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Significance Statement:

SCCOHT, a rare ovarian cancer, features splicing dysregulation due to SMARCAA4 loss that
generates immunostimulatory peptides linked to potential immune responses and therapeutic
avenues, challenging traditional views of the role of SMARCAA4.
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Abstract

Small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) is a rare, deadly form of
ovarian cancer that uniformly harbors mutations in SMARCA4, a member of the SWI/SNF
chromatin remodeling complex. SWI/SNF impacts RNA splicing, and dysregulation of splicing
can generate immunogenic tumor antigens. Here, we explored the relationship between
SMARCA4 loss and RNA splicing dysregulation. SCCOHT primary tumors harbored tumor-
associated outlier splicing events compared to normal tissues. Many of the tumor events were
retained introns encoding novel peptides predicted to bind to MHC-I complexes. Immune cells
were observed in primary SCCOHT tumors, suggesting a potentially immune reactive tumor
microenvironment. Mutations in several SWI/SNF subunits were associated with higher rates of
outlier retained introns across tumor types in TCGA data. Interestingly, RNA sequencing of
isogenic SCCOHT cell lines demonstrated a role for SMARCAA4 in intron retention. Distinct
protein-protein interactions between splicing factors identified in SCCOHT cell lines supported a
role for SMARCA4 in splicing regulation. Further, SWI/SNF localized to genes which were
differentially spliced. Mass spectrometry analyses confirmed expression of some of these novel
peptides and a subset of these are predicted to bind to MHC-I complexes. A pool of these novel
peptides derived from retained introns in SCCOHT triggered proliferation and expression of
TNFa and INFy in primary human T cells. Together, these data suggest that SMARCAA4 loss in
SCCOHT leads to intron retention. Furthermore, T cell activation by novel peptides encoded by
these tumor-specific splicing events suggests intron retention could be a source of tumor-
associated antigens in SCCOHT.
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Introduction

Mutations in members of the switch/sucrose non-fermenting (SWI/SNF) chromatin remodeling
complex are observed in 20% of all cancer types (1,2). Mutations often result in loss-of-function
of one of its 10-15 SWI/SNF subunits, which act as tumor suppressors (3,4). In contrast to adult
cancers where the accumulation of mutations often promotes tumor development, loss of a
single SWI/SNF subunit is sufficient to drive aggressive pediatric and young adult cancers such
as rhabdoid tumors, epithelial sarcoma, and small cell carcinoma of the ovary, hypercalcemic
type (SCCOHT) (3-8). Loss of a single SWI/SNF subunit is also associated with tumor
progression and poor patient outcomes in lung cancer, clear cell renal cell carcinoma, breast
cancer, cervical cancer, colorectal cancer, and pancreatic cancer (9-14). Therefore, an unmet
clinical need exists for treatments that target tumors driven by mutations in the SWI/SNF
complex.

Direct targeting of the SWI/SNF complex has been hampered by compensation between
paralogous subunits in the complex and the lack of available drugs. In some cases, synthetic
lethality can be achieved by genetic inhibition of a subunit paralog such as ARID1B in ARID1A-
deficient ovarian clear cell carcinomas (OCCC) (15) or SMARCAZ2 in SMARCA4-deficient lung
adenocarcinomas (16). However, drugs targeting specific subunits of the SWI/SNF complex
have had limited success. Strategies targeting either SMARCA2/4 bromodomain or ATPase
activity are currently under clinical investigation, though concerns of efficacy and toxicity have
been raised (17). Alternatively, targeting critical pathways in SWI/SNF-dependent cancers is an
active area of exploration, and include inhibition of the polycomb complex 2 (PRC2) (18-20),
receptor tyrosine kinases (21), CDK4/6 (22,23), LSD1 (24), PI3K signaling (25), oxidative
phosphorylation (26,27) and DNA repair (28,29). Unfortunately, resistance to some of these
targeted therapies has been reported (30).

Response to ICls is correlated with increased tumor mutation burden (TMB) (31-33), leading to
the approval of ICls in high TMB tumor types. The increased TMB is hypothesized to provide
increased tumor-specific antigens for immune cell recognition, sensitizing them to ICls
(31,32,34). However, recent reports have shown promising results deploying immune therapies
for the treatment of SWI/SNF-deficient cancers and tumors with quiet genomes (35,36).
SMARCA4 mutation in lung cancer was associated with response to immune checkpoint
inhibitors (ICl) (37,38). PBRM1 loss was associated with ICI response in clear cell renal cell
carcinoma (39). While studies have shown correlation between SWI/SNF subunit and ICI
response, others studies have reported no correlation, suggesting context dependency (40).
Thus, understanding the mechanisms that govern how SWI/SNF subunit loss sensitizes tumors
to ICI treatment is necessary for patient stratification.

Proposed sources of antigens not encoded by DNA mutations include RNA splicing
dysregulation, ribosome slipping during protein translation, protein phosphorylation changes,
and peptide splicing by the proteasome (41). Splicing is often dysregulated in cancers (42,43),
and is capable of producing putatively antigenic protein sequences (44,45). The SWI/SNF
complex regulates transcriptional control and recent evidence suggests a role in splicing
regulation. SMARCAZ2 regulates inclusion or exclusion of variant exons by influencing the state
of RNA polymerase II (RNAPII), which may affect transcription elongation rate and co-
transcriptional recruitment of splicing factors to pre-mRNAs (46). Further, SWI/SNF associates
with many nascent RNAs across the genome (47) and impacts splicing factor association with
nascent RNAs (48). Additional evidence from Drosophila indicates that SWI/SNF associates
directly with pre-mRNP particles (49) and transcription termination factors (50), suggesting
direct roles in splicing and 3’ end processing.
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Given SWI/SNF involvement in splicing regulation and the potential for splicing dysregulation to
generate tumor antigens, we investigated whether splicing dysregulation may provide a source
of SCCOHT antigens recognized by immune cells. SCCOHT tumors provide a uniquely
advantageous model as they lack expression of both paralogous SWI/SNF ATPase subunits,
SMARCA4 and SMARCA2 (5,7,8,51), and harbor remarkably stable genomes with no other
recurring mutations identified (52). Using a statistically robust splicing analysis method we
developed called Bisbee (53), we identified and characterized outlier splice events in primary
SCCOHT tumors encoding novel protein sequences, including a subset predicted to bind to
MHC complexes. Supporting a role for SMARCAA4 in splicing regulation, we also observed intron
retention in isogenic SCCOHT cell lines with and without loss of SMARCA4. Further, we
determined that SMARCA4 localized to differentially-spliced genes and interacted with splicing
factors, pointing toward a role in splicing regulation. Finally, we found that novel peptides
derived from intron retention (IR) events observed in SCCOHT cells could elicit a robust T cell
response in vitro. Based on these findings, we propose that SMARCA4 loss in SCCOHT leads
to intron retention. Because these retained introns are predicted to bind to MHC-I complexes
and elicited T cell proliferation in vitro, we hypothesize that IR a potential source of tumor
associated-antigens (TAAs) in SCCOHT. These splicing-derived putative TAAs could contribute
to therapeutic response to immunotherapies. This finding is of great importance for SCCOHT
patients as treatment options are limited and many cases are refractory to available treatments.

Materials and Methods

Cell Culture

BIN67 (BIN-67), SCCOHT1 (SCCOHT-1), and COV434 are SCCOHT cell lines bearing
mutations in SMARCA4 and lacking SMARCAZ2 expression (54-57). 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) (58). HAP1
cells were maintained in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10%
FBS and 1% PS. All cell lines were cultured at 37°C in a humidified incubator with 5% CO,. Cell
lines were Short Tandem Repeat (STR) profiled for verification and monitored routinely for
mycoplasma contamination. For experiments described below, cells were harvested by scraping
into cold 1X Phosphate Buffered Saline (PBS), followed by centrifugation, flash freezing, and
storage at -80°C. The SCCOHTL, BIN67, and COV434 cell lines were kind gifts from Ralf Hass,
Barbara Vanderhyden, and David Huntsman respectively. All cell lines were screened for
mycoplasma and STR profiled upon receiving in the lab. Cell lines were routinely screened for
mycoplasma using PCR testing monthly and were found to be free of mycoplasma.

RNA sequencing

RNA sequencing (RNA-seq) from BIN67 cells transiently transfected with wild-type SMARCA4
was described in Orlando et al. ((59); GEO accession GSE151025), which were sequenced to
an average depth of 182.44 +/- 17.29 (standard deviation) million aligned reads. COV434
pIND20 BRG1-2.7 and parental COV434 cell lines were cultured using tetracycline-free FBS
and induced with 450 nM doxycycline to re-express SMARCA4 as previously described (21).
After 4 days of induction, cells were harvested and RNA was extracted using the RNeasy Mini
Kit (Qiagen, Maryland, MD). Three independent replicates were performed for each
experimental group. Total RNA (0.25-1 pg) was prepared using the TruSeq mRNA v2 kit
(Hlumina, San Diego, CA) to produce unstranded RNA libraries following the manufacturer’s
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protocol. RNA libraries were quantified and quality was evaluated using the Qubit DNA BR
Reagent kit (ThermoFisher Scientific, Waltham, MA) and Tapestation D1000 tapes (Agilent,
Santa Clara, CA). Libraries were pooled by equimolar ratios and sequenced on a NovaSeq6000
(lumina) using paired-end sequencing (151x9x151). Average sequencing depth was 250.81 +/-
48.18 (standard deviation) million aligned reads.

SCCOHT tumor RNA-seq was performed on a total of 10 tumors. Four tumors were previously
described in Lang et al. ((21); dbGap accession phs001528.v1.pl, GEO accession
GSE109919), which were sequenced to an average depth of 198.28 +/- 64.12 (standard
deviation) million aligned reads. Six additional tumors were collected under IRB protocols:
Western IRB protocol #1119451 at TGen (Samples TGEN-E through TGEN-I) and protocol #90-
0573 at the University of North Carolina-Chapel Hill (Samples TGEN-J). For the additional 6
tumors, RNA was harvested from formalin-fixed, paraffin-embedded (FFPE) SCCOHT tumors
using the RNeasy FFPE Kit (Qiagen). Total RNA (200 ng) was heat fragmented on a GeneAmp
PCR System 9700 (Applied Biosystems, Waltham, MA) to a target peak of 150 base pairs and
libraries were generated using the SureSelect XT RNA (Agilent) capture following the
manufacturer’s protocol. RNA libraries were quantified and quality was evaluated using the
Qubit DNA BR Reagent kit and Tapestation D1000 tapes. Libraries were pooled by equimolar
ratios and sequenced on a HiSeg4000 (lllumina) using paired-end sequencing (77x9x77).
Average sequencing depth was 77.05 +/- 26.44 (standard deviation) million aligned reads.

RNA-seq analysis

All RNA-seq was run through TGen's Pegasus pipeline. BCL to FASTQ conversion was
performed using lllumina’s BCL Converter tool. Alignment of FASTQ files against the GRCh37
human reference genome was performed using TopHat (60,61). Cufflinks/Cuffdiff was used to
identify differentially expressed transcripts (61). Gene annotations were performed using
Ensembl version 74.

Differential and outlier splice event analysis

SplAdder (v2.3.0) was run on RNAseq bam files aligned to the human reference genome
(GRCh37) from 2 cell lines and 10 tumors, using the following run parameters: validation
threshold of 2, no extraction, and single file alignment for parallelization. The resulting
.counts.hdf5 files were used as inputs into the Bisbee alternative splicing tool ((59),
https://github.com/tgen/bisbee) in order to: 1) calculate differentially spliced events between
control and SMARCA4 re-expressed cell line models, and 2) identify outlier events in tumors vs.
whole body reference tissues. Differential analysis through Bisbee, set the SplAdder version to
2 with a max W of 200 (default). Bisbee outlier analysis used the .counts.hdf5 files of GTEXx
samples published by Kahles et al. (49) as reference comparison, and was run with the
reference SplAdder version set to 1, the test SplAdder version set to 2, and a maximum Beta of
80. Absolute log likelihood ratios (LLR) of 8 and 10 were used as thresholds in the differential
splicing and outlier analysis, respectively. The above parameters were chosen based on
findings by Halperin, et al (59). Protein sequences were predicted by Bisbee using the hs37d5
human reference genome FASTA containing additional ribosomal contigs and cancer-related
viruses used in previous studies
(https://github.com/tgen/MMRF_CoMMpass/tree/master/fasta_and_gtf_creation), with a padding
of 9 amino acids.

Neoantigen prediction

Human leukocyte antigen (HLA) calls for HLA-A, HLA-B, and HLA-C were determined using
seq2HLA 2.2 (62) and phlat (63). Analysis of HLA expression was performed using seq2HLA
2.2. 8 to 11-mer variant peptide sequences from the topmost alternatively spliced transcript as
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output by the Bisbee pipeline for each differential/outlier splice event (53), and corresponding
wild type peptides were used to predict major histocompatibility complex (MHC) class | binding
affinity to the HLA genotypes using NetMHCpan 4.0 (64). Patient harmonic mean best rank
(PHBR) scores were calculated to collapse predictions to a single value per splice event per
sample (65). Expression of predicted neoantigens was determined using the detection of the
splice events in the RNA-sequencing data. Predicted strong-binding neoantigens were defined
as a PHBR score <0.5, predicted weak binders as 0.5<PHBR<2 and predicted non-binders
were defined as PHBR>2.

Gene Ontology (GO) Analysis

Enriched biological processes among SWI/SNF-interacting proteins in IP-MS data were
determined using ClueGO (v2.5.3; (66)) against the Homo sapiens database for GO biological
processes (EBI-UniProt-GOA_04.09.2018_00h00) using experimental evidence only (67). GO
term fusion was applied and only terms with a p-value <0.05, based on a 2-sided
hypergeometric test with Benjamini-Hochberg 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 settings. Gene ontology enrichment analysis of
high confidence interactors from HAP1, BIN67, SCCOHT1, and COV434 was performed using
ClueGO and CluePedia (v11.0), and the percent of genes identified were computed from each
cell line per term.

Genes expressing outlier splice events shared in 6 or more SCCOHT tumors were analyzed for
enriched GO biological processes (EBI-UniProt-GOA-ACAP-ARAP_08.05.2020_00h00) using
all codes of evidence in ClueGO v2.5.7. Functionally grouped networks were analyzed before
and after GO term fusion as mentioned above and visualized using Cytoscape v3.8.0 (68).

Immunoprecipitation mass spectrometry

Cytoplasmic extracts of BIN67, COV434, SCCOHT1, and HAP1 cells were isolated after
thawing cells on ice by incubation in 400 uL Buffer A (20 mM HEPES pH 7.9, 10 mM KCI, 0.2
mM EDTA pH 8, 1X Halt™ protease inhibitor cocktail) on ice for 10 minutes. After addition of 25
puL of 10% NP-40, extracts were vortexed, and nuclei were isolated by centrifugation at 21,000
RCF at 4°C for 30 seconds. Nuclei were resuspended in 400 yL 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. The 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 the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific). An input of 500 pg of nuclear protein was used for each IP and the
total volume was adjusted to 400 pL. Either protein A or G conjugated sepharose beads, used
with rabbit and mouse antibodies, respectively, were washed 3 times in Buffer C, and 30 uL of a
50% slurry were added to appropriate IP samples. A titrated amount of each antibody used was
added (Supp. 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 yL Buffer C. 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 mm? cubes. Overnight in-gel trypsin digestion was
performed following previously published methods (69).

Prior to analysis, peptides were desalted following a modified C18 StageTip protocol (70).
Peptides were resuspended in 2% acetonitrile, 0.1% trifluoroacetic acid (TFA) and loaded onto
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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. The entirety of each sample was 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) 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 pL injection volume) were
loaded directly (18.3 minutes loading time) on an analytical column (PepMap RSLC C18, 75 um
ID x 15 cm, 3 um particle size, 100 A 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 1900 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 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.

Immunoprecipitation and Protein Simple assay

Immunoprecipitation was performed from nuclear extracts as described above using SMARCC1
and SMARCB1 antibodies compared to a negative control IgG IP. Protein detetion was
performed the Jess Simple Western™ platform (ProteinSimple™, Bio-Techne, Minneapolis,
MN, USA). The Jess system employs capillary electrophoresis to separate proteins based on
their size and charge, antibody probing, and chemiluminescent detection to quantify individual
proteins in a sample. Proteins were eluted from the Sepharose A beads using the Protein
Simple 5x fluorescent master mix (EZ standard pack 1; Protein Simple), first diluted to 1x with
0.1x sample buffer (ProteinSimple™, Bio-Techne), following the methods outlined in the Peggy
Immunoprecipitation Protocol (Bio-Techne n.d.). The eluted proteins were then diluted with 5x
fluorescent master mix (EZ standard pack 1; Protein Simple™) to total protein concentrations of
1.2 pg/uL for all SMARCC1 Ips, 1.5 pg/uL for all SNF5 Ips, 0.8 pg/uL for IgG Ips, and .08 pg/pL
for nuclear extracts from each cell line. For each well, 3 pL of diluted protein sample was added.
The samples were probed with an HNRNPC1/2 antibody (Santa Cruz Biotechnology, sc-32308)
at a 1:25 dilution, diluting with antibody diluent 2 (anti-mouse detection module
chemiluminescence; ProteinSimple™, Bio-Techne) and loading 10 pL into each well. The
secondary antibody (anti-mouse HRP) and chemi-luminescence reagents were added
according to the instructions of the kit manufacturer (anti-mouse detection module
chemiluminescence; ProteinSimple™, Bio-Techne). The wash buffer, 10x sample buffer, plate,
and capillary cartridge used for Jess were taken from the 12-230 kDa separation module
(ProteinSimple™, Bio-Techne). Default 12-230 kDa chemiluminescence protocol settings were
used for the Jess run.

Deep Expression Proteomics

BIN67 and COV434 cells were lysed in 8M Urea lysis buffer in 50 mM Tris-HCI, pH 8.0
containing 1X protease and phosphatase inhibitor cocktail (Pierce) and sonicated using a tip
sonicator. Lysates were clarified by centrifugation at 16,000 g at 4 °C and protein concentration
was determined using BCA protein assay. Clarified lysate (1 mg total protein amount) was
reduced by dithiothreitol (10 mM final concentration) and alkylated by iodoacetamide (40 mm
final concentration). Proteins were digested sequentially by two endoproteases, first with lysC
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(Wako) for 4 hours at an enzyme: substrate ratio of 1:100 followed by overnight digestion with
trypsin (Promega) at an enzyme: substrate ratio of 1:50. Digestion was stopped by the addition
of trifluoroacetic acid (final concentration 1%) and peptides were desalted using C18 Sep-Pak
columns (Waters). Tryptic peptides were offline fractionated by high pH Reverse Phase
Chromatography into 96 one-minute fractions that were combined to yield the final 24 fractions
for LC-MS/MS analysis. Peptides were loaded on Waters XBridge C18 column (4.6 mm ID * 250
mm, 3.5 um particle size) and separated using a 96-minute gradient formed by Solvent A
(Water), Solvent B (Acetonitrile), and Solvent C (50 mM Ammonium Hydroxide in water, pH 10).
Deep expression proteomics of BIN67 and COV434 tryptic digests was acquired with minor
differences highlighted. Data were acquired on an Orbitrap Eclipse mass spectrometer with
FAIMSPro interface (ThermoFisher Scientific) (BIN67) or an Orbitrap Fusion Lumos (COV434),
both coupled to Ultimate 3000 RSLCnano LC system (ThermoFisher Scientific). From each of
the 24 offline fractions, one pg of peptides was directly loaded on either a 50 cm (BIN67) or a 25
cm (COV434) EasySpray C18 column (ThermoFisher Scientific). Peptides were separated
using a 120-minute gradient formed by Solvent A (Water, 0.1% formic acid) and Solvent B
(Acetonitrile, 0.1% formic acid) at a flow rate of 300 nL/min. For data acquisition on Eclipse,
three FAIMS Compensation Voltages (CV) of -40, -60, and -80 with a cycle time of one second
per CV were applied while the data on Lumos was acquired with a duty cycle of three seconds.
Using TopSpeed mode, MS1 scans were performed in the Orbitrap (120,000 resolution at 200
m/z) and MS2 scans were performed in the ion trap following fragmentation of most abundant
precursors from MS1 by Higher-Energy Collision Dissociation (Normalized Collision Energy
32%). Only precursors with a charge state between 2-7 were selected for MS2 and dynamic
exclusion setting of either 45 seconds (BIN67) or 60 seconds (COV434) was applied to prevent
resampling of the same precursors.

Proteogenomics analysis

Mass spectra were searched using Proteome Discoverer 2.4 (ThermoFisher Scientific,
Waltham, MA) and Mascot (Matrix Science, London, UK; v2.6.0) against a concatenated FASTA
database of amino acid sequences from differential splice events identified by Bisbee as “novel”
supplemented with the GRCh37 Ensembl human proteome. Methionine oxidation and
carbamidomethyl modifications were included as dynamic and static modifications, respectively.
A maximum of two missed cleavages were allowed from full trypsin digestion, with fragment
mass tolerance of 0.6 Da and precursor mass tolerance of 10 ppm. Results were filtered using
Target Decoy PSM validator at a strict FDR threshold of 0.01. Identified novel splice peptides
were further prioritized based on their putative MHC-I binding strength to be used in the T cell
stimulation assays.

For immunoprecipitated samples, mass spectra were aligned by antibody within each cell line,
followed by peak picking using Progenesis QI for proteomics v4.1.6 with default parameters for
automated processing. Pre-processed spectra were then searched against a Homo sapiens
database (UniprotkKB/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 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 QI for peptide assignment and
fitering (Mascot score 221). Analyzed gel fractions were recombined and normalized in
Progenesis Ql. Normalized abundances of identified proteins were used to score bona fide
protein-protein interactions (SAINTexpress) (71) 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 20.7. Fold change for SWI/SNF complex members in the SCCOHT cell
lines was calculated by first taking the mean normalized SAINTexpress abundance for each
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antibody, then the median across antibodies for a single cell line, and dividing by the same
value in HAPL1.

ChlIP-seq analysis

Publicly available ChiP-seq data were used to evaluate SWI/SNF occupancy to differentially
spliced genes (GEO: GSE117735) (72). This analysis was performed from downloaded SRA
files that were converted to FASTQs. Alignment to GRCh37 human reference genome was
performed to generate BAM files using bowtie2 (v0.12.9; (73); arguments: -n 2 mismatches, -
50 bases as seed, max phred quality -e 70, reportable alignment limit -k 1, suppress alignments
with more than -m 1 reportable alignment) and samtools (v1.7) (74). QC was assessed using
FastQC (v0.11.8), samtools (v1.9) and deepTools (v3.3.1) (75). BAM files for BRG1 control
samples with replicate data were merged. Reads within the ENCODE blacklisted genomic
ranges were discarded (https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg19-
blacklist.v2.bed.gz, Encode Project Consortium) (76). Peaks were called using MACS2 (v2.1.2;
(77)) (arguments: -f BAM -B -g 0.05 —bw 200). Peaks from the resulting narrowPeak files were
annotated using ChipSeeker (v1.18.0) with default tssRegion value (78).

ATAC-seq analysis

Publicly available ATACseq data was used to evaluate chromatin accessibility at differentially
spliced genes (GEO: GSE117301) (72). NGMerge (v0.3, (79)) was used to remove adaptor
sequences from FASTQs files from both sequencing lanes. QC was assessed using FastQC
(v0.11.8). Alignment to GRCh37 human reference genome was performed to generate sorted
BAM files using bowtie2 (v2.3.5.1; (73); default bowtie arguments with the addition of --very-
sensitive) and samtools (v1.7; (80)). Biological replicate BAM files were merged using samtools
merge (v1.7) and mitochondrial reads were eliminated. Duplicate reads were removed using
picard (v2.10.3) and only unique reads were retained using samtools view (arguments -b -g 10).
Reads within the ENCODE  blacklisted genomic ranges were discarded
(https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg19-blacklist.v2.bed.gz, Encode
Project Consortium) (76). CSAW (v1.24.3; (81,82)) was run on the resulting bam files with TMM
normalization to identify differentially accessible regions using a 150 base-pair window size.

Immunohistochemistry

Immunohistochemistry (IHC) staining was performed on 0.6 mm slides cut from an FFPE fixed
tissue microarray (TMA) containing primary tumor samples from 9 SCCOHT patients. IHC was
performed on a Leica BOND autostaining instrument following the standard protocol. Presence
of immune cells were evaluated using the following antibody clones: CD8, C8-144B 1:100;
CD4, 4B12 1:80, CD20, L26 1:200; and CD68, PG-M1 1:50. Heated epitope retrieval was
performed for 20 minutes in citrate buffer for CD20 and CD68 or in EDTA buffer for CD4 and
CD8. Secondary antibodies were HRP conjugates that were visualized using DAB substrate.
The slides were counter-stained with hematoxylin. Slides were imaged on a Leica Aperio CS2
instrument at 40X magnification. CD8 staining intensity was scored as follows: zero positive
cells was called negative, 1-2 tumor infiltrating lymphocytes (TILs) was called low, 3-19 TILs
was called moderate, and 20 or more TILs was called high (83). CD4 and CD20 staining
intensity was scored as follows: zero positive cells was called negative, 1-5 TILs was called low,
6-19 TILs was called moderate, and 20 or more TILs was called high (84). CD68 staining
intensity was scored as follows: zero positive cells was called negative, positive cells only
located in the stroma was called low, <20 positive cells was called moderate, and 20 or more
cells was called high (84).

Splicing-derived peptide pool generation

A total of 18 unique splice events combined from outlier tumor and differentially-spliced events
in BIN67 were selected for testing in a T cell stimulation assay (Supp. Table 8A). Tumor outliers
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were prioritized based on occurrence in 6 or more cases, higher expression in SCCOHT
compared to normal tissues in GTEXx, and predicted to bind to the 3 most common MHC-I alleles
in the tumor data set (HLA-A*02:01, HLA-B*15:01, HLA-C*03:04). Differentially-spliced events
observed in BIN67 were prioritized based on predicted MHC-I binding and filtered to only
include events more highly expressed in -SMARCA4 cells. PepSequencer from JPT (Berlin,
Germany) was used to generate tiled 15 amino acid peptides from the 18 prioritized peptides,
with a 4 amino acid offset, which resulted in 189 total peptides. These peptides were split into
two arbitrary SpotMix Plus pools (JPT), named PepMix 1 and PepMix 2, which were
resuspended following the manufacturer’s protocol.

T cell Stimulation Assays

T cells were enriched from peripheral blood mononuclear cells (PBMCs) obtained from healthy
donor peripheral blood using the EasySep Human T cell Isolation Kit (Stemcell technologies
catalog #17951). Stimulation assays were carried out in U-bottom 96-well plates with 40,000
enriched T cells per sample treated for 4 days with either PBS, DMSO, Pepmix 1, Pepmix 2,
CEFX Ultra Superstim pool (JPT Peptide Technologies, catalog # PM-CEFX-1), or Dynabeads
Human T cell activator CD3/CD28 for T cell activation (ThermoFisher Scientific, catalog
#11131D) and PMA and lonomycin with BFA for short term T cell activation (Sigma Aldrich
catalog #P1585-1MG and 19657-1MG or BD catalog #555029 respectively). All dosing followed
manufacturers’ protocols. Flow cytometry was then performed on a BD LSR Fortessa 2
cytometer (BD Biosciences, San Jose, CA, USA) or the Cytek Aurora spectral cytometer (Cytek
Biosciences, San Diego, CA) to assess CD3+ T cell proliferation using Cell Trace Violet (CTV)
dilution (ThermoFisher, catalog #C34557) and T cell IFN-y and TNF-a production following
stimulation. Antibodies utilized were anti-CD3 (BD Biosciences, catalog #552127), anti-IFN-y
(eBiosciences catalog #E07382-1633), and anti-TNF-a (Biolegend, catalog #502909). Data
were analyzed using FlowJo v10.7.1. A one-way ANOVA plus Bonferroni’s multiple-comparison
test was applied to assess differences between multiple groups. Data were analyzed with Prism
v8.30 (GraphPad Software, La Jolla, CA, USA).

Data Availability Statement

RNA-seq from four SCCO tumors were previously published (dbGap accession
phs001528.v1.pl, GEO accession GSE109919). RNA-seq from BIN67 is available under GEO
accession GSE151025. RNA-seq from additional tumors and COV434 have been uploaded to
dbGaP (accession phs001528.v2.p1) and GEO (GSE217699 and GSE216801). All IP-MS data
have been uploaded to the MassIVE database hosted by UCsD
(https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) and are available via the identifier
MSV000084780. Previously published ChiP-seq (GEO: GSE117734) and ATAC-seq (GEO:
GSE117301) data were also used in this study. RNA-seq data from TCGA and GTex were also
analyzed in this study (https://portal.gdc.cancer.gov/analysis_page?app=Downloads and
https://www.gtexportal.org/home/downloads/:project). All other raw data generated in this study
are available upon request from the corresponding author.

Results

SCCOHT primary tumors exhibit outlier splice events compared to normal tissues

To determine if splicing is dysregulated in SCCOHT, we performed Bisbee outlier splice
analysis on 10 SCCOHT patient tumors and compared them to normal tissues in GTEX. Our
patient cohort consists of young women (all under 40) with mostly stage II-Ill diagnoses. The
majority of our cases have identified mutations in SMARCA4, while one lacks SMARCA4
expression and one has a mutation in another SWI/SNF subunit, SMARCB1 (Table 1). We
previously developed Bisbee as a statistically robust splicing analysis method (53). SplAdder is
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first used to detect and quantify annotated and de novo splice events based on the portion of
RNAseq reads containing each splice isoform termed percent spliced in (PSI) (85). Bisbee
performs beta-binomial distribution analysis of PSI values to determine whether a splice event is
statistically differential between test comparison groups with replicate data (in vitro studies) or a
statistical outlier in a given sample compared to a reference database (primary tumor analyses).
The binomial model accounts for technical noise while the beta distribution models biological
variance. Importantly, Bisbee robustly detected differences in splice isoform abundance across
samples with differing levels of expression without the need to normalize to library size or
expression level. An advantage of this statistical method is that it can be used for a single
sample when compared to a reference database. Bisbee additionally predicts the protein
sequences arising from identified splice alterations, enabling validation of splice alterations by
detection of protein expression in mass spectrometry data. Bisbee analysis identified between
334-1125 (average 680) outlier splice events in each of 10 SCCOHT tumors (|LLR| >10) when
compared to normal tissues in the GTEx database (Supp Figure 1A). These splicing events
encode novel protein sequences not categorized as canonical in the Ensembl database (170-
628, average 356 per tumor) (Figure 1A, Supp Table 2). Many outlier splice events (1349 total,
Figure 1B) were observed in more than 1 tumor with 201 events observed in more than half of
the tumors and 17 observed in all 10 tumors examined (Figure 1B, Supp Figure 1B). The
majority (>60% in each tumor) of total outlier splice events and novel protein-coding outlier
events, including those shared across multiple tumors, arose from intron retention (IR) (Figure
1C-D, Supp Figure 1C-D). Outlier splice events contain an average of 137 (range: 76-227) novel
protein sequences predicted to strongly bind to MHC-I per tumor and an average of 91 (range:
31-167) novel protein sequences predicted to weakly bind to MHC1 per tumor (Supp Table 3).
These intron retention events may be a rich source of tumor-associated antigens (TAAS) (86).

Recurrent outlier splice events included genes enriched in translational initiation, SRP-
dependent co-translational protein targeting to membrane, cristae formation, spliceosomal
complex assembly, and positive regulation of histone methylation (Supp Figure 1E, Supp Figure
2). Retained introns bear canonical 5’ and 3’ splice site sequences at similar frequencies to
excised introns, (Supp Figure 3). No conserved sequence motifs were identified as shared
among retained introns. The average length of retained introns tends to be shorter (mean 411
bp) than excised introns (mean 2026 bp) even when normalized to overall gene length (p = 0
total length, p = 1.12E-09 normalized length, Kolmogorov-Smirnov test) (Supp Figure 4A-D).
Additionally, the retained introns tend to occur more proximal to the 5’ end of the gene (mean
6th intron) compared to excised introns (mean 13th intron), even when normalized to the
number of introns per gene (p = 0 intron position, p = 1.24E-10 normalized position,
Kolmogorov-Smirnov test) (Supp Figure 4E-G). No recurrent mutations in known splicing
regulators were identified that would explain our observation of intron retention in SCCOHT
tumors (Supp Table 4).

SCCOHT tumors display immune infiltration

Because we postulate that the retained introns observed in SCCOHT tumors could be a putative
source of TAAs, we evaluated whether the SCCOHT tumor microenvinronment contains
infiltrating immune cells. Two previous reports demonstrated immune infiltration in other
SCCOHT cases (35,36,87). We evaluated CD8, CD4 (T cell markers), CD20 (B cell marker),
and CD68 (macrophage marker) staining in 9 SCCOHT tumors by immunohistochemistry
staining. This includes 5 tumors for which splicing analyses were performed and 4 additional
tumors. All 9 tumors were positive for CD8 staining with 3 tumors having a high count while the
remaining 6 tumors had a moderate count (Figure 1E, Supp Table 5). All 9 tumors had a high
level of macrophage infiltration demonstrated by high counts of CD68. CD4+ infiltrating T cells
were observed at high levels in 2 tumors, moderate levels in 2 tumors, and low levels in 2
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tumors. Infiltrating B cells were observed at high levels in one tumor, moderate levels in one
tumor, and low levels in 3 tumors. Consistent with previous reports, we observed T cells, B
cells, and macrophages in primary SCCOHT tumors with varying levels of B cells.

SWI/SNF mutated cancers have higher outlier IR rates in TCGA tumors

We expanded our analysis to look at splicing burden across 31 tumor types using TCGA data in
comparison to GTex. While TCGA does not include SCCOHT cancers, we did observe that
high-grade ovarian carcinoma had more outlier splice events than every other cancer, with a
median of 25 outlier events per tumor (Supp Figure 5). We observed an average of 680 outlier
events per SCCOHT tumor (Supp Figure 1A), which is substantially higher than any tumor type
in TGCA. It should be noted that this stark difference might be attributed to the unique genetic
context of SCCOHT which bears dual loss of both SMARCA4 and SMARCA2. Ovarian cancer
showed higher alternate 3’ (A3), alternate 5’ (A5), and mutually exclusive exon (MUT) outlier
splice events than any other cancer type and additionally had high incidence of IR and exon
skipping (ES) outlier events. We also compared splice burden from intron retention events in
tumors from TCGA with and without mutations in individual SWI/SNF components. Distribution
of outlier IR events showed that mutations in some SWI/SNF members corresponded with
higher rates of intron retention. Since the proportion of tumors in TCGA with wild-type SWI/SNF
members was much greater than those with mutations, we performed permutation analysis,
which revealed that ARID1B, BRD7, SMARCD2, and SMARCE1 had significantly higher
number of IR events in >90% of trials and had significantly higher outlier IR events regardless of
cancer type or sample size (Figure 2). While we did not observe a significant contribution of
SMARCA4 mutation to splice burden compared to tumors with wild-type SMARCA4, it should be
noted that the majority of these tumors likely still have a functional SMARCA2 and/or one wild-
type copy of SMARCA4 which may be sufficient to carry out normal splicing
regulation. SCCOHT is a unique model because it completely lacks both copies of SMARCA4
in a context where SMARCAZ is epigenetically silenced. Thus, comparing SCCOHT tumors to
SMARCA4 mutated tumors in TCGA does not reflect the same genetic context for SWI/SNF
functions and it may not be surprising that this comparison did not reveal a role for SMARCA4.

SMARCAA4 deficiency leads to intron retention in SCCOHT cell lines

We hypothesized that SMARCA4 loss may lead to novel tumor antigens through splicing
dysregulation. We analyzed previously published RNA sequencing data from isogenic SCCOHT
cell lines where SMARCA4 had been exogenously re-expressed to near endogenous
levels(21,59). Bisbhee differential splice analysis of RNAseq data from the SCCOHT cell lines
BIN67 and COV434 cells +/- exogenous SMARCA4 expression revealed SMARCA4-dependent
differential splice events (|[LLR|>8) in both isogenic cell lines (Figure 3A-B). Both cell lines
showed increased IR when SMARCA4 was absent (Figure 3A-B, Supp Table 6A-B). IR was a
predominant feature across primary tumors and cell lines, although specific IR events were not
shared across sample types. IR events showed an inverse correlation between PSI values and
RNA expression levels of that gene (Supp Figure 6), many of which were statistically significant
from a Student’s t-test (p<0.05). We observed 61 and 24 total differential splice events in BIN67
and COV434, respectively, upon SMARCA4 re-expression. Of those, 42 and 17 events were in
protein-coding regions with 24 and 14 events which generated novel protein sequences. We
observed 13 and 8 novel protein-coding events which were predicted to bind to MHC-I
complexes, 6 and 3 of which were detected at low abundance in LC-MS/MS proteomics data
providing evidence of their protein expression (Figure 3C, Supp Table 7). Transcript abundance
tended to be lower when retained introns were observed (Figure 3D). These events provide
candidate splicing-derived tumor-associated antigen sequences. Thus, SMARCA4 loss drives
IR in SCCOHT cells, which may provide a source of splicing-derived antigens.
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The SWI/SNF complex interacts with splicing factors and localizes to differentially-
spliced genes

To explore the molecular consequences of SMARCA4 loss in SCCOHT, we performed
immunoprecipitation and mass spectrometry (IP-MS) comparing three SCCOHT cell lines
(BIN67, COV434, and SCCOHT1) to a cell line that harbors a wild-type SWI/SNF complex
(HAP1). IP-MS experiments were performed using antibodies to five SWI/SNF subunits
(SMARCA4, SMARCC1, SMARCE1, SMARCB1, and ARID2) in triplicate compared to 1gG
controls to allow statistical calculations for probabilities of interaction using SAINTexpress.
These results allowed us to examine how SWI/SNF protein-protein interactions (PPIs) are
changed in the context of ATPase subunit loss with high confidence. Although previous reports
showed IP-MS evaluation of SWI/SNF complex integrity in the context of SMARCA4 loss
(72,88), our data are the first report of a SWI/SNF protein-protein interactome in the context of
SMARCA4 loss. Further, our data are the first description of a SWI/SNF protein-protein
interactome using statistical probability thresholds for interaction. We observed 10,901 PPls
total prior to thresholding and 1,021 high-confidence interactors with a probability of interaction
(AvgP) greater than 0.7, providing the most robust and detailed SWI/SNF interactome ever
described across any model system (Supp Table 8, 9A-E). We combined the data from our 3
most reproducible IP antibodies to core SWI/SNF subunits (SMARCB1, SMARCC1, and
SMARCE1) to determine a consensus model of protein-protein interactions. Consistent with a
previous reports (72,88), we found that a number of ATPase module and PBAF-specific
SWI/SNF subunits were exclusively maintained in the wild-type SWI/SNF including SMARCA4,
SMARCA2, BCL7A/C, SS18, ACTL6A/B, DPF3, PHF10, BRD7, and PBRM1 (Figure 4A-B),
while core SWI/SNF subunits including SMARCC1/2, SMARCD1/2/3, SMARCB1, and
SMARCEL1, BAF-specific SWI/SNF subunits ARID1A/B and DPF1/2, and ncBAF subunits BRD9
and BICRA/L remain intact across the three SCCOHT cell lines (Figure 4C, Supp Figure 7A-F).
Additionally, interactions with KMT2C (MLL3) and NuRD complex subunits (GATAD2B and
RBBP7) were only observed in the wild-type cell line (Figure 4A,B). The absence of PPIs with
MML3 may partially explain the differences in chromatin localization of MLL3 and its dependent
histone PTM, H3K4me1l in SCCOHT cells (72).

The residual SWI/SNF complex showed PPIls with RNA processing and metabolic proteins that
were not shared with the wild-type complex (Figure 4D). Additionally, the residual SWI/SNF
complexes showed more PPIls with RNA processing proteins than the wild-type complex (Figure
4E, Supp Figure 8A). We validated the interaction between SWI/SNF and the splicing factor
HNRNPC1/2 using IP followed by a ProteinSimple assay. We observed HNRNPC1/2 bands in
the SMARCC1 and SMARCBL1 IP samples in COV434 and SCCOHT, but not in IgG IP samples
or in the HAP1 cell line (Supp Figure 8B). Because IP-MS requires a high cell input, it was not
practical to perform these experiments in SCCOHT cells where SMARCA4 expression was
exogenously re-expressed. Thus, we validated these results using an isogenic comparison
between HAP1 parental and HAP1 SMARCA4 knock-out lines. Similar to our observations with
SCCOHT lines, a number of chromatin regulators and SMARCA4 were exclusive to HAP1
parental, the SWI/SNF core subunits were shared across the parental and SMARCA4 KO lines,
and a number of RNA splicing and processing factors were exclusive the SMARCA4 KO line
(Supp Figure 9A-D). Additionally, a substantial increase in splicing-associated SWI/SNF-
interacting proteins were exclusively observed in the HAP1 SMARCA4 KO line. This includes
many of the splice factors that were in SCCOHT cell lines and many additional splice factors
that were not observed in SCCOHT cell lines (Supp Figure 9E). ChiPseq analysis showed that
SMARCAA4 localizes to nearly all (40 of 42) of the differentially-spliced genes in BIN67 cells
upon re-expression (Figure 5A). SMARCA4 and other SWI/SNF subunit localization to the
differentially-spliced genes and protein-protein interactions with splicing factors could support a
role for SWI/SNF in splicing regulation. At the vast majority of differentially-spliced genes, no
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significant changes in chromatin accessibility were observed in BIN67 cells. A small subset of
differentially-spliced genes showed increased accessibility upon SMARCA4 re-expression.
However, differential accessibility is not sufficient to explain the splicing differences observed.
This may suggest that SWI/SNF may regulate splicing through non-catalytic functions (Figure
5B-C).

Splicing-derived peptides are sufficient to stimulate T cells

To determine if the novel protein-coding splice events we observed in SCCOHT tumors and cell
lines are capable of eliciting an immune response, we measured whether the observed splicing-
derived peptides stimulate T cells in vitro. Using outlier events shared in 6+ tumors combined
with SMARCA4-dependent differential splice events observed in cell lines, we selected splice
events encoding novel and tumor-associated protein sequences predicted to bind to MHC-I
complexes in silico. Events detected in cell lines were additionally prioritized based on their
protein expression in mass spectrometry data. This yielded a tiled peptide library of 189
peptides as candidate TAAs (Supp Table 10A-B). These high-confidence peptides were pooled
into two arbitrary test groups. Naive T cells were exposed to vehicle controls, splicing-derived
peptide pools, a positive control stimulatory peptide pool (SuperStim), or CD3/CD28 antibody-
coated magnetic beads as a positive control. Peptide-induced CD3+ T cell proliferation was
measured using flow cytometry following the dilution of a cell division tracking dye. Following a
four-day exposure, we observed enhanced T cell expansion in response to one of the two
tested splicing-derived peptide pools compared to negative controls in each of the donors
(Figure 6A). Additionally, PepMix 1 and PepMix 2 resulted in a higher portion of CD3+ T cells
which express TNFa or INFy (Figure 6B). Increased proliferation and cytokine expression was
observed with PepMix 1 compared to PepMix 2 pool, which suggests stronger immunogenic
capacity in PepMix 1. This may indicate that PepMix 1 contains stronger antigens than PepMix
2. Taken together, these data support that SMARCA4-dependent, splicing-derived antigens
have immune-stimulatory potential.

Discussion

Loss of the SWI/SNF complex member SMARCA4 is the key driver event in SCCOHT
(5,7,8,89). We identified outlier splicing events in primary human SCCOHT tumors, the majority
of which arise from intron retention (Figure 1). Given the rarity of SCCOHT (<500 cases in
literature worldwide), our cohort of 10 primary tumors represents a substantial portion of
available SCCOHT samples (89,90). Our results demonstrated a surprisingly high level of outlier
splice events per tumor (average of 680 outliers/patient). For a comparison, the level of outlier
splice events from a high mutation rate tumor (e.g. uveal melanoma tumors bearing mutations in
the splicing factor SF3B1) demonstrated an average 180 outliers/patient (53). We additionally
observed infiltration of immune cells into each of 9 primary SCCOHT tumors (Figure 1E). This
finding supports a potentially “hot” immune reactive tumor microenvironment in SCCOHT. When
compared across tumor types in TCGA, high grade serous ovarian carcinoma showed a higher
rate of outlier splice events compared to other tumor types. This is consistent with previous
reports (44). Additionally, we found an association between several SWI/SNF subunits and
higher rates of IR across TCGA (Figure 2). The TCGA data did not yield an association between
SMARAC4 mutation and IR. However, most SMARCA4 mutated tumors in TCGA retain a
functional copy of SMARAC4 and/or SMARCA2 which may be sufficient to promote normal
splicing. This surprising finding may point to an under-explored role of the SWI/SNF complex in
splicing regulation. Further, using isogenic SCCOHT cell lines with and without re-expression of
wild-type SMARCA4, we demonstrated a role for SMARCA4 in regulating outlier splice events
observed in SCCOHT cells (Figure 3). SCCOHT cell lines displayed markedly fewer IR events
than individual tumor samples. It may not be surprising to observe different frequencies between
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primary tumors and cell lines, but we postulate that normal splicing may not have been
completely restored by re-expression of exogenous SMARCAA4. Nonetheless, a role for
SWI/SNF in splicing was supported by our observation of protein-protein interactions between
splicing factors and the SWI/SNF complex that were exclusive to SCCOHT cells and SMARCA4
localization to differentially-spliced genes (Figures 4, 5). We validated the interaction between
SWI/SNF and splicing factors in an isogenic HAP1 cell line with SMARCA4 KO, where splicing
factors similarly interacted with the SWI/SNF complex. Importantly, we also validated the protein
expression of novel protein sequences derived from retained introns by mass spectrometry
(Figure 3C-D). Additionally, most of the IR events were not expressed in normal tissues, and
several of the novel, splicing-derived protein sequences were predicted to bind MHC complexes
(Figure 3C, Supp Table 3). Finally, we demonstrated that the novel peptides derived from IR
events could elicit T cell responses in vitro demonstrated by T cell expansion and expression of
TNFa and INFy (Figure 6). Together, these data support that SMARCA4 loss in SCCOHT
tumors impacts RNA splicing in a manner that leads to intron retention. We additionally provide
preliminary evidence that splicing-derived putative TAAs may have a stimulatory effect on the
immune system. Due to the rarity of SCCOHT, there are not currently immunocompetent
models available to evaluate how those TAAs contribute to therapeutic responses. However, we
postulate that retained introns could be a source of TAAs in SCCOHT patients with therapeutic
potential.

Immunotherapeutic agents, especially ICls, rely on the patient’s immune response and have
shown great promise in treatment across a wide range of tumor types. Initial successes in
melanoma and lung cancer, tumor types with mutagenic etiologies, implicated tumor mutation
burden as a factor in clinical response to ICIs (31-33). The abundance of novel, mutation-
encoded proteins provide a source of neoantigens thought to be necessary for the observed
immune responses. This led to the prevailing theory that high TMB tumors are immunologically
“hot” and amenable to ICI treatment while low TMB tumors were expected to be “cold” and not
respond to ICI. In the clinic, TMB has not proved to be predictive of responses to ICls in all
settings. Some high TMB tumors fail to respond, and some ‘cold’ tumors respond to ICI
treatment (35,36,91). SCCOHT is one example of a low TMB tumor type with demonstrated
responses to ICI treatments (35,36). The low mutation burden (92), absence of recurrent
mutations in other genes-encoded antigens (Supp Table 4), and our observation that SMARCA4
loss leads to IR in SCCOHT cells suggest that SMARCA4-dependent retained introns may be a
source of antigens in SCCOHT.

This is in line with a growing body of evidence that altered splicing is a source of tumor-
associated antigens. Recent work examining RNA splicing in more than 8,700 TCGA tumors
demonstrated pervasive splicing dysregulation across tumor types compared to normal tissues
(44). The widespread splicing dysregulation generates novel peptides predicted to bind MHC-I,
suggesting that splicing-derived, tumor-associated antigens may be common across tumor
types. However, the mechanisms underlying splicing dysregulation in cancer have not been fully
elucidated. Mutation of splicing factors has been shown to alter splicing in cancer cells, such as
SF3B1 mutations in melanoma leading to alternative 3’ splice site selection (93). Further
evidence for mutations in genes which are not splice factors will provide additional biomarkers
for splicing dysregulation.

While we have investigated the role of SMARCA4 loss in SCCOHT splicing regulation, its
paralog SMARCAZ2, has previously been shown to impact splicing through RNAPII elongation
rate and phosphorylation status, which are necessary for proper recruitment of splicing factors
(46). Prior studies in model organisms and our protein-protein interaction data have further
confirmed that SWI/SNF complexes interact with splicing and RNA processing factors (Figure 4)
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(49,50,94). The molecular mechanisms by which SMARCA4 regulates splicing have not been
fully elucidated. A recent report showed that SMARCA4 and SMARCAZ2 influenced the
association of splicing factors to nascent RNAs (48). We found no evidence for changes in
chromatin accessibility or RNAPII phosphorylation state in mediating SMARCA4-dependent
splicing outcomes in SCCOHT cells. Nonetheless, our data implicate SMARCAA4 loss in intron
retention as a potential source of antigens in the context of SCCOHT. Thus, specific driver
mutations and/or specific tumor contexts may be highly susceptible to splicing dysregulation and
consequently produce targetable splicing-derived, tumor-associated antigens.

The SWI/SNF protein-protein interaction networks we describe provide a valuable resource for
exploring how SWI/SNF complexes may function differently in the context of SMARCA4 loss in
tumor cells. SCCOHT cells provide an ideal model for this type of discovery as they do not
express SMARCA2 and cannot compensate for the loss of SMARCA4. In addition to RNA
processing and splicing factors, we found that the SWI/SNF complexes lacking ATPase module
members showed differential protein-protein interactions with epigenetic and metabolic
regulators. The SCCOHT SWI/SNF complex lacked interactions with the enhancer-associated
histone methyltransferase MLL3/4/COMPASS complexes, which may play a functional role in
recently described enhancer dysregulation in SCCOHT (72). The differential association of
SWI/SNF with metabolic regulators poses interesting questions for future research. Because the
IPs were performed using nuclear extracts, the observed interactions represent nuclear-
localized, metabolic proteins. Recent research has illuminated a clear interdependence of
histone modification states and metabolic states (95-97). It will be interesting to learn how
altered metabolic states impact the chromatin landscape of SWI/SNF-deficient cancers in future
studies.

This work adds to a growing literature showing that tumor-associated splicing events may
provide a rich source of tumor-associated antigens. We posit that the appearance of novel
splicing events or splicing events detected repeatedly in particular tumor types could be
exploited to activate an immune response. For example, the 94 novel, tumor-associated,
protein-coding outlier splice events observed in more than half (>6) primary SCCOHT tumors
(Figure 1D) may serve as candidate immunogens for targeted immune therapies such as CAR-
T. Future studies should evaluate the efficacy of the SMARCA4-dependent tumor-associated
antigens identified here in the context of an active immune environment. Our results
demonstrate that thorough investigations of altered splicing events, driven by specific genomic
alterations such as SMARCA4 or others, may identify unique biomarkers of tumor-associated
immunogenic targets.
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Table 1. Clinical Parameters of SCCOHT cohort (n=10).

Age of onset (years)

n

0-10

11-20
21-30
31-40

Age at tumor resection (years)

B N il

0-10

11-20
21-30
31-40

Specimen collection site

Primary
Metastasis
Unknown

FIGO stage

g w NS

|

Il

11

v
Unknown

Variants (SWI/SNF genes)

N O P~ WERIS

SMARCA4

SMARCB1

TGEN-A

TGEN-B
TGEN-C
TGEN-D
TGEN-E

TGEN-F

p.Q413*

no known mutation; IHC
negative

p.E667fs

p.L1161fs

p.R1189*

p.V204fs

p.W764fs

p.G836*
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Figure Legends:

Figure 1. Identification of novel protein-coding outlier intron retention events in primary
SCCOHT tumors. A. Percentage of novel protein-coding splice event types that were outliers
compared to normal tissues in GTEx using Bisbee outlier analysis in each of 10 primary
SCCOHT tumors. The total number of novel protein-coding outlier splice events for each tumor
is indicated above its column. B. Number of primary SCCOHT tumors sharing a particular novel
protein-coding outlier splice event (x-axis) as in (A). C. Distribution of the total number of outlier
novel protein-coding splice event types observed across 10 primary SCCOHT tumors as in (A-
B). A3 = alternative 3’ splice site, A5 = alternative 5 splice site, MUT = mutually exclusive
exons, ES = exon skipping, IR = intron retention. D. Distribution of the total number of outlier
novel protein-coding splice event types shared in 6+ tumors. E. IHC staining images of CD8,
CD4, CD20, and CD68 in SCCOHT primary tumors TGEN-A and TGEN-B.

Figure 2. A subset of SWI/SNF members are associated with increased rates of intron
retention. Proportion of IR events among total outlier splicing events comparing WT versus
mutant for each of the SWI/SNF members above.

Figure 3. Effect of SMARCA4 expression on splicing in SCCOHT cells. A. The number of
novel protein-coding splice events differ between SCCOHT cells lacking SMARCA4 compared
to cells where wild-type SMARCA4 has been exogenously re-expressed in the BIN67 and
COV434 cell lines (n=3) using Bisbee differential analysis. B. Predicted MHC-I binding strength
of SMARCA4-dependent differentially-spliced events observed in (A). C. Classification of
SMARCA4-dependent novel protein-coding differentially-spliced genes with MHC-I binding
predictions and protein expression detection by mass spectrometry as in (A-B). D. Log2TPM
values of genes with novel sequences found in -SMARC4 conditions compared to +SMARCA4
conditions.

Figure 4. SCCOHT SWI/SNF complex interacts with more splicing factors than the wild-
type complex. A. UpSet plot comparing cumulative overlap of SWI/SNF PPIs (AvgP= 0.7) from
IP-MS data across three antibodies recognizing core SWI/SNF subunits (SMARCCI1,
SMARCB1, SMARCE1) comparing HAP1, BIN67, SCCOHT1, and COV434. B. Interaction
network of SWI/SNF interacting proteins identified exclusively in HAP1 bearing a wild-type
SWI/SNF (blue). C. Interaction network of proteins shared between wild-type and SCCOHT
SWI/SNF complexes identified in all cell lines (orange). D. Interaction network of SWI/SNF-
interacting proteins exclusive to SCCOHT cells. Proteins interacting with SWI/SNF in 2 or 3
SCCOHT cell lines are colored green or purple, respectively. For clarity, proteins showing no
first-degree interactions in StringDB are not shown (B-D). E. Number of SWI/SNF-interacting
proteins associated with splicing regulation by Gene Ontology detected in immunoprecipitation
and mass spectrometry using the union of proteins detected with SMARCC1, SMARCB1, and
SMARCE1 antibodies comparing SCCOHT cells (BIN67, SCCOHT1, and COV434) to cells
bearing a wild-type SWI/SNF complex (HAP1) (n=3, probability of interaction = 0.7) (detailed in
Supp Figure 7).

Figure 5. SMARCA4 localization to differentially-spliced genes does not coincide with
changes in chromatin accessibility. A. SMARCA4, SMARCC1, DPF2, and ARID2 occupancy
at differentially-spliced genes identified in BIN67 cells measured by chromatin
immunoprecipitation followed by sequencing comparing BIN67 cells lacking SMARCA4
expression to BIN67 cells in which wild-type SMARCA4 has been exogenously re-expressed
(n=1, Pan, et al. (2019)). B. Differential chromatin accessibility at differentially-spliced genes in
BIN67 as measured by ATACseq comparing BIN67 cells lacking SMARCA4 expression to
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BING7 cell in which SMARCA4 has been exogenously re-expressed (n=2, Pan, et al. (2019)). C.
Differential chromatin accessibility at ATACseq peaks within BIN67 differentially-spliced genes
where -SMARCA4 indicates peaks that were exclusive to -SMARCA4 cells, +SMARCA4
indicates peaks that were exclusive to +SMARCA4 cells, and STATIC indicates peaks that were
shared between conditions as in (B)

Figure 6. Peptides derived from SMARCA4-dependent differentially-spliced genes
treatment induce T cell proliferation. T cells enriched from healthy donor PBMCs (n = 3-5)
were stimulated for 96 hours using custom tiled peptide libraries of peptides resulting from
alternative splicing events identified specifically in SCCOHT tumors and cell lines (PepMix 1 &
2). The UltraStim library (JPT) containing common antigenic peptides against all major HLA
subtypes and Dynabeads coated with CD3 and CD28 antibodies serve as positive controls for
stimulation. A. T cell proliferation measured by dilution of the CellTrace Violet dye monitored by
flow cytometry. Plots show the gating strategy used to assess T cell proliferation, representative
histograms of proliferation measured by CellTrace Violet, and quantification of replicate T cell
proliferation measurements. B. Intracellular staining of TNFa and INFg expression in CD3+ T
cells measured by flow cytometry. Plots show the gating strategy used to asses TNFa and
INFGg expression, representative TNFa and INFg measurements, and quantification of TNFa
and INFg across multiple healthy donors. Statistical significance determined by one-way
ANOVA with Bonferroni multiple comparisons test.

Graphic abstract. Graphical representation of SMARCA4 loss leading to intron retention,

antigen expression, and T cell stimulation. Created in BioRender. Raupach, E. (2025)
https://BioRender.com/tljp61c.
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FIGURE 3
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FIGURE 5
A. SWI/SNF subunit occupancy at differentially-spliced genes

SMARCA4 SMARCC1 DPF2 ARID2
g 40 g
= 5
o <}
b 2
3 %
Q 3
s upied
=20
S Ed
5 10 g
2
a
- + - + - + - + '_g:
SMARCA4 SMARCA4 SMARCA4 SMARCA4 5;
Differential chromatin accessibility at ' Differential accessible chromatin sit%
differentially-spliced genes within differentially-spliced genes ;
» 40 g
2 e % 2
o) 3
(@] 0w n g
c @
3 gg
2 30 )
% — ho] 40 n:.’)
> (O] %
— 0 9 48>
© I Inaccessible =S ag 2
€ 20 B Non-differentially accessible a9 B
% M Differentially accessible Q= 2
£ gs 20 s
2 5 E g
=
> 10 = 210 £
o gL S
o -g £ &
©
= 5° 0
zZ p
0

_SMARCA4/+SMARCA4 ™



2]
[a]
©]

FIGURE 6
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