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Abstract 40 

Synovial sarcoma tumours contain a characteristic fusion protein, SS18-SSX, which 41 

drives disease development. Targeting oncogenic fusion proteins presents an 42 

attractive therapeutic opportunity. However, SS18-SSX has proven intractable for 43 

therapeutic intervention. Using a domain-focused CRISPR screen we identified the 44 

bromodomain of BRD9 as a critical functional dependency in synovial sarcoma. 45 

BRD9 is a component of SS18-SSX containing BAF complexes in synovial sarcoma 46 

cells; and integration of BRD9 into these complexes is critical for cell growth. 47 

Moreover BRD9 and SS18-SSX co-localize extensively on the synovial sarcoma 48 

genome. Remarkably, synovial sarcoma cells are highly sensitive to a novel small 49 

molecule degrader of BRD9, while other sarcoma subtypes are unaffected. 50 

Degradation of BRD9 induces downregulation of oncogenic transcriptional programs 51 

and inhibits tumour progression in vivo. We demonstrate that BRD9 supports 52 

oncogenic mechanisms underlying the SS18-SSX fusion in synovial sarcoma and 53 

highlight targeted degradation of BRD9 as a potential therapeutic opportunity in this 54 

disease. 55 
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cells leads to development of a fully penetrant synovial sarcoma like disease in mice 106 

(15).     107 

 108 

The SS18-SSX fusion protein is believed to function as an aberrant transcriptional 109 

regulator. The SS18 protein is a dedicated component of the chromatin remodelling 110 

BAF (also known as SWI/SNF) complex which functions primarily in transcriptional 111 

activation (16, 17). Whereas the SSX proteins are thought to function in gene 112 

silencing; potentially through interactions with the Polycomb Repressive Complex 113 

(PRC)1 (18, 19). SS18-SSX dominantly assembles into BAF complexes in synovial 114 

sarcoma cells, leading to eviction of the wildtype SS18 and SNF5 proteins from the 115 

complex. This altered complex assembly is redistributed on chromatin and drives an 116 

expression signature required to maintain the proliferative/undifferentiated state of 117 

synovial sarcoma cells (20, 21). SS18-SSX chromatin binding is directed in part 118 

through interactions with the PRC1.1 complex; mediated by the SSX portion of the 119 

fusion (21). The recruitment of SS18-SSX to chromatin via interactions with PRC1.1 120 

is essential for the oncogenic function of the fusion. Moreover, association of SS18-121 

SSX with DNA-binding transcription factors has also been suggested to be important 122 

for chromatin binding and oncogenic activities (22). Recruitment of BAF complex 123 

activity to SS18-SSX bound regions is essential for transcriptional activation of fusion 124 

target genes (20, 21, 23). Depletion of SS18-SSX protein levels leads to reduced 125 

BAF complex binding at target sites and repression of fusion target genes. These 126 

findings highlight that SS18-SSX driven alterations in chromatin regulatory pathways 127 

are a key aspect of synovial sarcoma oncogenesis. Moreover, they highlight that 128 

targeting mechanisms related to fusion protein recruitment and BAF complex 129 

function may provide a therapeutic opportunity in this disease. However, to date 130 

robust approaches for targeting these mechanisms have not been described. 131 

 132 

Here using a custom CRISPR/Cas9 based functional genomics approach focused on 133 

chromatin regulatory genes we identify the bromodomain of BRD9 as a vulnerability 134 

in synovial sarcoma cells. We show that BRD9 is part of SS18-SSX containing BAF 135 

complexes in synovial sarcoma cells; and that the association of BRD9 with the BAF 136 

complex is functionally essential. Targeting BRD9 with a novel chemical degrader 137 

specifically impedes synovial sarcoma cell viability; eliciting more robust therapeutic 138 

effects than BRD9 inhibition using bromodomain targeting chemical probes. 139 
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Importantly, BRD9 is required to maintain appropriate expression of an oncogenic 140 

gene expression signature driven by SS18-SSX. Taken together, our findings 141 

highlight BRD9 as a novel therapeutic target in synovial sarcoma.   142 

 143 

 144 

Results 145 

The BRD9 bromodomain is a functional dependency in synovial sarcoma 146 

To identify functional chromatin based dependencies that may be amenable to 147 

therapeutic targeting in synovial sarcoma cells we used a CRISPR/Cas9 based 148 

domain focused pooled screening approach (24). To this end we generated a 149 

custom lentiviral sgRNA library targeting known functional regions in 193 chromatin 150 

regulatory proteins. Viral supernatants generated with this library were used to infect 151 

Cas9 expressing synovial and Ewing sarcoma cell lines. The relative abundance of 152 

individual sgRNAs within each population was compared between early and late time 153 

points by high-throughput sequencing (Figure 1A). These analyses demonstrated 154 

that 3 independent sgRNAs targeting the bromodomain of BRD9 were depleted from 155 

synovial, but not Ewing sarcoma cell cultures (Figure 1B-C, and Figure 1-source 156 

data 1 and 2). Remarkably, of the 52 bromodomains contained within 38 proteins 157 

targeted in this library, only the BRD9 bromodomain had all sgRNAs specifically 158 

depleted in synovial sarcoma cells (Figure 1-figure supplement 1A). This is in striking 159 

contrast to the bromodomains of BRD4 which are a dependency in both synovial and 160 

Ewing sarcoma cells, as well as several other malignancies (25, 26). To further 161 

examine the specificity of this dependency we performed individual sgRNA depletion 162 

assays in 2 independent synovial, Ewing and rhabdomyosarcoma cell lines, 163 

respectively. These experiments demonstrated that BRD9 bromodomain targeting 164 

sgRNAs were only depleted in synovial sarcoma cells (Figure 1D and Figure 1-165 

source data 3). Importantly, the sgRNAs used here have comparable or higher 166 

genome editing efficiencies in Ewing and rhabdomyosarcoma cell lines, compared to 167 

synovial sarcoma cells (Figure 1-figure supplement 1B and data not shown). This 168 

indicates that differences in sgRNA depletion cannot be attributed to discrepancies in 169 

sgRNA editing. Moreover, BRD9 expression levels are consistent across all cell lines 170 

tested, indicating that differences in BRD9 levels do not reflect altered sensitivity to 171 

BRD9 targeting (Figure 1-figure supplement 1C). Using an independent shRNA-172 

based approach we observed similar synovial sarcoma specific effects following 173 
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345 BRD9 cDNA was incapable of rescuing the depletion of sgRNAs targeting this 241 

region (Figure 2G and Figure 2-source data 4). Strikingly, co-IP experiments found 242 

that while the BRD9 bromodomain is dispensable for BAF complex interaction, this 243 

novel functional region is essential for association with the complex (Figure 2H). 244 

These results identify a novel BAF complex interaction domain within BRD9 and 245 

demonstrate that association of BRD9 with the BAF complex is functionally essential 246 

in synovial sarcoma cells. 247 

 248 

BRD9 co-binds the synovial sarcoma genome with SS18-SSX 249 

To understand the extent to which BRD9 and SS18-SSX containing complexes 250 

overlap on chromatin we performed chromatin immunoprecipitation with next-251 

generation sequencing (ChIP-seq). Owing to a lack of high-quality ChIP-grade 252 

antibodies for BRD9 and SS18-SSX, we adapted a previously reported 253 

CRISPR/Cas9 based approach to knock-in a 3xHA epitope tag at the C-termini of 254 

the endogenous BRD9 and SS18-SSX1 loci in HSSYII cells (31) (Figure 3-figure 255 

supplement 1A). ChIP-seq analyses demonstrated that BRD9 and SS18-SSX1 bind 256 

broadly throughout the genome (Figure 3A); with ~35% of binding sites occurring at 257 

gene promoters and the remaining ~65% at distal inter- and intragenic regions 258 

(Figure 3B). Comparing the binding profiles of BRD9 and SS18-SSX1 demonstrated 259 

that these proteins co-localize extensively on the synovial sarcoma genome. Indeed, 260 

a clear majority of all identified BRD9 and SS18-SSX1 binding sites overlap (Figure 261 

3C), and there is a tight correlation in BRD9 and SS18-SSX1 occupancy genome-262 

wide (Figure 3-figure supplement 1B). Additional ChIP-seq analyses of RNA 263 

polymerase II (RNAPII) and the histone modification H3K27Ac further demonstrates 264 

that BRD9 and SS18-SSX1 bind virtually all active gene promoters and enhancer 265 

elements (Figure 3D and E). With little evidence of significant binding at inactive 266 

genomic loci. Two recent studies characterised gene expression signatures defining 267 

synovial sarcoma tumours, demonstrating that the SS18-SSX fusion directly binds 268 

many of these genes (20, 21). Importantly, we found a significant overlap between 269 

these previous SS18-SSX1 ChIP studies and our own epitope tag knock-in mediated 270 

SS18-SSX1 and BRD9 ChIP-seq experiments (Figure 3F and Figure 3-figure 271 

supplement 1C). Considering that BRD9 may be present in only ~15% of SS18-SSX 272 

containing complexes, such broad co-localisation is remarkable; and suggests BRD9 273 
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SS18-SSX into BAF complexes leads to eviction and proteasomal degradation of 409 

SNF5. Since SNF5 is absent in BRD9 containing complexes it is tempting to 410 

speculate that loss of SNF5 (by genetic or biochemical means) shifts the balance of 411 

BAF complex assembly to a more GBAF-like state. This could explain the shared 412 

dependency on BRD9 function in these malignancies. Several additional cancers, 413 

including bladder cancer and uterine corpus endometrial carcinoma, have a high 414 

frequency of mutations effecting the genes encoding ARID1A/B (45). Loss of 415 

function mutations in these components could potentially shift the dynamics of BAF 416 

complex assembly toward a GBAF-like state. Therefore, it will be important to test 417 

the efficacy of BRD9 targeting in other cancers with BAF complex mutations. 418 

 419 

Most cancer treatments target processes important in normal and cancer cells, 420 

therefore toxicities resulting in debilitating side-effects remains problematic. Fusion 421 

gene driven cancers present a relatively unique opportunity to target cancer cell 422 

specific processes since oncogenic fusion proteins are present only in malignant 423 

cells. Understanding mechanisms related to fusion protein function may provide 424 

opportunities to develop therapies targeting underlying pathologies with limited 425 

effects on normal tissues. Our work demonstrates the importance of BRD9 in 426 

supporting SS18-SSX function and oncogenic gene expression in synovial sarcoma 427 

cells. Currently synovial sarcoma has few effective treatment options, and advanced 428 

forms of the disease have very poor overall survival. This study provides a rationale 429 

for development of BRD9 degradation as a novel therapeutic approach and 430 

potentially assessment in patients suffering with this disease. We demonstrate that 431 

degradation of BRD9, a member of an oncogenic multi-protein complex in synovial 432 

sarcoma, has a more profound effect on cancer cell survival than small-molecule 433 

mediated inhibition. This is an important point since inhibition of chromatin regulators 434 

such as EZH2, DOT1L and LSD1, which also exist in stable multi-protein complexes 435 

is currently under clinical investigation in several cancers (9, 46). Our findings 436 

suggest that inhibition, while effectively blocking a single functionality within a target 437 

protein, may provide a relatively ineffective means to block protein complex function 438 

as a whole. Scaffolding/other non-inhibited functions of a target protein may remain 439 

unaffected, allowing the target to continue supporting complex function. Therefore, 440 

degradation of proteins within multi-protein complexes may be a more efficacious 441 

approach in many cases. Importantly, the potent and selective small-molecule 442 
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Scientific). Scans were collected in data-dependent top speed mode with dynamic 553 

exclusion set at 60 seconds.  554 

Mass spectrometry analysis 555 

Thermo RAW files were analyzed with MaxQuant version 1.5.1.0 using default 556 

parameters. Searches were performed against the Uniprot mouse proteome, 557 

downloaded at June 2017. Additional parameters that were enabled were match-558 

between-runs, label-free quantification (LFQ) and IBAQ. After filtering for proteins 559 

that were present at least in all replicates of one condition, LFQ values were log2 560 

transformed and missing values were imputed in Perseus using default parameters 561 

(width = 0.3, shift = 1.8). Statistical outliers for the pulldowns were determined using 562 

a two-tailed t-test. Multiple testing correction was performed using a permutation-563 

based false discovery rate (FDR) method in Perseus. Volcano plots and 564 

stoichiometry calculations were performed as described previously (51).  565 

 566 

Chromatin immunoprecipitation: Cells for H3K27Ac and RNAPII ChIPs were fixed 567 

using 1% formaldehyde at room temperature for 10 mins. Formaldehyde crosslinking 568 

was quenched by adding Glycine to a final concentration of 0.125M directly to the 569 

fixation solution, followed by an additional 5 min incubation at room temperature. 570 

Cells for anti-HA (BRD9/SS18-SSX1) ChIPs were subjected to a 2-stage fixation; 571 

cells were initially fixed for 30 mins at room temperature using 0.5mM DSG, followed 572 

by an additional 10 mins at room temperature using 1% formaldehyde. 573 

Formaldehyde crosslinking was quenched as outlined above. Fixed cells were 574 

washed 2X with ice-cold PBS and pelleted by centrifugation. Nuclei were extracted 575 

by resuspending fixed cell pellets in LB1 buffer (50mm HEPES,140mm NaCl, 1mm 576 

EDTA, 10% Glycerol, 0.5% NP40, 0.25% Triton X100) containing 1X protease 577 

inhibitor cocktail (Biotools, B14002), followed by 10 mins incubation. Cells were 578 

pelleted by centrifugation and resuspended in LB2 buffer (10mM Tris ph8.0, 200mM 579 

NaCl, 1mM EDTA, 0.5mM EGTA) containing 1X protease inhibitor cocktail. Extracted 580 

nuclei were lysed using Covaris shearing buffer (0.1% SDS, 1mM EDTA and 10mM 581 

Tris pH 8.0) containing 1X protease inhibitor cocktail. Nuclei were lysed at a 582 

concentration of 10-30 million cells/ml in shearing buffer and sonicated in a Covaris 583 

E220, 1ml AFA milltubes (with fiber), Water level = 5, Duty Cycle = 5%, Peak 584 

Incidence Power = 140W, Cycle per burst = 200 for 16mins. Sonicated samples 585 

were pre-cleared by centrifugation at 14000rpm for 15mins at 4ºC. A 0.25X volume 586 
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ChIP and RNA-seq data analysis: 620 

ChIP-seq analysis was performed using pipelines on the omics analysis platform 621 

Basepair (http://www.basepair.io). ChIP fastq files were trimmed to remove adapter 622 

and low quality sequences using trim_galore and aligned to the UCSC genome 623 

assembly hg19 using Bowtie (version 2.1.0). For spike-in normalized ChIP-seq 624 

experiments reads were separately aligned to hg19 and mm9 using Bowtie. 625 

Duplicate reads were removed using Picard Mark Duplicates. Peaks were detected 626 

using MACS (version 1.4) using a p value cutoff was set to 10-5. Peaks were 627 

annotated to genomic features (Promoter, Gene body, Intergenic) using custom 628 

scripts on the Basepair platform, based on the UCSC database for hg19. ChIP-seq 629 

data visualisations were generated using the EaSeq analysis software (52). 630 

 631 

RNA-seq fastq files were aligned to NCBI37/hg19 and normalized using STAR. 632 

Differential expression data were obtained using the DEseq algorithm. These 633 

analyses were all done through the Basepair analysis platform 634 

(http://www.basepair.io).  635 

 636 

Immunoblotting: Whole cell protein samples were prepared in RIPA buffer (25mM 637 

Tris-HCl. pH7.6, 150mM NaCl, 1% NP-40, 1% Sodium Deoxycholate, 0.1% SDS) 638 

containing 1X protease inhibitor cocktails. Protein lysates were separated on pre-639 

cast Bolt 4-12% Bis-Tris Plus Gels (Invitrogen, NW04127BOX) and transferred to 640 

nitrocellulose membranes. Membranes were subsequently probed using the relevant 641 

primary and secondary antibodies and relative protein levels were determined using 642 

the Odyssey CLx Imager (LI-COR). 643 

 644 

Cellular viability, cell cycle and apoptosis analysis: For dose response viability 645 

assays, cells were plated in 96-well tissue culture plates (1000 cells/well) in media 646 

containing DMSO or the desired concentration or each compound. Media was 647 

changed every 3-days up to a total of 9-days, at which point the ATPlite 1-Step 648 

luminescence assay system (PerkinElmer, 6016731) was used to determine ATP-649 

dependent luminescence as an approximation of cellular viability. For cell cycle and 650 

apoptosis analysis cells were initially seeded on 10cm dishes in media containing 651 

DMSO or 100nM dBRD9-A and cultured/passaged in this media for a total of 9 days. 652 

For cell cycle analysis control and treated cells were harvested at 3/6/9 days and 653 













https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113229












https://oncologynibr.shinyapps.io/drive/)


 34 

 1028 

Figure 2: BRD9 functions as part of SS18-SSX containing SWI/SNF complexes 1029 

A. Silver stains of endogenous SS18-SSX fusion protein immunoprecipitations 1030 

performed on nuclear protein lysates prepared 2 independent synovial sarcoma cell 1031 

lines. 1032 

B. Volcano plots representing fold enrichment (LFQ intensity) of proteins 1033 

identified by mass spec in SS18-SSX1 or SS18-SSX2 purifications relative to IgG 1034 

control purifications. Known BAF members are indicated in red. 1035 

C. Western blots analyses of the indicated proteins performed on endogenous 1036 

BRD9 or IgG purifications in HSSYII cells (Input = 10% total IP material). 1037 

D. Western blots analyses of the indicated proteins performed on endogenous 1038 

BRD9 or IgG purifications in SYO1 cells (Input = 10% total IP material). 1039 

E. Scatter plot representing the normalized protein abundance (IBAQ score) of 1040 

proteins identified in SS18-SSX1 and SS18-SSX2 purifications. Known BAF 1041 

members are indicated in red 1042 

F. High density sgRNA tiling of BRD9 in 2 independent SScell lines. Each bar 1043 

represents the fold-change of an individual sgRNA and its target site along the BRD9 1044 

protein. 1045 

G. Negative selection based CRISPR-Cas9 mutagenesis assays in amino acid 1046 

311-345 region functional rescue experiments. The relative GFP+ (sgRNA+) 1047 

subpopulation percentage is depicted at the indicated time-points after lentiviral 1048 

infection. Mean +/- s.d., n = 3. 1049 

H. Western blot analyses of the indicated proteins in anti-V5 purifications 1050 

performed in control HSSYII cells, or HSSYII cells expressing a full-length, 1051 

bromodomain deleted or amino acid 311-345 deleted BRD9. 1052 

 1053 

Figure 3: SS18-SSX1 and BRD9 co-bind the synovial sarcoma genome 1054 

A. Genomic tracks showing BRD9 and SS18-SSX1 ChIP-seq signal on the 98 1055 

Mb right arm of chromosome 8 in HSSYII cells. The chromosome 8 ideogram is 1056 

displayed above the gene tracks with the relevant region highlighted in red. 1057 

B. Pie charts representing the distribution of BRD9 and SS18-SSX1 binding sites 1058 

on the synovial sarcoma genome. 1059 

C. Venn diagram overlaps of all identified BRD9 and SS18-SSX1 ChIP-seq 1060 

peaks in HSSYII cells. 1061 
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region denotes sgRNAs depleted >2-fold in SS cells and unchanged in Ewing 1129 

sarcoma cells. 1130 

B. Indel quantification by TIDE (Tracking of Indels by sequence trace 1131 

Decomposition) analysis 4 days after transduction with the indicated sgRNA in the 1132 

indicated cell lines. Also presented are GFP FACs plots collected at time of 1133 

harvesting, demonstrating the proportion of GFP+ (sgRNA+) cells in each instance. 1134 

C. Western blot analysis of the indicated proteins in a cohort of synovial, and 1135 

non-synovial sarcoma cell lines. 1136 

D. Western blot analysis of the indicated proteins in 4 independent SS cell lines 1137 

expressing a control shRNA (Renilla) or one of two independent BRD9 targeting 1138 

shRNAs. 1139 

E. Negative selection-based shRNA functional assays in 4 independent SS cell 1140 

lines. The relative GFP+ (sgRNA+) subpopulation percentage is depicted at the 1141 

indicated time points after lentiviral infection. Mean +/- s.d., n = 3. 1142 

F. Western blots (as in Panel c) in Ewing sarcoma (A673) and 1143 

rhabdomyosarcoma (RH30) cells lines. 1144 

G. Negative selection-based shRNA assays (as in Panel e) in Ewing sarcoma 1145 

(A673) and rhabdomyosarcoma (RH30) cell lines. 1146 

H. Schematic representation of the BRD9 coding region targeted by sgRNA-15. 1147 

The sgRNA target sequence is highlighted in red and PAM sequence is indicated 1148 

(top). The silent mutations added to render the allele insensitive to CRISPR/Cas9 1149 

targeting are indicated, and sequence of the CRISPR-resistant allele shown 1150 

(bottom). 1151 

I. Western blot analysis of the indicated proteins in HSSYII cells used in function 1152 

rescue experiments. 1153 

 1154 

Figure 2-figure supplement 1: BRD9 is a component of SS18-SSX containing 1155 

BAF complexes. 1156 

A. Silver stains of anti-HA immunoprecipitations performed on nuclear protein 1157 

lysates prepared from HEK293T cell lines expression GFP (control) or an SS18-1158 

SSX1 or SS18-SSX2 fusion protein. 1159 

B. Volcano plots representing fold enrichment (LFQ intensity) of proteins 1160 

identified by mass spec in anti-HA-SS18-SSX1/2 purifications relative to GFP control 1161 

purifications. Known BAF members are indicated in red. 1162 
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 1247 

Source data: 1248 

Figure 1: 1249 

Figure 1-source data 1: Sequencing read counts and fold-change values for 1250 

individual sgRNAs in library experiments in HSSYII synovial sarcoma cells 1251 

 1252 

Figure 1-source data 2: Sequencing read counts and fold-change values for 1253 

individual sgRNAs in library experiments in A673 Ewing sarcoma cells 1254 

 1255 

Figure 1-source data 3: Relative GFP positive percentages in negative selection 1256 

sgRNA assays in 6 independent pediatric sarcoma cell lines 1257 

 1258 

Figure 1-source data 4: Relative GFP positive percentages in negative selection 1259 

sgRNA assays in BRD9-FL, BRD9-Dbromo or BRD9-N216A rescue experiments 1260 

performed in HSSYII cells 1261 

 1262 
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SSX2 purifications in HEK293T cells 1296 

 1297 

Figure 2-figure supplement 1-source data 3: Presented is the number of peptides 1298 

mapping to each of the indicated BAF complex members in purifications of HA-1299 

tagged SS18-SSX1 and SS18-SSX2 expressed in HEK293T cells 1300 

 1301 

Figure 2-figure supplement 1-source data 4: Presented is the number of peptides 1302 

mapping to each of the indicated BAF complex members in purifications of 1303 

endogenous SS18-SSX1 and SS18-SSX2 expressed in HSSYII and SYO1 cells 1304 

 1305 

Figure 4-figure supplement 1: 1306 

Figure 4-figure supplement 1-source data 1: Fold-change of individual BAF 1307 

complex members identified in SS18-SSX1 purifications from HSSYII cells treated 1308 

with DMSO or dBRD9-A at 100nM for 24hrs 1309 

 1310 

Figure 5-figure supplement 1: 1311 

Figure 5-figure supplement 1-source data 1: Cell counts in dBRD9-A treatment 1312 

experiments in HSSYII cells infected with an empty vector, a WT BRD9 expressing 1313 

vector or a BRD9 bromodomain swap (BRD7 bromodomain) vector 1314 

Figure 5-figure supplement 1-source data 2: Mouse weight measurement derived 1315 

from mice treated with control (vehicle) of dBRD9-A at 50mg/kg 1316 

 1317 

Figure 5-figure supplement 1-source data 3: Presented are blood counts derived 1318 

from DMSO and dBRD9-A treated mice 1 day prior to cessation of treatment 1319 
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