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Abstract: 
Chromatin remodeling plays a critical role in tumor suppression as demonstrated by 20% of human 
cancers bearing inactivating mutations in SWI/SNF chromatin remodeling complex members.  
Mutations in different SWI/SNF subunits drive a variety of adult and pediatric tumor types, including 
non-small cell lung cancers, rhabdoid tumors, medulloblastomas, and ovarian cancers.  Small cell 
carcinoma of the ovary hypercalcemic type (SCCOHT) is an aggressive subtype of ovarian cancer 
occurring in young women.  Nearly all (>98%) SCCOHTs have inactivating mutations in SMARCA4, 
which encodes 1 of 2 mutually exclusive catalytic subunits of the SWI/SNF complex.  Less than half of 
SCCOHT patients survive 5 years despite aggressive surgery and multimodal chemotherapy.  
Empirical support for effective SCCOHT treatments is scarce, in part because of the poor understanding 
of SCCOHT tumorigenesis.  To gain insight into the functional consequences of SWI/SNF subunit loss, 
we defined SWI/SNF composition and its protein-protein interactions (PPIs) by immunoprecipitation 
and mass spectrometry (IP-MS) of SWI/SNF subunits in 3 SCCOHT cell lines.  Comparing these results 
to a cell line containing a wild-type SWI/SNF complex, the interaction of most canonical core SWI/SNF 
subunits was observed in all SCCOHT cell lines at a lower abundance.  The SCCOHT SWI/SNF also 
lacked ATPase module subunits and showed a drastic reduction in PBAF-specific subunit interactions.  
The wild-type and SCCOHT SWI/SNF subunits immunoprecipitated a shared set of 26 proteins, 
including core SWI/SNF subunits and RNA processing proteins.  We observed 131 proteins exclusively 
interacting with the wild-type SWI/SNF complex including isoform-specific SWI/SNF subunits, members 
of the NuRD complex, and members of the MLL3/4 complex. We observed 60 PPIs exclusive to the 
SCCOHT residual SWI/SNF shared in at least 2 of the 3 SCCOHT cell lines, including many proteins 
involved in RNA processing.  Differential interactions with the residual SWI/SNF complex in SCCOHT 
may further elucidate altered functional consequences of SMARCA4 mutations in these tumors as well 
as identify synthetic lethal targets that translate to other SWI/SNF-deficient tumors. 
 
Introduction: 

Nearly 20% of human cancers bear mutations in the switch/sucrose non-fermenting (SWI/SNF) 
chromatin remodeling complex1,2, ranking it among the most highly mutated protein complexes in 
cancers.  The SWI/SNF complex, first characterized in yeast, is best known for its ability to activate 
gene expression by facilitating formation of nucleosome-depleted regions at gene promoters3-7.  The 
mammalian SWI/SNF complex has important roles in development and consists of at least 3 major 
isoforms: BRG1(SMARCA4)-associated factor (BAF), poly-bromo-BAF (PBAF), and non-canonical 
BAF (ncBAF), which can either activate or repress gene expression in different contexts8-12.  These 
isoforms share a set of core subunits, SMARCC1, SMARCC2, and SMARCD1/2/3.  BAF and PBAF 
additionally share SMARCB1 and SMARCE1 core subunits.  SWI/SNF complexes contain 1 of 2 
mutually exclusive ATPase subunits, SMARCA4 and SMARCA2.  These isoforms also have distinct 
sets of isoform-specific subunits which facilitate their occupancy at target gene promoters and 
enhancers.  ARID1A/B and DPF1/2/3 are BAF-specific subunits, ARID2, PBRM1, PHF10, and BRD7 
are PBAF-specific subunits, and BICRA/AL and BRD9 are ncBAF-specific subunits13. 

Mutations in the SWI/SNF complex appear in many adult and pediatric tumors including non-
small cell lung cancer, renal clear cell carcinoma, rhabdoid tumors, medulloblastoma, and several types 
of gynecological cancers.  Specific SWI/SNF subunit mutations are often associated with particular 
cancer types14-21.  In ovarian cancers, about half of ovarian clear cell carcinomas (OCCC) bear 
mutations in ARID1A22-24.  High grade serous ovarian carcinomas (HGSOC) bear mutations in a 
number of SWI/SNF subunits (10% SMARCA4, 4% SMARCA2, 4% ARID2, 2% SMARCB1, 2% 
ARID1B and 1% ARID1A)25.  In other gynecological malignancies, ARID1A is mutated in ~30% of 
endometrial carcinomas22 and SMARCA4 is recurrently mutated in undifferentiated uterine 
sarcomas26,27.   
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Additionally, we and others have discovered that nearly all (>98%) small cell carcinoma of the 
ovary hypercalcemic type (SCCOHT) tumors are driven by mutations in the SMARCA4 ATPase28-31.  
The mutually exclusive alternative catalytic subunit, SMARCA2, is epigenetically silenced in these 
tumors30,32.  SCCOHTs have remarkably stable genomes, with SMARCA4 being the only recurrently 
mutated gene.  SCCOHT tumors are poorly differentiated and clinically aggressive, occurring in young 
women (average onset age 24, range 14 months - 43 years)33,34.  Long term survival of all SCCOHT 
patients is estimated to be 10-20% with the best outcomes associated with early stage diagnosis and 
high dose chemotherapy in conjunction with autologous stem cell rescue34.  Currently, no targeted 
therapies are available for SCCOHT patients.  SMARCA4/A2 dual-deficient SCCOHT cells present a 
unique model to study the biology of SWI/SNF with regard to its non-catalytic functions. 

In order to characterize the effects of SMARCA4/A2 dual loss in SCCOHT on SWI/SNF complex 
composition, protein-protein interactions (PPIs) and their downstream consequences, we used 
immunoprecipitation and mass spectrometry (IP-MS) employing 6 antibodies to representative 
SWI/SNF subunits in 3 SCCOHT cell lines compared to a cell line with a wild-type SWI/SNF complex.  
We detected an intact core SWI/SNF complex, loss of ATPase module subunits, and loss of PBAF 
isoform specific subunits in all 3 SCCOHT cell lines.  Compared to the wild-type SWI/SNF complex, the 
SCCOHT SWI/SNF complex showed reduced interactions with proteins involved in chromatin 
organization and histone post-translational modification.  The chromatin regulatory PPIs absent from 
the SCCOHT SWI/SNF complex include ATPase module and PBAF-specific SWI/SNF subunits, the 
nucleosome remodeling and deacetylase (NuRD) complex, and the histone methyltransferase MLL3/4 
complex. 

The SCCOHT SWI/SNF complex also showed exclusive interactions with central metabolism 
proteins and increased interactions with proteins involved in RNA processing compared to the wild-
type SWI/SNF complex.  We also observed that a subset of SCCOHT-exclusive SWI/SNF interacting 
proteins may be synthetic lethal targets.  Taken together, we have elucidated altered molecular 
interactions of the residual SCCOHT SWI/SNF complex which provide insight into the functional 
consequences of SWI/SNF subunit loss and may identify therapeutic vulnerabilities.  As SWI/SNF 
complex members are mutated in 20% of cancers, these molecular interactions may be relevant for 
many tumor types. 
Materials and Methods: 
Cell culture: 
BIN67 (BIN-67), SCCOHT1 (SCCOHT-1), and COV434 are SCCOHT cell lines bearing mutations in 
SMARCA4 and lacking SMARCA2 expression35-37.  SCCOHT1 and BIN67 cells were maintained in 
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% Fetal Bovine Serum 
(FBS) and 1% Penicillin/Streptomycin (PS).  COV434 cells were maintained in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% FBS and 1% PS.  HAP1 is a haploid chronic 
myelogenous leukemia cell line derived from KBM-7 bearing a wild-type SWI/SNF complex (Sequence 
Read Archive accession SRP044390)38.  HAP1 cells were maintained in Iscove's Modified Dulbecco's 
Medium (IMDM) supplemented with 10% FBS and 1% PS.  SMARCA4 expression was induced in 
COV434 pIND20-BRG1-2.7 cells by exposure to 500 ng/mL doxycycline for 72 hours39.  All cell lines 
were cultured at 37°C in a humidified incubator with 5% CO2.  Cell lines were Short Tandem Repeat 
(STR) profiled for verification and monitored routinely for mycoplasma contamination.  Cells were 
harvested by scraping into cold 1X Phosphate Buffered Saline (PBS), followed by centrifugation, flash 
freezing, and storage at -80°C.   
Immunoprecipitation: 
Cytoplasmic extracts were first isolated after thawing cells on ice by incubation in 400 µL Buffer A (20 
mM HEPES pH 7.9, 10 mM KCl, 0.2 mM EDTA pH 8, 1X Halt™ protease inhibitor cocktail) on ice for 
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10 minutes.  After addition of 25 µL of 10% NP-40, extracts were vortexed, and nuclei were pelleted by 
centrifugation at 21,000 RCF at 4°C for 30 seconds.  Nuclei were resuspended in 400 µL Buffer C (20 
mM HEPES pH 7.9, 0.4 M NaCl, 10 mM EDTA pH 8, 1 mM EGTA pH 8, 1X Halt™ protease inhibitor 
cocktail) and incubated at 4°C for 15 minutes using end-over-end rotation.  Insoluble fraction was 
separated by centrifugation at 21,000 RCF at 4°C for 5 minutes.  Soluble nuclear protein extracts were 
collected and protein concentration was measured using a BCA microplate assay.  An input of 500 μg 
of nuclear protein was used for each IP and the total volume was adjusted to 400 μL.  Either protein A 
or G conjugated sepharose beads, used with rabbit and mouse antibodies, respectively, were washed 
3 times in Buffer C, and 30 μL of a 50% slurry were added to appropriate IP samples.  A titrated amount 
of each antibody used was added (see Table 1) to a protein/bead mixture and incubated at 4°C 
overnight using end-over-end rotation.  Sepharose beads were pelleted by centrifugation at 6,000 RCF 
at 4°C for 1 minute and IP samples were washed 5 times with 500 μL Buffer C. 
Antibody target Host Source Catalogue # Volume per 500 μg IP 
BAF57/SMARCE1 Rabbit Bethyl A300-810A 3 μL 
SMARCB1/SNF5 Rabbit Bethyl A301-087A 2 μL 
ARID2 Rabbit Cell Signaling 82342 2 μL 
BAF155/SMARCC1 Rabbit Cell Signaling 11956 4 μL 
ARID1A Mouse Millipore 04-080 2 μL 
BRG1/SMARCA4 Rabbit AbCam ab215998 1.5 μL 
IgG isotype Mouse Santa Cruz sc-2025 0.5 μL 
IgG isotype Rabbit Non-commercial Polysera 0.5 μL 

Table 1.  Antibodies used for immunoprecipitation in this study. 
SDS-PAGE and Trypsin Digestion: 
Proteins were eluted from dried beads by reconstituting in Laemmli loading buffer containing 2-
Mercaptoethanol then incubating for 5 minutes at 95°C.  Samples were separated by SDS-PAGE using 
4-20% Tris-Glycine gels.  Proteins were visualized by Coomassie staining, each sample was divided 
into 4 equal fractions, and each fraction was cut into 2 mm3 cubes.  Overnight in-gel trypsin digestion 
was performed following previously published methods40.  Prior to analysis, peptides were desalted 
following a modified C18 StageTip protocol41.  Peptides were resuspended in 2% acetonitrile, 0.1% 
trifluoroacetic acid (TFA) and loaded onto a self-packed C18 (3M, Maplewood, MN) StageTip.  Peptides 
were washed with 2% acetonitrile, 0.1% TFA, eluted in 60% acetonitrile 0.1% TFA, dried in a vacuum 
concentrator, and stored at -80°C.  
Isobaric labeling based nuclear proteomics of SCCOHT cell lines 
Nuclei were isolated from HAP1, BIN67, COV434 and SCCOHT1 cell lines by resuspending cells in 
400 µl buffer (20 mM HEPES pH 7.9, 10 mM KCl, 0.2 mM EDTA pH 8, 1X Halt™ protease inhibitors) 
and incubated for 10 minutes on ice.  After addition of 25 µL of 10% NP-40, extracts were vortexed, 
and nuclei were pelleted by centrifugation at 21,000 RCF at 4°C for 30 seconds.  Resulting nuclei were 
solubilized in 8M urea lysis buffer with protease inhibitors and sonicated.  Protein concentration was 
determined by BCA assay on clarified nuclear lysates.  200 µg of nuclear protein extract per cell line 
was reduced by TCEP (10 mM final concentration) and alkylated by iodoacetamide (40 mM final 
concentration).  Samples were first digested overnight by trypsin (1:50 enzyme to substrate ratio) 
followed by a second trypsin digestion for 1 hour (1:50 enzyme to substrate ratio).  Tryptic peptides 
were desalted using Sep-Pak C18 columns (Waters Inc., Milford, MA) and peptide yield was determined 
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using a BCA assay.  Equal amounts of tryptic peptides (90 µg each) were labeled with distinct Tandem 
Mass Tag (TMT) reagents as per manufacturer’s recommendation (ThermoFisher Scientific).  Samples 
were pooled and desalted following determination of labeling efficiency of >99%.  Pooled, TMT-labeled 
samples were depleted of phosphopeptides using sequential TiO2 and Immobilized Metal Affinity 
Chromatography (IMAC) enrichment strategy and the flow through containing unmodified peptides was 
subjected to high pH offline fractionation.  The resulting 96 fractions were concatenated into 24 fractions 
for LC-MS/MS analysis42.  
Liquid Chromatography and Mass Spectrometry: 
Peptides were reconstituted in 2% acetonitrile, 0.1% formic acid containing 25 fmol of Pierce Peptide 
Retention Time Calibration (PRTC) mixture.  Data were acquired on an Orbitrap Fusion Lumos 
(ThermoFisher Scientific, Waltham, MA) interfaced with an Ultimate 3000 UHPLC system 
(ThermoFisher Scientific) running binary solvent system A (Water, 0.1% formic acid) and B 
(Acetonitrile, 0.1% formic acid).  IP-MS samples (5 µL injection volume) were loaded directly (18.3 
minutes loading time) on an analytical column (PepMap RSLC C18, 75 µm ID x 15 cm, 3 µm particle 
size, 100 Å pore size) kept at 45°C and eluted at a flow rate of 300 nL/minute using the following 60 
minutes method: 2% to 19% solvent B in 42 minutes, 19% to 45% B in 6 minutes, 45% to 90% B in 0.5 
minute, plateau at 90% B for 1 minute, return to initial conditions in 0.5 minute and re-equilibration for 
10 minutes.  Data-dependent acquisition was performed in Top Speed mode with a 3 second duty cycle 
and the following parameters: spray voltage of 1900V, ion transfer tube temperature of 275°C, survey 
scan in the Orbitrap at a resolution of 120K at 200 m/z, scan range of 400-1500 m/z, AGC target of 4E5 
and maximum ion injection time of 50 milliseconds.  Every parent scan was followed by a daughter 
scan using High Energy Collision (HCD) dissociation of top abundant peaks and detection in the iontrap 
with the following settings: quadrupole isolation mode enabled, isolation window at 1.6 m/z, AGC target 
of 5E3 with maximum ion injection time of 35 milliseconds and HCD collision energy of 35%.  Dynamic 
exclusion was set to 60 seconds.  
Nuclear proteomics samples (5 µL injection volume, ~1 µg peptides per fraction) were loaded directly 
(18.3 minutes loading time) on an analytical column (PepMap RSLC C18, 75 µm ID x 25 cm, 2 µm 
particle size, 100 Å pore size) kept at 45°C and eluted at a flow rate of 300 nL/minute using the following 
120 minutes method: 2% to 19% solvent B in 80 minutes, 19% to 30% B in 20 minutes, 30% to 98% B 
in 5 minutes, plateau at 98% B for 2 minutes, return to initial conditions in 1 minute and re-equilibration 
for 12 minutes.  Data-dependent acquisition was carried out using SPS-MS3 workflow in Top Speed 
mode with a 3 second duty cycle and the following parameters: spray voltage of 2300 V, ion transfer 
tube temperature of 275°C, survey scan in the Orbitrap at a resolution of 120K at 200 m/z, scan range 
of 375-1500 m/z, AGC target of 4E5 and maximum ion injection time of 50 milliseconds.  Every parent 
scan was followed by a daughter scan using Collision Induced Dissociation (CID) of top abundant peaks 
and detection in the iontrap with the following settings: quadrupole isolation mode enabled, isolation 
window at 0.7 m/z, AGC target of 1E4 with maximum ion injection time of 50 milliseconds and 
Normalized Collision Energy (NCE) of 35%.  Up to 10 MS2 fragment ions selected in the Synchronous 
Precursor Selection (SPS) node were subjected to MS3 scan.  MS3 scan was performed in the Orbitrap 
at 50,000 resolution over a mass range of 100-500 m/z on MS3 precursors fragmented by HCD (NCE 
of 65%, AGC target of 1E5 and maximum injection time of 105 milliseconds).  Dynamic exclusion was 
set to 60 seconds.  
Protein Identification 
Mass spectra were aligned within each cell line and IP, followed by peak picking using Progenesis QI 
for proteomics v4.1.6 with default parameters for automated processing.  Preprocessed spectra were 
then searched against a Homo sapiens database (UniprotKB/Swissprot, 2017) in Mascot v2.6.0.  
Oxidation (M) and acetylation (N-terminus) were specified as variable modifications and 
carbamidomethyl (C) was defined as a fixed modification.  MS/MS tolerance was set to 0.6 Da.  Tryptic 
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peptides allowed for up to 2 missed cleavages, peptide charge states ranging between +2 and +4, and 
a peptide tolerance of 10 ppm.  Matched spectra were imported into Progenesis for peptide assignment 
and filtering (Mascot score ≥21).  Analyzed gel fractions were recombined and normalized in 
Progenesis.  Normalized abundances of identified proteins were used to score bona fide protein-protein 
interactions (SAINTexpress)43 that were enriched at least 2-fold above IgG controls.  As per 
SAINTexpress recommendation, we used a threshold of an average probability of interaction (AvgP) of 
≥0.7.  Fold change for SWI/SNF complex members in the SCCOHT cell lines was calculated by first 
taking the mean normalized SAINTexpress abundance for each antibody, then the median across 
antibodies for a single cell line, and dividing by the same value in HAP1. 

For deep expression nuclear proteomics, raw spectra were processed in Proteome Discoverer 
v2.2 and searched against a Homo sapiens protein database (SwissProt/UniprotKB, 2017) in Mascot 
v2.6.0.  Mascot search parameters were the same as above, with quantification performed on reporter 
ion abundance for isobaric labeling.  Identified proteins were filtered for presence in >50% of samples 
and normalized using the SL and TMM normalization functions from the limma package (v3.38.3) in R 
v3.5.1.  
Western blotting 
Western blotting was performed using 30 µg of protein extracts from BIN67, SCCOHT1, COV434, 
HAP1, and COV434 pIND20 BRG1-2.7 cells extracted in either nuclear protein extraction buffers 
described above or whole cell lysis buffer (0.05 M Tris-HCl pH 6.8, 2% SDS, 6% β-mercaptoethanol) 
and boiled for 5 minutes.  Proteins were separated by 3-8% Tris-Acetate SDS-PAGE and transferred 
to nitrocellulose membranes.  Transfer efficiency was monitored by either REVERT total protein stain 
or Ponceau stain and was used for normalization.  SWI/SNF subunits were detected using primary 
antibodies to PBRM1 (Bethyl A301-591A, 1:2000), SMARCA4 (AbCam ab110641, 1:2000), SMARCC1 
(Cell Signaling 11956, 1:1000), ARID1A (Millipore 04-080, 1:1000), SMARCA2 (Cell Signaling 6889, 
1:1000), SMARCE1 (AbCam ab131328, 1:1000), SMARCB1 (Bethyl A301-087A, 1:1000), and ARID2 
(Thermo PA5-35857, 1:5000) in either 5% non-fat dry milk or LiCor Odyssey blocking buffer.  Protein 
detection was performed either using horseradish peroxidase-conjugated secondary antibodies and 
chemiluminescence developed on film or near-infrared fluorescent secondary antibodies developed on 
a LiCor CLx instrument. 
DNA sequencing and variant calling 
Genomic DNA isolation and library preparation was carried out as described previously28, using 
DNeasy Blood & Tissue kit (Qiagen).  The precapture libraries were prepared using a combination of 
On-Bead Whole Genome Sequencing (Kapa) kit and SureSelect XT2 (Agilent) adapters.  SureSelect 
XT2 was further used for capture and clean-up.  Paired end sequencing was performed on the Illumina 
HiSeq 2000.  Fastq reads were aligned to the hg19 human genome using BWA-MEM version 0.7.8, 
followed by sorting and indexing the bam files (Picard version 1.128), duplicate marking, indel 
realignment and recalibration using GATK version 3.3.0.  Variants were called using Haplotype Caller 
and VCF annotation was done using SNPEff version 3.5h.  Protein coding variants that passed the 
HaplotypeCaller quality filter, classified as “rare” in 1000 Genomes Project and ExAC databases as 
well as annotated as “High” or “Moderate” impact in SNPEff were considered.  Lollipop plots were 
generated using the trackViewer Bioconductor package in R (version 1.14.1) and Adobe Illustrator.  
Gene Ontology (GO) Biological Processes Analysis 
Enriched biological processes were determined using ClueGO v2.3.2 against the Homo sapiens 
database for GO biological processes v06.11.2016_23h27 using experimental evidence only44.  GO 
term fusion was applied and only terms with a p-value ≤0.05, based on a 2-sided hypergeometric test 
with Bonferroni correction, were reported.  Kappa score (>0.4) based GO term grouping was utilized to 
define overarching functional groups across the data.  All other parameters were left at default ClueGO 
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settings.  Enriched biological processes were merged across the 4 cell lines and ranked in increasing 
order by term p-value (lowest value among all cell lines).  High confidence interactors from all cell lines 
were then assigned a single GO term from the enriched biological processes based on GO term 
hierarchy and ClueGO term grouping, and terms without assigned interactors were removed from 
results (Supplemental Tables 1 & 3).  
STRING Functional Protein Association Networks Analysis 
Protein-protein interaction network and enrichment analysis was carried out using stringApp (1.4.2) 
within Cytoscape (3.7.1)45.  Uniprot identifiers of proteins uniquely identified in SCCOHT cell lines, 
HAP1 control cell line or shared between all the 4 cell lines were loaded as separate lists into stringApp 
and queried against StringDB for known interactions.  Resulting interactions were filtered with a 
minimum confidence (score) cutoff of 0.7 and maximum additional interactors was set to 0.  Enrichment 
analysis was performed using default stringApp settings in Cytoscape. 
CRISPR analysis 

Effect on SCCOHT cell growth by CRISPR knock-out of SCCOHT exclusive SWI/SNF interacting 
proteins was evaluated using Avana CRISPR data available in DepMap (DepMap, Broad (2019): 
DepMap Achilles 19Q1 Public. figshare. Fileset. doi:10.6084/m9.figshare.7655150)46.  The CERES 
score for each of these genes in COV434 and BIN67 cell lines were compared to the average effect of 
each gene knock-out across all 625 cell lines in the database using a Z score calculated as Z=(x - μ)/σ 
where x is the CERES score for the gene of interest in either COV434 or BIN67, μ is the average 
CERES score for the gene of interest across all cell lines in the database, and σ is the standard 
deviation of the CERES score for the gene of interest across all cell lines in the database. 
Cell viability after SMARCB1 siRNA transfection 
Cells were reversely transfected with siRNAs to knock down SMARCB1 (#1: 5’-
GCAACGAUGAGAAGUACA -3’ and #2: 5’-GGCCGAGACAAGAAGAGA-3’) and a negative non-
targeting control (Integrated DNA technology, 51-01-14) using Lipofectamine RNAiMAX at a final 
concentration of 5 nM.  Knock-down efficiency was evaluated by western blotting 48 hours following 
transfection.  The viability of BIN67 cells was reduced too drastically to provide sufficient material for 
western blotting.  Five days after transfection, cells were fixed with 10% methanol, 10% acetic acid, 
and stained with 0.5% crystal violet in methanol.  The absorbed dye was solubilized in 10% acetic acid 
and the absorbance was measured at 595 nm in a microplate spectrophotometer.  Cell survival was 
determined by normalizing absorbance values to the non-targeting control treated cells47. 
Results: 
The SWI/SNF complex in SCCOHT cell lines shows reduced ATPase module and PBAF subunit 
interactions 
Aside from dual loss of SMARCA4 and SMARCA2, knowledge about the SWI/SNF complex 
composition, PPIs, and downstream consequences of these alterations in SCCOHT cells is limited.  As 
a critical step toward defining the molecular biology of SCCOHT, we characterized the residual 
SWI/SNF complex in SCCOHT cells by performing IP-MS in 3 SCCOHT cell lines compared to the 
HAP1 cell line bearing a wild-type SWI/SNF complex.  We used 6 antibodies to representative SWI/SNF 
subunits (ARID1A, ARID2, SMARCA4, SMARCB1, SMARCC1, and SMARCE1) and analyzed complex 
composition and PPIs by probabilistic scoring using SAINTexpress43.  Based on SAINTexpress 
guidelines, we used an interaction confidence threshold of a 2-fold enrichment over IgG and an average 
probability of interaction (AvgP) ≥ 0.7 with at least 1 antibody.  We detected all previously identified 
mammalian SWI/SNF subunits48-50 in the SWI/SNF wild-type cell line HAP1, 26 of which passed our 
interaction threshold (Figure 1).  Core SWI/SNF subunit (SMARCC1, SMARCC2, SMARCD1/2, 
SMARCB1, and SMARCE1)13 interactions were detected above the AvgP threshold in all 3 SCCOHT 
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cell lines, albeit at a lower protein abundance than HAP1 (Figure 1A, processed data in Supplemental 
Table 1, fold change in Supplemental Table 2). 

Overall, ATPase module subunits are either absent from or reduced in the SCCOHT SWI/SNF 
complex.  Consistent with previous reports that SMARCA2 is epigenetically silenced in SCCOHT 
tumors, we did not detect any SMARCA2-specific peptides in any of the 3 SCCOHT cell lines (Figure 
1B).  Despite the presence of inactivating mutations (nonsense and frameshift mutations in SCCOHT1, 
2 splice site mutations in BIN67, and missense and splice site mutations in COV434), we detected 
SMARCA4-specific peptides in all 3 SCCOHT cell lines at a low abundance (Supplemental Tables 1-
2).  In BIN67 and SCCOHT1, no other SWI/SNF subunits were observed to interact with SMARCA4 
above the confidence threshold (Figure 1B).  BCL7A/B/C and SS18 proteins are not detected above 
the AvgP threshold for interaction in the SCCOHT SWI/SNF complexes.  Additionally, the association 
of SWI/SNF with actin is reduced in SCCOHT cells (Figure 1B, Supplemental Table 2). 
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Figure 1.  Characterization of SWI/SNF complex integrity in SCCOHT cell lines. A-E.  Dot plot visualization of IP-MS 
data from antibodies to 6 different SWI/SNF complex members serving as baits (columns).  The selected table of prey 
(rows) include all previously characterized SWI/SNF complex members, which are grouped as core subunits (A), ATPase 
module subunits (B), BAF-specific subunits (C), PBAF-specific subunits (D), and ncBAF-specific subunits (E).  Bait-prey 
interaction probabilities were scored by SAINTexpress (AvgP) on a scale of 0-1 and visualized using ProHits-Viz from 3 
replicates of each IP from HAP1 (wild-type SWI/SNF), BIN67, SCCOHT1, and COV434 nuclear extracts.  Proteins with 
AvgP ≥0.7 were considered high confidence interactors (orange ring).  Log2 abundance is represented by dot color and 
size, with the size being normalized for each prey (row), across all IPs.  F.  Model of SCCOHT SWI/SNF complex isoforms 
based on data in A-E.  The absence of a protein in SCCOHT IP samples is diagrammed by the absence of the corresponding 
protein bubble in the cartoon.  Reduced protein abundance in SCCOHT IPs compared to HAP1 is diagrammed as a 
transparent bubble in the cartoon.  Core subunits are colored royal blue, ATPase module subunits are colored teal, BAF-
specific subunits are colored magenta, PBAF-specific subunits are colored green, and ncBAF-specific subunits are colored 
dark gray. 

Across all 3 SCCOHT cell lines, we observe a decrease in association of PBAF-specific subunits 
compared to BAF- and ncBAF-specific subunits in the SCCOHT SWI/SNF complex compared to the 
wild type.  The SCCOHT BAF contains a mixture of ARID1A/B and DPF1/2, but lacks DPF3 (Figure 
1C).  The SCCOHT PBAF has reduced levels of ARID2 and BRD7 and lacks PBRM1 and PHF10 
(Figure 1D, Supplemental Table 2).  We previously detected PBRM1 RNA expression in SCCOHT cell 
lines, patient derived xenografts, and tumors above that observed in normal ovaries30.  However, 
PBRM1 protein expression was very low in all 3 SCCOHT cell lines by western blotting (Figure 2D).  
PBRM1 protein levels were increased by either treatment with the proteasome inhibitor, MG132, or by 
re-expression of SMARCA4, suggesting that PBRM1 protein is not stable in the absence of SMARCA4 
(Figure 3).  Thus, SCCOHT cells showed a stronger reduction in association with PBAF-specific 
subunits than BAF-specific subunits.  We also observed ncBAF subunits in all 3 SCCOHT cell lines 
(Figure 1E, Supplemental Table 2).  Consistent with previous reports that ncBAF does not include 
SMARCB1 or SMARCE1, the ncBAF specific subunits BRD9 and BICRA/AL were only detected with 
the SMARCC1 antibody.  The association of SWI/SNF subunits with the residual complex in SCCOHT 
mirrored the nuclear abundance of each subunit (Figure 2).  Based on these data, a model of SWI/SNF 
composition in SCCOHT is depicted in Figure 1F. 
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Figure 2.  SWI/SNF subunit protein abundance in SCCOHT nuclear extracts.  A.  Representative western blot analysis 
of SMARCC1 protein levels in HAP1, BIN67, SCCOHT1, and COV434 cell lines compared to total protein transferred as 
indicated by REVERT stain.  B.  Representative western blot analysis of ARID2 and SMARCE1 protein levels as in (A).  C.  
Representative western blot analysis of ARID1A, SMARCA2, and SMARCB1 protein levels as in (A).  D.  Representative 
western blot analysis of PBRM1 and SMARCA4 protein levels as in (A).  E.  Relative nuclear protein abundance of SWI/SNF 
subunits measured by LC-MS/MS of trypsin digested, TMT labeled total nuclear protein extracts from HAP1, BIN67, 
SCCOHT1, and COV434 cells.  Heatmap values represent z-scores calculated across the 4 cell lines. 
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Figure 3.  PBRM1 protein is degraded in the absence of SMARCA4 expression in SCCOHT cells.  A. Western blot 
analysis of long exposure PBRM1 levels in BIN67 and COV434 whole cell extracts from cells treated with 1 μM MG132 for 
0, 8, and 24 hours compared to total protein transferred as indicated by Ponceau stain.  B.  Representative western blot 
analysis of PBRM1 and SMARCA4 levels as in (A) of COV434 cells re-expressing SMARCA4 under control of the 
doxycycline inducible promoter, pIND20 (COV434 pIND20-BRG1-2.7). 
 
Low abundance peptides unique to SMARCA4 are expressed in SCCOHT cell lines 
As SMARCA4 is mutated in the SCCOHT cell lines and its expression was undetected by western 
blotting, we analyzed LC-MS/MS peptide coverage with respect to where the mutations lie within the 
protein sequence.  The HAP1 cell line is wild-type for all SWI/SNF complex subunits based on prior 
exome sequencing (Sequence Read Archive accession SRP044390).  SMARCA4 peptides are 
detected throughout the entire protein sequence from HAP1 cells with all 6 antibodies used in this study 
(Figure 4).  The SCCOHT1 cell line contains a nonsense and a frameshift mutation, both occurring in 
the helicase domain, presumably disrupting ATPase and nucleosome sliding activities29.  Two 
SMARCA4 peptides were detected in SMARCA4 IPs from SCCOHT1 cells, both mapping to sites N-
terminal to the mutation sites (Figure 4).  The BIN67 cell line contains 2 splice site mutations within the 
Snf2_N domain that would likely disrupt catalytic activity29.  SMARCA4-specific peptides were detected 
in the BIN67 SMARCA4 IP that lie N-terminal to the mutations, but no peptides were detected in regions 
spanning the exons presumed affected by the splice site mutations (Figure 4).  The COV434 cell line 
bears a missense mutation between the QLQ and HSA domains and a splice site mutation in the SnAC 
domain (A. Karnezis, unpublished).  SMARCA4-specific peptides were sparsely detected throughout 
the sequence of the protein in SMARCA4, ARID1A, SMARCC1, and SMARCB1 IPs from COV434 cells 
that lie N-terminal to the splice site mutation (Figure 4).  Thus, in all SCCOHT cell lines, we detected 
residual SMARCA4 peptides.  In the COV434 cell line, the SMARCA4 antibody immunoprecipitated 
SMARCA4 and core SWI/SNF complex members, SMARCB1, SMARCC1, SMARCD1/2, and 
SMARCE1, indicating that SMARCA4 is associated with the SWI/SNF complex in COV434 cells. 
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Figure 4.  SMARCA4 peptides detected in SCCOHT cell lines.  Red boxes on the ruler represent peptides unique to 
SMARCA4 and blue boxes represent peptides shared by SMARCA4/A2 identified by LC-MS/MS of proteins 
immunoprecipitated using antibodies against ARID1A, ARID2, SMARCA4, SMARCB1, SMARCC1, and/or SMARCE1 for 
HAP1, BIN67, SCCOHT1, and COV434.  Lollipops above a ruler represent SMARCA4 genomic alterations identified by 
WES and RNAseq superimposed onto Pfam SMARCA4 protein domains (gray background). 
 
Residual SWI/SNF complex is essential for SCCOHT cell viability 
To determine whether the residual SWI/SNF complexes observed in SCCOHT are important for cell 
viability, we assayed cell growth after siRNA knock-down of a core SWI/SNF subunit, SMARCB1.  Upon 
knock-down of SMARCB1 by either of 2 siRNAs, BIN67, COV434, and SCCOHT1 cells showed 
significantly reduced growth (10-12%, 43-65%, and 13-25% cell growth, respectively) compared to a 
non-targeting control siRNA (100% cell growth)  (Figure 5A & B).  These data indicate that even in the 
context of a residual SWI/SNF complex, loss of SMARCB1 negatively affects growth of SCCOHT cells. 

 
Figure 5.  The core SWI/SNF subunit, SMARCB1, is important for SCCOHT cell growth.  A. Cell growth of BIN67, 
SCCOHT1, and COV434 cell lines comparing 2 siRNAs knocking down SMARCB1 expression to a control siRNA measured 
by crystal violet staining 5 days after reverse transfection with the indicated siRNA sequence.  Error bars represent the 
standard deviation of 4 replicates (**, p<0.01; ***, p<0.001).  B.  Representative western blot analysis of SMARCB1 protein 
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levels after knock-down in (A).  The viability of BIN67 cells was reduced so drastically that remaining protein levels were 
insufficient for western blotting. 
 
The SCCOHT SWI/SNF complex shows increased interactions with RNA processing proteins 
and decreased interactions with chromatin regulation proteins 
Genetic inactivation and protein expression loss of SWI/SNF subunits in cancer has been associated 
with broad shifts in SWI/SNF interaction networks that can fuel malignant phenotypes51.  In order to 
assess potentially altered PPIs due to SMARCA4 loss in SCCOHT, we analyzed SWI/SNF PPI 
networks combining data from each of the 6 SWI/SNF subunit IPs and applied ClueGO Gene Ontology 
(GO) analysis to determine significant enrichment for biological processes for each cell line (Figure 6A-
D, Supplementary Table 3).  Proteins involved in translation, histone post-translational modification, 
telomere maintenance, viral response, chromatin organization, cell cycle progression, and RNA 
processing were observed as significantly enriched categories across the 4 cell lines (Figure 6E, GO 
IDs provided in Supplementary Table 1).  The majority of observed SWI/SNF PPIs are noted as 
“Unclassified” as they were not assigned to GO biological processes that were significantly enriched 
across all cell lines. 

We analyzed differences in the representation of GO biological processes as the percentage of 
PPIs falling into each process for each cell line.  We detected fewer SWI/SNF-interacting proteins 
involved in histone post-translational modification and chromatin organization in the 3 SCCOHT cell 
lines compared to HAP1 (Figure 6F).  We observed an increase in PPIs with proteins involved in RNA 
processing in all 3 SCCOHT cell lines compared to HAP1 (Figure 6F).  Similarly, we observed that 
several of the RNA processing proteins were present in at least 2 of 3 SCCOHT cell lines and absent 
from HAP1 (Figure 7) as described below.  We also observed more RNA processing proteins being 
captured by more than 1 IP antibody in the SCCOHT cell lines than the wild type (Figure 6A-D).  The 
wild-type PBAF complex (immunoprecipitated with ARID2) did not show interactions with RNA 
processing proteins.  However, the SCCOHT PBAF complex interacted with RNA processing proteins 
in all 3 SCCOHT cell lines (Figure 6A-D). 

To determine what altered interaction networks are unique to SMARCA4-deficient SWI/SNF 
complex isoforms in SCCOHT cell lines, we compared their PPI networks to the wild-type SWI/SNF 
complex isoforms expressed in the HAP1 cell line.  We identified 664 SWI/SNF-interacting proteins 
across all cell lines.  We observed 214-253 SWI/SNF-interacting proteins in each cell line, with about 
half of those (105-131) being unique to each cell line.  We observed 26 interactions that were shared 
among all cell lines and 60 interactions that were shared only among 2-3 SCCOHT cell lines (Figure 
7A, Supplementary Table 4). 

To further explore these relationships, we performed evidence-based functional analysis using 
interactions previously documented in STRING-DB52.  PPI networks exclusive to the residual complex 
and shared in at least 2 of the 3 SCCOHT cell lines were enriched for RNA processing, metabolism, 
ribosome biogenesis, and transcription (Figure 7B).  There were 26 SWI/SNF-interacting proteins that 
were shared among all cell lines including 12 SWI/SNF complex members, components of the PELP1 
complex, and RNA processing factors (Figure 7C).  SWI/SNF PPIs found only in the wild-type cell line 
(131 proteins) (Figure 7D) were associated with oxidative stress and mitochondrial function, histone 
post-translational modification, translation, nuclear import and export, cellular structure, signal 
transduction, and isoform-specific SWI/SNF subunits. 
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Figure 6.  The SCCOHT SWI/SNF complex has more PPIs with RNA processing proteins and less PPIs with 
chromatin organization proteins.  A-D.  SWI/SNF PPI networks for all interacting proteins (nodes) with an AvgP ≥ 0.7 
using antibodies recognizing the ARID1A, ARID2, SMARCA4, SMARCB1, SMARCC1, and SMARCE1 SWI/SNF subunits 
in the HAP1 (A), BIN67 (B), SCCOHT1 (C), and COV434 (D) cell lines.  Circles with protein names represent the bait 
proteins used for immunoprecipitation.  Enriched GO terms were ranked by p-value and condensed into overlapping 
hierarchical groups across all cell lines such that each protein would be assigned to a single GO term.  Five GO terms were 
enriched in at least 1 cell line (kidney development, response to unfolded proteins, substantia nigra development, platelet 
aggregation and negative regulation of transforming growth factor beta receptor signaling pathway) that were not associated 
with a parental GO term and were classified as “Other.”  GO term colors and numbers of proteins in each category are listed 
in (E).  Nodes in the inner ring indicate proteins that were immunoprecipitated with 2 or more antibodies.  Nodes outside 
the ring represent proteins immunoprecipitated with only 1 antibody which have been collapsed into 1 node for each GO 
biological process with the size of the node being scaled to the number of proteins belonging to that biological process.  
Proteins outlined with a gray circle are previously known SWI/SNF complex members.  Proteins that were not assigned to 
a significantly enriched GO term were categorized as unclassified.  E.  Tabulation of the number of SWI/SNF interacting 
proteins assigned to each enriched GO biological process for the HAP1, BIN67, SCCOHT1, and COV434 cell lines.  F.  
Percentage of PPIs in each GO category as in (E), detailed in Supplemental Table 1. 
 

The reduction in SWI/SNF-interacting proteins involved in chromatin organization in SCCOHT 
cells compared to the wild-type cell line can be explained by the absence of several isoform-specific 
SWI/SNF subunits, including PBAF subunits.  Additionally, GO enrichment analysis for cellular 
components revealed several chromatin regulatory complexes among the SWI/SNF interacting proteins 
only detected in the wild-type cell line.  These include the nucleosome remodeling and deacetylase 
(NuRD) complex, the MLL3/4/COMPASS complex, the microtubule cytoskeleton, and the nuclear pore 
basket (Supplementary Table 5). 

As described above, the residual SCCOHT SWI/SNF complex showed increased interactions 
with RNA processing proteins, many of which were exclusive to the SCCOHT SWI/SNF complex.  The 
majority of RNA processing proteins observed were exclusive to 1 cell line (19 to COV434, 15 to BIN67, 
9 to SCCOHT1, and 10 to HAP1), 7 proteins were shared across all cell lines, and 14 proteins were 
observed in 2-3 SCCOHT cell lines (Figure 8).  Further comparison of the SWI/SNF-interacting RNA 
processing proteins between the SCCOHT and wild-type cell lines indicate that these proteins have 
similar GO biological processes including ribosome biogenesis, splicing, and 3’ end formation factors.  
Additionally, GO cellular component analyses did not identify any protein complexes or components 
that were differential between RNA processing proteins interacting with SWI/SNF in wild-type or 
SCCOHT cells (Supplemental Table 6).  Instead, the increased number of interacting RNA processing 
proteins appear to have the same functions as the RNA processing proteins that were shared with the 
wild-type SWI/SNF. 
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Figure 7.  The wild-type and SCCOHT SWI/SNF complexes interact with distinct protein networks.  A.  UpSet plot 
comparing cumulative overlap of SWI/SNF PPIs (AvgP≥ 0.7) from IP-MS data across 6 SWI/SNF antibodies comparing 
HAP1, BIN67, SCCOHT1, and COV434.  B.  Interaction network of proteins identified in more than 1 SCCOHT cell line but 
not observed in HAP1 parental as shown in (A) (sum of 60 proteins) based on previously published literature using StringDB.  
Proteins interacting with SWI/SNF in 2 or 3 SCCOHT cell lines are colored green or purple, respectively.  C.  Interaction 
network of SWI/SNF interacting proteins identified in all cell lines (26 proteins, orange) as in (B).  D.  Interaction network of 
SWI/SNF interacting proteins identified exclusively in HAP1 (131 proteins, blue) as in B-C.  For clarity, proteins showing no 
first-degree interactions in StringDB are not shown (B-D). 
 

 
 
Figure 8.  Overlap of SWI/SNF interacting RNA processing proteins.  UpSet plot comparing cumulative overlap of 
SWI/SNF PPIs with RNA processing proteins (AvgP≥ 0.7) from IP-MS data across 6 SWI/SNF antibodies comparing HAP1, 
BIN67, SCCOHT1, and COV434. 
 
A subset of proteins interacting exclusively with SCCOHT SWI/SNF isoforms proteins have 
synthetic lethal dependencies 
In order to determine synthetic lethal dependencies of protein interactors exclusive to the residual 
SWI/SNF in SCCOHT cells, we analyzed how CRISPR knock-out of genes encoding SCCOHT-
exclusive SWI/SNF-interacting proteins affected growth of SCCOHT cell lines compared to the average 
effect across all cell lines in the database using publicly available data46.  Depletion of 6 genes, 
highlighted in Figure 9, selectively reduced growth of both BIN67 and COV434.  The proteins encoded 
by those genes include 2 electron transport chain components (UQCRC2 and COX4I1), 2 proteins 
involved in translation (RPL12 and DDX21), and 2 proteins involved in RNA processing (CSTF3 and 
PTBP1) (Figure 9).  These results may indicate an increased dependency of SCCOHT cells on 
metabolism, translation, and RNA processing that could guide future therapeutic development. 
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Figure 9.  A subset of SCCOHT exclusive SWI/SNF interacting proteins provide synthetic lethal dependencies.  A-
B.  Effect of CRISPR knock-out of the indicated gene on BIN67 (A) and COV434 (B) growth (CERES score) compared to 
the average across all cell lines (Z score) in the BROAD Avana CRISPR database.  Effect on growth is reported as a CERES 
score, where negative scores indicate less cell growth and positive scores indicate more cell growth.  A CERES score of -
1.0 indicates a decrease in growth comparable to knocking out an essential gene.  Genes analyzed encode the 60 proteins 
observed to interact with SWI/SNF exclusively in SCCOHT cell lines (Figure 7).  Genes colored cyan showed a CRISPR 
CERES score of ≥-0.5 and a Z score of ≥-0.5 in either BIN67 or COV434.  Genes colored orange showed a CRISPR CERES 
score of ≥-0.5 and a Z score of ≥-0.5 in both BIN67 and COV434.  C.  CRISPR CERES scores for genes that showed a 
CRISPR CERES score of ≥-0.5 and a Z score of ≥-0.5 in both BIN67 and COV434 as in (A-B) compared to the effect of that 
gene on the average growth of all cell lines. 
 
Discussion: 
Residual SWI/SNF complex in SCCOHT lacking ATPase and PBAF-specific subunits 

We have characterized the SWI/SNF complex composition in SCCOHT cells.  Using IP-MS we 
observed that the SWI/SNF isoforms present in SCCOHT cells retain core subunit interactions, show 
loss of ATPase module subunits, and loss of PBAF-specific subunits.  SCCOHT cells express BAF and 
ncBAF isoforms with reduced ATPase module subunits (Figure 1).  We determined that SWI/SNF 
subunit association with the complex mirrors global protein expression and that loss of the PBAF-
specific subunit PBRM1 is due to protein instability in the absence of SMARCA4 (Figures 2 & 3).  This 
is consistent with the model of SWI/SNF assembly posed by Mashtalir et al. where PBRM1 associates 
with PBAF through the ATPase module13, which is reduced in SCCOHT.  Further, a recent report by 
Pan et al. using cross-linking mass spectrometry found a loss of PBAF-specific subunits from the 
SCCOHT SWI/SNF complex53. 

In all 3 SCCOHT cell lines, we detected SMARCA4-specific peptides that span parts of the 
protein presumably unaltered by the SMARCA4 mutations in their respective cell line (Figure 4).  It is 
possible that a fraction of SWI/SNF complexes exist where SMARCA4 interacts with the core subunits, 
and/or the SMARCA4 protein interacts with a different set of proteins.  Further analysis will determine 
if a mixed population of SWI/SNF isoforms in SCCOHT cells appears and whether any sub-populations 
incorporate the mutant SMARCA4 protein.  Additionally, we observed that the residual SWI/SNF 
complexes are necessary for SCCOHT cell viability (Figure 5), highlighting important roles for SWI/SNF 
non-catalytic functions in SCCOHT cells. 
Distinct PPI networks of the SCCOHT residual SWI/SNF complex 
 The use of probabilistic scoring to define and characterize the network of SWI/SNF interacting 
proteins in SCCOHT cells identified in total over 600 high confidence SWI/SNF interacting proteins in 
the wild-type and SCCOHT cell lines (Figure 6).  The enriched GO biological process terms of 
translation, histone post-translational modification, telomere maintenance, viral response, chromatin 
organization, cell cycle progression, and RNA processing are consistent with previous IP-MS studies 
performed in HeLa cells bearing a wild-type SWI/SNF complex.  Our data additionally identified 
SWI/SNF interactions with proteins involved in viral response54.  We also found that the SCCOHT 
SWI/SNF complex showed interactions with less chromatin organization proteins and more RNA 
processing proteins compared to the wild-type SWI/SNF complex (Figure 6F).  Interestingly, PBAF 
specific subunits did not show interactions with RNA processing proteins in the wild-type cell line; 
however, PBAF specific subunits did show interactions with RNA processing proteins in the SCCOHT 
cell lines (Figure 6), potentially indicating a change in functions of the PBAF complex in the absence of 
an ATPase module. 
SCCOHT residual SWI/SNF complex shows reduced interactions with chromatin organization proteins 

SWI/SNF core subunits and RNA processing proteins were shared among the wild-type and 
SCCOHT SWI/SNF complexes (Figure 7).  The wild-type SWI/SNF complex showed interactions with 
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the NuRD chromatin remodeling and HDAC complex, consistent with previous reports that the NuRD 
complex interacts with SWI/SNF and shows functional antagonism in embryonic stem cells55,56 and in 
oral squamous cell carcinoma cells57.  The absence of SCCOHT SWI/SNF interactions with NuRD 
warrants future investigation of potential roles of NuRD in SCCOHT cells.  The wild-type SWI/SNF 
complex, but not the SCCOHT SWI/SNF complex, showed interactions with the enhancer associated 
histone methyltransferase MLL3/4 complex, which mono-methylates histone H3 lysine 4 (H3K4me1)58.  
The absence of interactions with MLL3 may point to the established role of SWI/SNF in enhancer 
regulation which has recently been implicated in SCCOHT53. 
The SCCOHT residual SWI/SNF complex has reduced interactions with nuclear pore proteins 

Nuclear pore proteins and proteins involved in nuclear import interacted specifically with the wild-
type SWI/SNF complex and not the SCCOHT SWI/SNF complex.  The absence of nuclear pore 
interactions in SCCOHT suggests many functional downstream consequences on chromatin states and 
gene expression.  Several studies have demonstrated roles for nuclear pores in establishing 3-
dimensional chromatin structures referred to as topologically associated domains (TADs) and gene 
loops which place enhancers in close proximity to their cognate transcription start sites59.  Taken 
together with SMARCA4’s recent implication in TAD regulation60, these results suggest that TAD 
structure and/or gene looping may be dysregulated due to SMARCA4 loss in SCCOHT.  Enhancers 
and superenhancers are also known to associate with nuclear pores59, and consistent with their 
dysregulation in SCCOHT, enhancers marked by H3K4me1, acetylated histone H3 lysine 27 
(H3K27ac), and MLL3/4 occupancy have been found to depend on SMARCA4 expression and activity 
at most sites, although a substantial number of loci showed enhancer marker occupancy dependence 
on SMARCA4 expression but independent of its ATPase activity53.  Interestingly, we also observed 
absence of SWI/SNF PPIs with the MLL3 complex in SCCOHT cells.  The SWI/SNF complex and 
chromatin association with nuclear pores has also been demonstrated to facilitate transcriptional 
memory which primes higher expression of a gene after an initial induction61-63.  The loss of nuclear 
pore interactions with the SCCOHT SWI/SNF complex may suggest a loss of transcriptional memory 
that could affect how SCCOHT cells respond to environmental stimuli. 

As several nuclear pore proteins have been shown to dynamically associate with nuclear pores 
and also be nucleoplasmic, the absence of nucleoporin (NUP) protein interactions we observed could 
be due to the nucleoplasmic pool of NUPs64-66.  Several NUP proteins contain FG domains which may 
serve as low complexity domains and conceivably contribute to phase-separation of transcriptional 
compartments at nuclear pores67-70.  NUP153, an FG domain containing NUP, only interacted with the 
wild-type SWI/SNF and may suggest dysregulation of phase separation in SCCOHT cells. 
The SCCOHT residual SWI/SNF complex has more PPIs with RNA processing proteins and TCA cycle 
proteins 

The observations of more SWI/SNF PPIs with proteins involved in RNA processing in SCCOHT 
and the exclusive interaction of a subset of RNA processing proteins with the residual SCCOHT 
SWI/SNF complex was unexpected.  As these gained RNA processing proteins appear to have the 
same biological functions as those shared with the wild-type complex, their effects on SCCOHT RNA 
processing are not obvious.  However, it reflects that SCCOHT cells depend more on ribosome 
biogenesis, RNA splicing, and RNA 3’ end formation than other cell types.  Given that we showed the 
residual complex has a significant impact on SCCOHT cell growth, these dependencies are likely 
important for SCCOHT cell viability. 

The interaction of nuclear proteoforms of several tricarboxylic acid (TCA) cycle and electron 
transport chain (ETC) members with the SCCOHT residual SWI/SNF complex is noteworthy.  Metabolic 
regulation is altered in many cancers providing an exciting target for drug development71.  The SWI/SNF 
complex regulates tumor metabolism72 and mutations in SMARCA4 sensitize lung cancer cells to an 
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oxidative phosphorylation inhibitor73.  Recently reports have also discovered that nucleoplasmic TCA 
cycle proteins are involved in histone post-translational modification including histone succinylation74.  
These results warrant investigation of metabolic inhibitors for use in SCCOHT and may also indicate a 
role for altered histone post-translational modification in SCCOHT. 

In summary, this work provides the most detailed characterization to date of the SWI/SNF PPI 
network in SMARCA4/A2-deficient SCCOHT cells.  Furthermore, this level of analysis has provided 
novel functional insights in addition to identifying several biological processes that can immediately be 
considered for potential therapeutics.  Foremost among the identified vulnerabilities in SCCOHT include 
central metabolism, ribosome biogenesis, and RNA processing.  As the SWI/SNF complex is mutated 
in 20% of all cancers, these results may inform on functional consequences of SWI/SNF subunit loss 
in other tumor types.  
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