlap analysis against the 

MSigDB database (Liberzon et al., 2011). Subsets of upregulated genes, downregulated 

genes, upregulated and gained BAF targets, and downregulated and lost BAF targets 

across a variety of conditions were used as input into Metascape with default parameters. 

The genes of enriched pathways or processes related to differentiation, development, 

adipogenesis, fat processes and cancer were further analyzed and visualized as heatmaps 

using matplotlib or seaborn. EdgeR was used to estimate the logFCs of the genes if 

replicates were available; otherwise, RPKM-based logFCs were calculated using RPKMs 

with a pseudocount of 1. These logFCs were used to rank genes for input into GSEA in 
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pre-ranked mode (-norm meandiv -nperm 20000 -scoring_scheme weighted -set_max 500 

-set_min 15) against a variety of MSigDB databases, including Hallmark (Liberzon et al., 

2015) and Wikipathways (Slenter et al., 2018) databases. GSEA results were visualized as 

scatterplots of the normalized enrichment score (NES) vs rank and colored by pathways 

related to differentiation, development, adipogenesis, fat processes and cancer. Subsets of 

genes were also mined against the MSigDB database of genesets using an overlap test, 

with the degree of overlap significance assessed using a hypergeometric test. Enriched 

pathways or biological processes were visualized as scatter plots of log(p-value) vs rank of 

different genesets colored by pathways related to differentiation, development, adipogenesis, 

fat processes and cancer.

Tumor RNA-seq Data Analysis—Primary tumor data of Ewing’s sarcoma and 

SMARCB1-null cancers (MRT, EpS, RMC) were obtained from a previous study and 

processed as previously described (McBride et al., 2018). FeatureCounts with custom 

parameters (exclude multi-mapping reads and ignore duplicates for single-end reads, 

exclude multi-mapping reads, ignore duplicates and require both ends mapped for paired-

end reads) against the hg19 refFlat gene annotation were used to create raw count matrices 

for this data. EMC and MLPS tumors sequenced in this study were processed as previously 

described in Sequencing Data Preparation and raw counts were obtained from the STAR 

counter (ReadsGeneOut.tab) using the last column. These data were merged and prefiltered 

for low counts, excluding genes with less than one read per sample on average. The 

raw count matrices were converted to RPKMs using the column sums to estimate the 

per-million scaling factor and the hg19 refFlat gene annotation median isoform gene lengths 

as estimates of the effective lengths. The RPKMs matrices were converted to TPMs by 

scaling the RPKM values by the total million RPKM scaling factor (RPKMi*106/ΣRPKMk). 

The TPM matrix was filtered to exclude genes that had less than 1 TPM on average across 

the samples. Additionally, small RNA genes, MIR and SNO genes, were excluded. The 

TPM matrix was quantile normalized using the normalizeQuantiles function in the limma 

R statistical package (Ritchie et al., 2015) and subsequently used as input into the PCA, 

using all genes and the top 10% most variable genes. Similarly, the TPM matrix was 

prefiltered for the combined MLPS/ES/EpS/RMC/MRT matrix to exclude genes with less 

than 1 TPM per sample on average across all the corresponding samples and small RNA 

genes: MIR and SNO genes. Outliers replicates from this study and prior studies were 

excluded via visual analysis of a clustered heatmap (k-means across genes and hierarchical 

clustering across samples) of the top 10% most variable genes using z-scored TPMs across 

all samples. A two-sample t-test based on the mean difference in TPMs for the ES group vs 

MLPS/MRT/EpS/RMC group was used to assess the significance of the difference for each 

gene, and logFCs values were calculated using these mean TPM values. Finally, significant 

genes with large effect sizes (logFC=1, p-value=0.05) were chosen as input in the PCA. The 

first two leading components of the PCA were visualized as a scatter plot colored by tumor 

type (ES/MLPS/RMC/EpS/MRT). Principal component loading scores were visualized as a 

barplot using matplotlib. Metascape analysis was conducted with default parameters on the 

up and down genesets from the two-sample t-tests as well as the genes with negative loading 

scores from the first principle component.
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ATAC-seq Data Analysis—ATAC peaks were merged across conditions using bedtools 

intersect with default parameters. Gained and lost sites of accessibility were determined 

using the edgeR package in R (glmQLFit, log2FC=0, q=0.01). The ChromVar R package 

(Schep et al., 2017) was used to identify the underlying motifs that drive variances in 

accessibility, using the merged ATAC peaks as background. The variability scores and 

z-score difference scores from ChromVar were visualized as a scatter plot colored by the 

CEB/P and AP1 TF-families in matplotlib.

Genomics Integration and Visualization—Sites of interest were annotated to their 

nearest protein-coding gene against the hg19 refFlat gene annotation and distance to 

TSS calculations with the a custom perl script. Gene intersections with gene subsets 

were visualized using an MA plot of logFC vs logCPM (with replicates) or logFC 

vs logRPKM (without replicates). Gene intersections were input into downstream gene 

enrichment analysis such as Metascape with default parameters and custom mining of the 

MSigDB database as previously described. Gene enrichment results from Metascape were 

visualized as barplots or scatterplot of log(q-val) vs rank colored by relevant processes 

and pathways using matplotlib. Similarly, enrichment results from the custom mining of 

the MSigDB database were visualized using scatterplots of log(p-val) vs rank colored by 

relevant processes and pathways using matplotlib.

Mean RPKM signal from ChIP, ATAC, and Cut&Run over different subsets of sites were 

visualized as boxplots using matplotlib or R base functions. Shading was consistent with 

the hues in the heatmaps and metaplots. Heatmaps and metaplots were generated for each 

antibody over subsets of sites using ngs.plot.r with either 3000kb windows or 5000kb 

windows centered on each site (-G hg19 -FL 150 -L 2500 -R bed). Spike-in factors 

were incorporated by manipulating the estimated library sizes from ngs.plot. Heatmaps and 

metaplots were visualized on the RPM-scale using matplotlib.

Quantification and Statistical Analysis—Two-sample t-tests were used to evaluate 

the significance of the difference in expression of genes between tumor types or tumor 

groups in the primary tumor RNA-seq analysis. Hypergeometric tests were used to evaluate 

the significance of the degree of overlap between gene lists and MSigDB Hallmark and 

Wikipathways genesets.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

The FUS-DDIT3 oncoprotein inhibits BAF complex targeting to CEBPB target 

enhancers

Aberrant chromatin binding of CEBPB and BAF complexes underlie MLPS gene 

expression

Small molecule-based BAF complex inhibition attenuates adipogenesis in MSCs

MLPS gene expression signatures mirror those of BAF loss-of-function tumor types
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Figure 1. Expression of the FUS::DDIT3 fusion oncoprotein inhibits BAF complex targeting and 
activity over C/EBP target enhancers.
A. Schematic of the FUS::DDIT3 oncoprotein found in the MLPS-1765-92 cell line (type 

VIII). B. Experimental schematic of the strategy (left) and validation of FUS::DDIT3 

knockdown at the protein level at day 7 post-transduction (right). shSCR, control scramble 

knockdown; shDDIT3, DDIT3 knockdown. C. Plot reflecting edgeR-determined differential 

chromatin occupancy of BAF complexes between shSCR (control) and shDDIT3 conditions. 

D. Heatmaps of SMARCC1, H3K27ac, and ATAC-seq peak intensities over sites that 

lose and gain BAF complex occupancy upon FUS::DDIT3 knockdown in MLPS-1765-92 

cells. E. Box-and-whisker plots reflecting changes in DDIT3, SMARCC1, H3K27Ac, and 

ATAC-seq signals over n=1980 total gained sites from (D). F. HOMER motif analysis of 

sites that gain (red) and lose (blue) BAF complex occupancy upon fusion knockdown. G. 

Boxplots of BAF complex change in occupancy over genomic sites that contain C/EBP 

family motifs relative to those that contain all other motifs. H. Locus Overlap Analysis 

(LOLA) of sites that gain BAF complex occupancy upon fusion knockdown. I. Example 
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tracks for SMARCC1, H3K27ac, and DNA accessibility in shSCR and shDDIT3 conditions, 

over sites enriched in C/EBP family motifs (IRS1, EIF5A2, RASD2 loci). See also Figure 

S1.
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Figure 2. FUS::DDIT3-mediated sequestration of CEBPB from the genome inhibits BAF 
complex activity over CEBPB target sites and attenuates adipogenic gene activation.
A. Venn diagram reflecting CEBPB MACS-called peaks in shSCR and shDDIT3 conditions 

in MLPS-1765-92. B. CEBPB occupancy at sites that retain, gain, or lose SMARCC1 

occupancy in shSCR and shDDIT3 conditions C. Venn diagram reflecting overlap of gained 

CEBPB and SMARCC1 sites upon FUS::DDIT3 knockdown. D. Heatmap of CEBPB, 

SMARCC1, H3K27ac, and ATAC-seq peaks over sites that dually gain CEBPB and 

SMARCC1 upon FUS::DDIT3 knockdown. E. (left) Immunoblots reflecting total nuclear 

BAF complex subunit, DDIT3, CEBPB, and GAPDH control levels in MLS-1765-92 cells 

treated with either shSCR or shDDIT3. (right) Bar graph indicating GAPDH-normalized 

densitometry of CEBPB immunoblots (n=3 experimental replicates). F. Volcano plot of 

differentially expressed genes (DEGs), with those near dually-gained sites marked in red 

(upregulated) and blue (downregulated). G. Gene ontology analysis of upregulated genes 

that are near dually-gained sites across WikiPathways genesets (WP=WikiPathways). H. 
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Z-score heatmap of genes associated with gene ontology terms related to development, 

differentiation, and apoptosis that are upregulated and near dually-gained sites upon 

knockdown. Gene names in red are represented in track examples in (I). I. Tracks and 

RPKM gene expression bar graphs for upregulated genes near dually-gained sites upon 

FUS::DDIT3 knockdown (FOXO3, SOD2, LPIN1, DMD, AEBP1, IRS1). See also Figure 

S2.
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Figure 3. Aberrant chromatin binding of BAF complexes and the CEBPB transcription factor 
underlie the gene expression signature of primary MLPS tumors.
A. Ranking of gene expression and HALLMARK pathway enrichment of top genes in 

primary MLPS tumors (from patients) versus primary adipose tissue (from GTEx). B. 

Gene ontology terms associated with upregulated and downregulated genes in primary 

MLPS tumors normalized to primary adipose tissue. C. SMARCC1/BAF155 (BAF complex) 

targets upon FUS::DDIT3 knockdown in MLPS 1765 shDDIT3/shSCR, HALLMARK 

adipogenesis genes, and BAF complex targets & HALLMARK adipogenesis genes are 

downregulated in MLPS tumors compared to primary adipose tissue. D. Genes upregulated 

upon FUS::DDIT3 knockdown in MLPS-1765-92 (log2FC > 0, FDR< 0.1) and relatively 

lowly expressed in primary MLPS (bottom 4630 genes, see Fig 3A) compared to primary 

adipose tissue are associated with adipogenic gene sets. E. Genes downregulated upon 

FUS::DDIT3 knockdown in MLPS-1765-92 (log2FC < 0, FDR < 0.1) and relatively highly 

expressed in primary MLPS (top 4630 genes, see Fig 3A) compared to primary adipose 
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tissue are associated with tumorigenic gene sets. F. Venn diagram depicting overlap between 

primary MLPS upregulated genes (relative to normal adipose, top 4630 genes from (A)) and 

sites of FUS::DDIT3-mediated BAF complex target sites in MLS-1765 cells. G. Example 

tracks at the PTX3 locus demonstrating co-localization of FUS::DDIT3, CEBPB, and 

SMARCC1 in the MLPS-1765-92 cell line. H. Average staining intensity of PTX3 on 

myxoid liposarcoma (MLPS) tumor (mean = 2.8, S.D. = 0.4; n=50) and normal adipose 

tissue (mean = 0.3, S.D. = 0.9; n=27) samples. I. Immunohistochemistry for PTX3 on 

a representative section of myxoid liposarcoma showing high (left), moderate (middle) 

cytoplasmic and membranous staining, and (right) normal adipose tissue negative for PTX3. 

Magnification: 20x; scale bar= 100 microns. Representative images of IHC staining of PTX3 

in MLPS tumors (left, middle) and normal fat (right). See also Figure S3, Table S1.
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Figure 4. BAF complex activity at CEBPB target loci is required for normal adipogenesis.
A. Experimental schematic to profile BAF complex localization and other chromatin 

changes in hTERT-MSCs upon 24 hours adipogenesis. B. edgeR analysis of differential 

occupancy of BAF complexes (SMARCA4) on the genome upon 24 hours adipogenesis. 

C. HOMER motif analysis of sites that gain BAF complex (SMARCA4) occupancy 

upon 24 hours adipogenesis. D. Heatmap of SMARCA4, CEBPB, H3K27ac, and ATAC-

seq peaks over sites that gain BAF complex (SMARCA4) occupancy upon 24 hours 

adipogenesis (“SMARCA4 targets”). E. Experimental schematic to define the specific role 

for BAF complexes in adipogenesis using small molecule-mediated inhibition of BAF 

complex ATPase activity with compound 12 (CMP12). F. Heatmap of SMARCA4, CEBPB, 

H3K27ac, and ATAC-seq peaks upon DMSO or CMP12 treatment in base or adipogenic 

media for 24 hours over SMARCA4 gained sites in the DMSO adipogenesis condition. 

G. Comparison of changes in RNA in the CMP12 and DMSO treatment conditions 
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upon adipogenesis. Dark blue circles are genes that are not as up-regulated or are more 

down-regulated upon adipogenesis with CMP12 treatment compared to DMSO (CMP12-

attenuated gene). Light blue circles are a subset of CMP12-attenuated genes that are also 

nearest to sites that gain BAF complexes (SMARCA4) upon adipogenesis in the DMSO 

condition (CMP12-attenuated gene and SMARCA4 target). H. Gene ontology analysis of 

CMP12-attenuated gene and SMARCA4 targets. I. Heatmap of logFC in expression of 

genes in DMSO and CMP12 conditions upon adipogenesis. J. Track examples at the CD36, 

ELOVL6 and WNT5A loci. See also Figure S4.
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Figure 5. FUS::DDIT3-mediated attenuation of BAF complex targeting and activity over 
adipogenic target sites phenocopies a BAF complex loss-of-function oncogenic mechanism.
A. Experimental strategy to determine the effects of SMARCB1-KO on the MLPS line 

in oncogenesis (shSCR condition) and rescue from oncogenesis (shDDIT3 condition). B. 

FUS::DDIT3 experiments performed in in 2 SMARCB1-KO clones (1BD5 or KO-1 and 

3AA3 or KO-2) with immunoblot. C. CEBPB MACS-called peaks in WT and SMARCB1 

KO clones. D. Distribution of total CEBPB peaks across shSCR and shDDIT3 conditions. 

E. Track examples demonstrating attenuated gain of CEBPB upon fusion knockdown in 

SMARCB1 KO-1 cell clone.F. Heatmaps demonstrating SMARCC1, FUS::DDIT3, CEBPB, 

H3K27ac, and accessibility in the bulk WT MLPS-1765-92 line compared to SMARCB1-

KO clones of the MLPS-1765-92 cell line. G. Distribution of cluster 1 and cluster 2 sites 

from (F). H. K-means clustering heatmap of primary MLPS, MRT, RMC, and EpS tumors 

(”loss of function”) against primary ES tumors (”gain of function”), with selected genes 

labeled. I. Metascape analysis of cluster 2 genes, with developmental and differentiation 

pathways highlighted in blue. See also Figure S5, Table S1.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-SMARCA4 (BRG1) (G-7) (IB, IHC) Santa Cruz Cat# sc-17796

Rabbit Anti-SMARCA4 (BRG1) (D1Q7F) (IP, IHC) Cell Signaling Technology Cat# 49360

Rabbit Anti-SMARCA4 (BRG1) (EPNCIR111A) (C&R) Abcam Cat# ab110641

Rabbit Anti-SMARCC1 (BAF155) (D7F8S) (IB, ChIP) Cell Signaling Technology Cat# 11956

Mouse Anti-INI1 (BAF47) (A-5) (IB) Santa Cruz Cat# sc-166165

Rabbit Anti-H3K27ac (ChIP) Abcam Cat# ab4729

Rabbit Anti-IgG (IP) Cell Signaling Technology Cat# 2729

Mouse Anti-CEBPB (H-7) (IB, IHC) Santa Cruz Cat# sc-7962

Rabbit Anti-CEBPB (IP, ChIP, C&R, IHC) Thermo Scientific Cat# PA5-27244

Rabbit Anti-DDIT3 (CHOP) (IP, ChIP, IB, IHC) Proteintech Cat# 15204-1-AP

Rabbit anti-HA-Tag (C29F4) (IP) Cell Signaling Technology Cat# 3724

Mouse anti-HA-Tag (F-7) (IB) Santa Cruz Cat# sc-7392

Rabbit anti-V5 (D3H8Q) (IP) Cell Signaling Technology Cat# 13202

Mouse anti-V5 (IB) Thermo Scientific Cat# R96025

Biological samples

Primary Tumor Samples MD Anderson N/A

Human myxoid liposarcoma FFPE slides MD Anderson N/A

Human myxoid liposarcoma tissue microarray MD Anderson N/A

 

 

Chemicals, peptides, and recombinant proteins

Puromycin Sigma Aldrich Cat# P8833-25MG

Dimethyl sulfoxide Sigma Aldrich Cat# D2650

CMP12 Courtesy of Jun Qi N/A

DMEM, high glucose, no glutamine Life Technologies Cat# 11960-069

RPMI, no glutamine Life Technologies Cat# 21870-092

PBS, 7.4 Life Technologies Cat# 10010-049

Penicillin-Streptomycin (10,000 U/mL) Life Technologies Cat# 15140-163

GlutaMAX Supplement Life Technologies Cat# 35050-079

Sodium Pyruvate (100mM) Life Technologies Cat# 11360-070

HEPES (1M) Life Technologies Cat# 15630130

MEM non-essential amino acids Life Technologies Cat# 11140050

Trypsin-EDTA (0.25%), phenol red Life Technologies Cat# 25200-114

TrypLE Exrpress Enzyme (1X), no phenol red Thermo Fisher Scientific Cat# 12-604-021

Mesenchymal Stem Cell Basal Medium for Adipose, Umbilical 
and Bone Marrow-derived MSCs

ATCC Cat# PCS-500-030
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mesenchymal Stem Cell Growth Kit for Adipose and Umbilical-
derived MSCs - Low Serum

ATCC Cat# PCS-500-040

StemPro Adipogenesis Differentiation Kit Thermo Fisher Scientific Cat# A1007001

Polyethylenimine (PEI) (MW 40,000) Polysciences Cat#24765

Polybrene Santa Cruz Biotechnology Cat#sc-134220

Goat Anti-Mouse IgG Antibody, IRDye 680RD Conjugated LI-COR Biosciences Cat#926-68070

Goat Anti-Rabbit IgG Antibody, IRDye 800CW Conjugated LI-COR Biosciences Cat#926-32211

Dynabeads Protein G Thermo Fisher Scientific Cat#10004D

NuPage LDS Sample Buffer (4X) Life Technologies Cat#NP0007

Formaldehyde Sigma-Aldrich Cat#F8775

Glycine Sigma-Aldrich Cat#G7126

RNase Thermo Fisher Scientific Cat# EN0531

Proteinase K Thermo Fisher Scientific Cat# AM2546

Agencourt AMPure XP Beckman Coulter Cat#A63882

Critical commercial assays

NEBNext Ultra II DNA Library Prep with Sample Purification 
Beads

New England Biolabs Cat# E7103

RNeasy Mini Kit Qiagen Cat# 74106

NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Cat# E7490

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina New England Biolabs Cat# E7660

Illumina Tagment DNA Enzyme and Buffer Illumina Cat# 20034198

Deposited data

ChIP-seq, RNA-seq, and ATAC-seq from cell lines This study GEO: GSE179720

RNA-seq of deidentified tumor samples This study GEO: GSE179720

RNA-seq of BAF complex-perturbed cancers Le Loarer et al., 2015 GEO: SRP052896

 

 

Experimental models: Cell lines

HEK293T LentiX Clontech Cat#632180

MLPS-1765-92 Aman et al., 1992 RRID:CVCL_S817

MLPS-402-91 Aman et al., 1992 RRID:CVCL_S813

MLPS-DL221 Graaf et al., 2016 RRID:CVCL_DQ91

ASC52telo, hTERT immortalized adipose derived Mesenchymal 
stem cells

ATCC Cat# SCRC-4000

Adipose-Derived Mesenchymal Stem Cells; Normal, Human ATCC Cat# PCS-500-011

Oligonucleotides

shSCR (non-silencing shRNA construct) 5’-
CTTACTCTCGCCCAAGCGAGA-3’

Dharmacon RHS4346

shDDIT3 5’-CGATTTCCTGCTTGAGCCG-3’ Dharmacon RHS4430-200227707 
(V3LHS_643408)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

shBRG1 5’-TCTCTAGGTCGTTGAGGCT-3’ Dharmacon RHS4430-200242720 
(V3LHS_317182)

Recombinant DNA

Ini1 (BAF47) CRISPR/Cas9 KO Plasmid Santa Cruz Cat# sc-401485

EF-1a-MCS-PGK-Blast-EMPTY Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-FUS::DDIT3-HA Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-CEBPB-V5 Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-CEBPB-Ndel20-V5 Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-CEBPB-Ndel40-V5 Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-CEBPB-RLWDmut-V5 Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-DDIT3-HA Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-DDIT3-Ndel10-HA Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-DDIT3-Ndel20-HA Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-DDIT3-WEmut-HA Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Blast-DDIT3-TLWEmut-HA Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Puro-EMPTY Kadoch & Crabtree, 2013 N/A

EF-1a-MCS-PGK-Puro-FUS::DDIT3-HA Kadoch & Crabtree, 2013 N/A

Software and algorithms

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

STAR Dobin et al., 2013 https://github.com/alexdobin/STAR

MACS2 Zhang et al., 2008 https://github.com/taoliu/MACS

ngsplot Shen et al., 2014 https://github.com/shenlab-sinai/
ngsplot

EdgeR Robinson et al., 2010 https://bioconductor.org/packages/
release/bioc/html/edgeR.html

GSEA Subramanian et al., 2005 http://software.broadistitute.org/gsea/
index.jsp

Bedtools Quinlan and Hall, 2010 http://bedtools.readthedocs.io/en/latest/

Samtools Li et al., 2009 http://samtools.sourceforge.net/

Picard Broad Institute http://broadinstitute.github.io/picard

Trimmomatic Bolger et al., 2014 http://www.usadellab.org/cms/?
page=trimmomatic

Gene Ontology Gene Ontology Consortium, 
2015

http://geneontology.org/

BWA-MEM Li, 2013 bio-bwa.sourceforge.net/

Matplotlib Hunter, 2007 https://matplotlib.org/stable/

Seaborn Michael Waskom https://seaborn.pydata.org/

Other
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies
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