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Accepted for publication

December 20, 2022. Poorly differentiated (PD) chordoma, a rare, aggressive tumor originating from notochordal tissue,

shows loss of SMARCB1 expression, a core component of the Switch/Sucrose Non-Fermentable (SWI/
SNF) chromatin remodeling complexes. To determine the impact of SMARCB1 re-expression on cell
growth and gene expression, two SMARCB1-negative PD chordoma cell lines with an inducible SMARCB1
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expression system were generated. After 72 hours of induction of SMARCB1, both SMARCB1-negative PD
chordoma cell lines continued to proliferate. This result contrasted with those observed with SMARCB1-
negative rhabdoid cell lines in which SMARCB1 re-expression caused the rapid inhibition of growth. We
found that the lack of growth inhibition may arise from the loss of CDKN2A (p16™*4*) expression in PD
chordoma cell lines. RNA-sequencing of cell lines after SMARCB1 re-expression showed a down-regu-
lation for rRNA and RNA processing as well as metabolic processing and increased expression of genes
involved in cell adhesion, cell migration, and development. Taken together, these data establish that
SMARCB1 re-expression in PD chordomas alters the repertoire of SWI/SNF complexes, perhaps restoring
those associated with cellular differentiation. These novel findings support a model in which SMARCB1
inactivation blocks the conversion of growth-promoting SWI/SNF complexes to differentiation-inducing
ones, and they implicate SMARCB1 loss as a late event in tumorigenic progression. Importantly, the
absence of growth inhibition after SMARCB1 restoration creates a unique opportunity to identify

therapeutic vulnerabilities.
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Chordomas are a rare and aggressive malignancy of the
axial skeleton, originating from notochordal remnants in the
axial skeleton. In the general population, the incidence of
chordomas is <1 per 1 million, with approximately 95% of
cases appearing in the older adult population."> Chordomas
are classified according to histopathology into three sub-
types: well-differentiated, poorly differentiated (PD), and
de-differentiated.” Both well-differentiated and PD chordo-
mas express brachyury, whereas de-differentiated tumors
are characterized by loss of brachyury in the nonconven-
tional components and are generally diagnosed after prior
treatment. Regardless of subtype, the principal treatment of

chordoma is surgical resection (often limited by critical
neurovascular structures), augmented by adjuvant radio-
therapy.” Only about 50% of chordomas respond well to
cytotoxic therapy, radiation, and/or surgery. The identifi-
cation of therapeutic targets has proven challenging due to
the infrequent occurrence of clinically actionable somatic
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mutations, although mutations in PIK3CA, EGFR, and
PDGFR may provide options for treatment in a subset of
patients.”® The combination of these factors contributes to
an approximately 50% survival rate, highlighting an urgent
need for identifying new treatments and improving patient
outcomes.”*

Although only 5% of chordomas occur in the pediatric
and young adult population, approximately 15% of them are
classified as PD chordomas.'” Importantly, PD chordomas
coincide with worse prognosis and a more aggressive clin-
ical course,” with a propensity for metastasis and recur-
rence.'” Studies have shown that PD chordomas possess
inactivating mutations of SMARCBI, a key member of the
Switch/Sucrose Non-Fermentable (SWI/SNF) chromatin
remodeling complex.”'' Mutations in members of the SWI/
SNF complex appear in approximately 20% of all cancers.'”
Defined by subunit composition, at least three distinct SWI/
SNF complexes [BRGI1/BRM-associated factor (BAF),
polybromo-associated BAF (PBAF), and GLTSCR1/like-
containing BAF (GBAF) complexes] exist in human cells,
each imparting a specific effect on cell growth and differ-
entiation.'” Many SWI/SNF subunits are tumor suppressors
for which loss of function drives oncogenic phenotypes in
diverse cancers.'* Evidence for inactivation of SMARCBI,
a member of the BAF, PBAF complexes, as a driver of
cancer was first documented in rhabdoid tumors (RTs),
clinically aggressive tumors that arise in the kidney and the
central nervous system.'”'® SMARCBI inactivation also
drives the development of two other aggressive embryonal
tumors of children and young adults: epithelioid sarcomas'’
and renal medullary carcinomas.'® Recent genome-wide
profiling studies have also identified SMARCBI1 loss in
other more “conventional” cancers exhibiting classical his-
tology such as high-grade ovarian serous carcinoma, mela-
noma, and pancreatic ductal adenocarcinoma.'® ! Yet,
how the mechanisms by which loss of SMARCBI fuels
development of these tumors and PD chordomas remains
unresolved.

The potential role of other driver mutations in the etiol-
ogy of SMARCBI-deficient tumors remains unclear. These
tumors are genetically simple and uniform, bearing no other
recurrent driver mutations, with primarily diploid
genomes.”” >* RTs display loss of expression of the
CDKN2A (p16™%*4) tumor suppressor due to epigenetic
silencing by the polycomb complex 2 (PRC2).”” The in-
duction of SMARCBI1 in RTs leads to re-expression of
p16™%* through eviction of PRC2 leading to cell cycle
arrest.”>*® In contrast, all subtypes of chordomas exhibit
inactivation or deletion of the CDKN2A gene.5 <7 The
different mechanisms for silencing pl16™*** expression
suggest that the pathways for tumorigenesis used among
SMARCB 1-deficient cancers may vary. To test this notion,
the effects of SMARCBI re-expression on the growth and
gene expression of SMARCB 1-deficient PD chordoma and
RT cell lines were analyzed. The results show dramatic
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differences in how PD chordoma and RT cell lines respond
to SMARCBI1 re-expression. These findings support a
model in which SMARCBI1 inactivation blocks the con-
version of growth-promoting SWI/SNF complexes to
differentiation-inducing ones. In addition, the cell lines
developed in the current study will contribute to the iden-
tification of therapeutic vulnerabilities for SMARCBI mu-
tations across SWI/SNF cancers in humans.

Materials and Methods

Mammalian Cell Lines and Culture Conditions

The cell lines and their origins are listed in Table 1. The
CH22, UM-Chor5, G401,”**° TTC642, DYSOR,”
BIN67,”' COV434,”> A427, and MCF7 cell lines were
cultured in RPMI 1640 (#11875-093; Gibco, Grand Island,
NY) and supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich, St. Louis, MO). The UM-Chorl1 cells were
cultured in Iscove’s Modified Dulbecco’s Medium (#12440-
053; Gibco):RPMI 1640 (4:1) and supplemented with 10%
FBS (Sigma-Aldrich). The MUG-Chorl and U-CH17M cell
lines were cultured in Iscove’s Modified Dulbecco’s
Medium:RPMI 1640 (4:1), supplemented with 10% FBS
(Sigma-Aldrich) and 1% GlutaMAX-I (100X) (#35050-061;
Gibco). The pIND20-fSNF5-HA cell lines were cultured in
RPMI 1640, supplemented with 10% TET-FREE FBS
(#100-800; GeminiBio, Sacramento, CA) and 400 pg/mL
G418/Geneticin 50 mg/mL.  (#10131-035; Gibco). The
pLX401-INK4a cells were cultured in RPMI 1640, sup-
plemented with 10% TET-FREE FBS (#100-800; Gem-
iniBio) and 1 mg/mL puromycin (#50190304;
MilliporeSigma, Laramie, WY). All cells were maintained
in a humidified incubator at 37°C with 5% carbon dioxide.
All were used within 10 passages of their initial arrival to
minimize chances of cross-contamination and tested for
mycoplasma contamination by DAPI staining and PCR for
the detection of mycoplasma ribosomal DNA.

Inducible Cell Line Generation

pINDUCER20

Each cell line was infected with lentivirus containing pIN-
DUCER?20-Flag-SNF5-HA (pIND20-fSNF5-HA) as previ-
ously described.”® After overnight incubation, cells were
selected in RPMI 1640 medium supplemented with 10%
TET-FREE FBS (#100-106; GeminiBio) + 400 pg/mL
G418 (#10131035; Gibco) to create SMARCB1-inducible
cell lines. Single-cell clones of each cell line were generated
by limiting dilution and were screened for SMARCBI
expression after doxycycline (DOX) (1 pg/pL) induction for
24, 48, 72, 120, and 168 hours by Western blot analysis.
Clones showing a robust induction of SMARCBI were
pooled to create a mass pool of cells.

457


http://ajp.amjpathol.org

Walhart et al

pLX401-INK4a

pLX401-INK4A was a gift from William Hahn (plasmid
#121919; Addgene, Watertown, MA).34 Cells were selected
in RPMI 1640 media containing 10% TET-FREE FBS
(#100-800; GeminiBio) + 1 mg/mL puromycin to create
mass populations. For all pIND20 inductions, UM-Chor5,
CH22, G401, and TTC642 pLX401-INK4a cells were
induced with DOX 1 pg/uL. for 72 hours before trans-
fections. After selection, the mass population was single-cell
cloned; using Western blot analysis, it was screened for
p16™K44 expression following induction of DOX (1 pg/uL)
for 24, 48, 72, 120, and 168 hours. Clones that could induce
p16™¥* were pooled to create a mass pool of cells.

Protein Extraction

Cells (5to 10 x 106), grown in a 60 mm dish, were washed
twice with 10 mL of Dulbecco’s Phosphate Buffered Saline
(#14190-144; Gibco). The dish was then held at a 90-degree
angle for 30 seconds for removal of residual Dulbecco’s
Phosphate Buffered Saline. Approximately 150 to 200 pL of
1X denaturing sample (250 mmol/L Tris 7.0, 8% SDS, 40%
glycerol, 200 mmol/L. dithiothreitol, 0.04% phenol red),
based on the estimated number of cells, was added to the
middle of the dish. Cells were removed with a cell lifter
(#3008; Corning, Corning, NY) and collected in a 1.5 mL
microcentrifuge tube. The extract was placed into a heat
block for 7 minutes at 100°C. After allowing the sample to
reach room temperature, DNA was sheared by sonication
(Branson Ultrasonics Sonifier SFX150 Cell Disruptor;
Thermo Fisher Scientific, Waltham, MA) on a low 100%
duty cycle for 30 seconds, and processed samples were
stored at —80°C until use.

Western Blot Analysis

Western blot analysis was performed as previously
described.” Briefly, 3 to 4 pL of protein was separated on a
Invitrogen NuPAGE 4 to 12% Bis-Tris Gel (#NP0322BOX;
Thermo Fisher Scientific) in NuPAGE MOPS SDS Running
Buffer (#NP0001; Thermo Fisher Scientific) at 130 V for 90
minutes. Proteins were transferred to a nitrocellulose
membrane (#88018; Thermo Fisher Scientific) using 2X
Bis-Tris Transfer Buffer (# BP-193; Boston BioProducts,
Milford, PA) with 15% ethanol at 24 V for 1 hour. The
efficiency of transfer was confirmed with Ponceau S stain-
ing. After blocking in 5% nonfat dry milk in 1X phosphate-
buffered saline (PBS) for 1 hour, the membrane was washed
using 1X PBS with Tween 20 (3 x 10 minutes), cut, and
each section incubated overnight at 4°C in the primary an-
tibodies listed in Table 2. After primary incubation, mem-
branes were washed in 1X PBS with Tween 20 (3 x 10
minutes) and incubated in Li-COR Secondary Antibodies
(IRDye 800CW; Goat anti-Rabbit, catalog #926-32211;
Donkey anti-Mouse, catalog #926-32212; or 680RD Goat
anti-rabbit, catalog #926-68071; Donkey anti-mouse:
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catalog #926-68072; Li-COR Biosciences, Lincoln, NE)
diluted in 5% nonfat dry milk 1X PBS (1:10,000) for 1 hour
at room temperature. Blots were washed with 1X PBS with
Tween 20 (3 x 10 minutes) and imaged on an Odyssey
machine (Li-COR Biosciences) at high quality at a resolu-
tion of 169 pm.

Immunoprecipitation

Small-scale nuclear extracts were prepared by using NE-
PER Nuclear and Cytoplasmic Extraction (Thermo Fisher
Scientific) following the manufacturer’s specifications.
Then, 150 ng of protein was incubated with antibodies to
ARIDIA, BAF180, SMARCA4, GLTSCRI, or IgG,
rotating overnight at 4°C with 30 pL of a 50% slurry of
protein A/G Sepharose beads (GE Healthcare Bio-Sciences,
Piscataway, NJ). After washing three times with immuno-
precipitation wash buffer (1X PBS, 10% glycerol, and 1%
Triton), the beads were suspended in 1X NuPAGE LDS
Loading Buffer (Thermo Fisher Scientific) supplemented
with 1.0 mol/L dithiothreitol and placed in a heat block at
95°C for 5 minutes. The supernatants were run on a 4% to
12% Bis-Tris polyacrylamide gel, transferred to a nitrocel-
lulose membrane, and probed with anti-BRGI1, anti-
PBRMI1, anti-ARID1A, anti-GTLSCRI1, anti-BRD9, and
anti-SMARCBI as described in Western Blot Analysis.

Epigenetic Inhibitor Assays

For assessing SMARCA?2 expression after treatment with
epigenetic inhibitors, cells were seeded into 10 cm dishes at
2 x 10’ per dish and incubated overnight. Cells were then
treated with 10 nmol/L quisinostat (#JNJ-26481585; Pfizer,
New York, NY), 10 pmol/L. UNC1999 (University of North
Carolina, Chapel Hill, NC) or GSK126 (#S7061; Selleck
Chemicals, Houston, TX), or 10 umol/L dimethyl sulfoxide
(#D128-500; Fisher Chemical, Fair Lawn, NJ) for 5 days.
Untreated cells served as controls. Each drug was added/
replaced along with media replacement on days 1 and 3. The
cells were harvested by sample buffer protein extraction on
the fifth day. Western blot analysis was used to quantify the
re-expression of SMARCA?2 protein. The experiment was
completed with three biological replicates.

For determining the effects of epigenetic inhibitors on
cellular proliferation, cells were seeded into 24-well dishes
at 2.5 x 10* per well. Plates were imaged at 4X the
following day (day 1). Increasing concentrations of quisi-
nostat or GSK-126 were applied to the 24-well plates in
RPMI 1640 media + 10% FBS, with untreated and dimethyl
sulfoxide—treated wells serving as controls. Four technical
replicates per dose and three overall biological replicates for
each cell line and treatment were used. A media change was
done on day 3. After viewing cells on day 7, cells were fixed
with 0.75 mL per well of 10% methanol/10% acetic acid
solution for 10 minutes. Cells were stained with 0.25 mL per
well of 0.5% crystal violet in methanol for 10 minutes and

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

SMARCBI Loss Drives Chordoma Progression

Table 1  Cell Line Characteristics
SMARCB1 SMARCA4 SMARCA2
Cell lines Disease origin Age, years Source expression expression expression
CH22 Sacral chordoma 56 Chordoma Foundation No Yes No
UM-Chor5 Clival chordoma <20 Chordoma Foundation No Yes No
G401.6 Rhabdoid tumor <1 28,29 No Yes No
TTC642 Rhabdoid tumor Unknown Dr. Tim Triche, Children’s No Yes No
Hospital Los Angeles
D98OR (Hela) Cervical carcinoma 31 30 Yes Yes Yes
BIN67 Small carcinoma of the ovary, Unknown 31 Yes No No
hypercalcemic type
C0V434 Small carcinoma of the ovary, 26 32 Yes No No
hypercalcemic type
A427 Lung adenocarcinoma 52 ATCC Yes No No
MCF7 Breast adenocarcinoma 69 ATCC Yes Yes Yes
UM-Chor1 Clival chordoma 66 Chordoma Foundation Yes Yes Yes
MUG-Chor1 Sacral chordoma 57 Chordoma Foundation Yes Yes Yes
U-CH17M Sacral chordoma 38 Chordoma Foundation Yes Yes Yes

then washed with double-distilled water to remove excess
crystal violet. Once plates had dried, 0.75 mL of methanol
+ 0.1% SDS was added to each well to resolubilize the
stained cells using a rocker for 2 hours. After rocking, 15 pL.
of each sample was diluted 1:10 in 135 pL of resolubili-
zation solution (methanol + 0.1% SDS) in a 96-well plate.
Resolubilization solution was added to four wells as a
control. Absorbance was measured at 595 nm. Background
signal from the resolubilization solution was subtracted
from sample absorbance readings. Optical density was
calculated by dividing the average absorbance for each dose
of quisinostat or GSK-126 by the average absorbance of the

untreated control wells. Paired #-tests were performed ac-
cording to dose and cell line for statistical analysis.

Cell Growth Assays

Cells were seeded into 24-well plates at 1 x 10° per dish
and placed in the IncuCyte S3 Live-Cell Analysis System
(Essen BioScience, Ann Arbor, MI) for 7 days. Cells were
induced for SMARCBI1 expression by treatment with DOX
1 pg/ul (#PHR1145-1G; MilliporeSigma, Laramie, WY).
Continuous live content was captured by 10X phase images
of the wells every 4 hours. Treatments were added and

Table 2  Antibodies
Antibody Source Dilution Identifier
Rabbit Anti-ARID1A (BAF250A) (D2A8U) (IP/WB) Cell Signaling Technology 1:1000 Catalog #12354
Rabbit Anti-BAF57 (WB) Bethyl Laboratories 1:1000 Catalog #300-810A
Mouse Anti-SMARCD1 (BAF60A) (23) (WB) Bethyl Laboratories 1:1000 Catalog #A301-595A
Mouse Anti-SMARCC1 (BAF155) (DXD7) (WB) Sigma (Darmstadt, Germany) 1:1000 Catalog #85186
Rabbit Anti-SMARCC2 (BAF170) Bethyl Laboratories 1:1000 Catalog #A301-038A
Mouse Anti-PBRM1 (BAF180) (IP/WB) Cell Signaling Technology 1:1000 Catalog #818325
Rabbit Anti-BRD7 (WB/IP) Bethyl Laboratories 1:2000 Catalog #A302-304A
Rabbit Anti-BRD9 (WB) Abcam (Cambridge, UK) 1:1000 Catalog #ab137245
Rabbit Anti-CDKN2A (p16™*“*) (WB) Abcam 1:2000 Catalog #ab108349
Mouse Anti-CD44 (WB) A gift from Dr. Larry Sherman, University 1:250

of Oregon Health Sciences Center
Rabbit Anti-GLTSCR1 (IP/WB) Sigma 1:1000 Catalog #HPA056211
Rabbit Anti-IgG (IP) Cell Signaling Technology 2 ug Catalog #27295
Rabbit Anti-Ku 70/80 (WB) A gift from Dale Ramsden, University of 1:250

North Carolina
Rabbit Anti-SMARCA2 (BRM) (WB) Cell Signaling Technology 1:1000 Catalog #119665
Rabbit Anti-SMARCA4 (BRG1) Abcam 1:10,000 Catalog #ab110641

(EPNCIR111A) (IP/WB)

Mouse Anti-SMARCB1 (SNF5) (WB) BD Biosciences, Franklin Lakes, NJ 1:1000 Catalog #612110
Rabbit Anti-SMARCB1 (IP) Bethyl Laboratories 2 ug Catalog #A301-087A
Rabbit Anti-HA tag (WB) Cell Signaling Technology 1:1000 Catalog #3724T

IP, immunoprecipitation; WB, Western blot analysis.

The American Journal of Pathology m ajp.amjpathol.org

459


http://ajp.amjpathol.org

Walhart et al

media refreshed on days 1, 3, and 5. Growth assays were
completed with three biological replicates. The statistical
quantification was completed by the basic analyzer function.
The average of the three biological replicates was used to
generate the growth curve in GraphPad Prism 8 (GraphPad
Software, San Diego, CA).

Quantitative Real-Time PCR

Inducible cell lines were treated with DOX 1 pg/uL for 72
hours, harvested by treatment with 0.25%/0.01% trypsin/
EDTA, washed with PBS, and frozen rapidly by exposure to
liquid nitrogen. RNA was extracted from frozen cell pellets
in biological triplicate using the Quick-RNA Miniprep Kit
(catalog #R1054; Zymo Research, Irvine, CA). Total RNA
was converted to cDNA using the iScript Reverse Tran-
scription Kit (Bio-Rad, Hercules, CA). cDNA levels were
quantified by using PowerUp SYBR Green Master Mix
(#10002984; Applied Biosystems, Carlsbad, CA). Quanti-
tative real-time PCR was performed on QuantStudio 6 Flex
(Applied Biosystems). The results were analyzed by using a
2(7AAED comparative method. Each sample was tested in
triplicate. All primers are listed in Table 3.

RNA-Sequencing Samples and Analysis

Samples

For all RNA-sequencing studies, 2 x 10® CH22 and UM-
Chor5 pIND20-fSNF5-HA cells were plated into 10 cm
dishes and induced with DOX 1 pg/uL for 72 hours. RNA
was extracted from frozen cell pellets in biological triplicate
using the Quick-RNA Miniprep Kit (catalog #R1054; Zymo
Research). Library preparations and RNA-sequencing were
performed by Novogene Inc. (Beijing, China). Total RNA
was prepared by Novogene Inc. using the TruSeq mRNA v2
kit (Illumina, San Diego, CA) with an input of 500 ng of
RNA for each sample to produce unstranded RNA libraries
following the manufacturer’s protocol. Final RNA libraries
were quantified by using the Qubit High Sense Reagent kit
(Thermo Fisher Scientific) and TapeStation HSD1000 tapes
(Agilent Technologies, Santa Clara, CA). Libraries were
equimolar pooled and paired-end sequenced across three
lanes of a HiSeq 4000 system (paired-end x78 bp;
Illumina).

For TTC642 pIND20-fSNF5-HA, cells were treated, with
or without DOX 1 pg/uL for 72 hours. Cells were then
harvested, RNA isolated, and sequenced as previously
described.™

RNA-sequencing for the CH22 and UM-Chor5 pIND20-
fSNF5-HA cells, and TTC642 pIND20-fSNF5-HA cells,
with or without DOX, were deposited in the NIH Gene
Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo;
accession number GSE217999). For G401 pIND20-
fSNF5-HA, RNA-sequencing data were accessed from the
NIH Gene Expression Omnibus (https.://www.ncbi.nlm.nih.
gov/geo; accession numbers GSE90633 and GSE71506).
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Table 3  Quantitative Real-Time PCR Primers

Gene ID Primer sequence

SMARCA4 FWD: 5'-AGGCGCCGGGAAGTCGATGG-3’
REV: 5'-CCATCGACTTCCCGGCGCCT-3’

SMARCA2 FWD-5'-TCCGAGGCAAAATCAGTCAAG-3’
REV: 5'-TTCCTCGATTTGGCCTTTTCT-3’

SMARCB1 FWD: 5'-ATCACGGATACACGACTCTAGC-3'

REV: 5'-CACGGCATCTAAGTGGTGG-3’
GAPDH FWD: 5'-ATGGGGAAGGTGAAGGT-3’
REV: 5'-AAGCTTCCCGTTCTCAG-3’
FWD: 5'-GGGTTTTCGTGGTTCACATCC-3’
REV: 5'-CTAGACGCTGGCTCCTCAGTA-3’

CDKN2APLEINKaA

FWD, forward; REV, reverse.

Analysis

Reads were trimmed by using cutadapt (version 1.12)
using options -a GATCGGAAGAGC -A GATCGGAA-
GAGC and —minimum-length 36 to remove any sequencing
adapters. After trimming, reads were filtered for quality
using the fastq_quality_filter in FASTX-Toolkit (version
0.0.12; (http://hannonlab.cshl.edu/fastx_toolkir), with
options -Q 33, -p 90, and -q 20 -. Cell lines JHC7, MUG-
Chorl, U-CHI, U-CH2, and UM-Chorl were run with op-
tion -Q 64 instead. Reads were aligned to the hg19 genome
using STAR (version 2.5.4b)"’ with options —quantMode
TranscriptomeSAM, —outFilterMismatchNmax 2, —alignln-
tronMax 1000000, —alignIntronMin 20, —chimSegmentMin
15, —chimJunctionOverhangMin 15, —outSAMtype BAM
Unsorted, —outFilterType BySJout, and
—outFilterMultimapNmax 1.

To calculate the RNA abundance values in transcripts per
million, Salmon (version 0.8.1)*® tool quant was used.
Samtools (version 1.3.1),39 bedtools (version 2.26),40 Py-
thon (version 3.7.9),41 and R (version 3.3.1)42 were used to
interconvert files for downstream analyses. DESeq2
(version 1.14.1)* was used to determine which genes had
significantly differential RNA abundance.

Principal component analysis (PCA) plots were generated
by using the plotPCA function within DESeq2 using all
RNA abundance values (transcripts per million). g:Profiler
GOSt was used to identify Reactome pathways and P values
associated with differentially expressed genes.”""” Heat-
maps of gene transcripts per million were made using
Morpheus  (https://software.broadinstitute.org/morpheus,
last accessed January 3, 2021). Boxplots were made in
Python with seaborn boxplot and stripplot commands
using the log, fold changes between the mean transcripts
per million across replicates between SMARCBI-positive
and SMARCBI-negative samples.”'**® UpSet plot was
generated in R with the UpSetR package.”’

36

Senescence Assay

Cells (1 x 10° cells per well) were plated in a six-well dish
and treated with or without DOX for up to 7 days.
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Characterization of Switch/Sucrose Non-Fermentable (SWI/SNF) complex members in poorly differentiated chordomas. A: Protein expression

levels in chordomas, rhabdoid tumor, Hela, and small cell carcinoma of the ovary. Antibodies against SWI/SNF complex members were used. Ku 70/80 was
used as the loading control. B: Relative mRNA levels in the indicated cell lines. mRNA levels were measured for SMARCA4 (green), SMARCAZ (blue), and
SMARCB1 (violet) genes by using real-time quantitative PCR and normalized to D98OR GAPDH expression. *Gene expression detection was below the threshold.

M.W., molecular weight.

Senescence was assessed with the Senescence B-Galactosi-
dase Staining Kit without modifications (Cell Signaling
Technology, Danvers, MA). The percentage of [3-gal-
actosidase—positive cells was quantified by averaging the
cell count taken from 10 random fields.

Immunohistochemistry

Immunohistochemistry (IHC) was performed by using anti-
brachyury (Clone H-210, primary dilution 1:400, sc-20109;
Santa Cruz Biotechnology, Santa Cruz, CA), anti-
SMARCBI1 (Clone 25/BAF47, primary dilution 1:100,
612110; BD Transduction), anti-SMARCA2/BRM (primary
dilution 1:200, HPAO029981; Sigma), anti-SMARCA4/
BRGI1 (EPNCIRI111A, primary dilution 1:200, ab110641;
Abcam, Cambridge, UK) on a BOND platform (Leica
Biosystems, Wetzlar, Germany). Tissue microarray of 0.6
mm? duplicate cores were constructed from formalin-fixed,
paraffin-embedded tissue chordoma specimens at Vancou-
ver General Hospital. The project was approved by the
Vancouver General Hospital Research FEthics Board.

The American Journal of Pathology m ajp.amjpathol.org

SMARCB1, SMARCA2, and SMARCA4 IHC was con-
ducted as previously described.”® Brachyury THC was per-
formed by using rabbit polyclonal antibody at 1:50 dilution
(sc-20109; Santa Cruz Biotechnology), and PBRM1 THC
was performed by using rabbit polyclonal antibody at
1:1000 dilution (A301-591A; Bethyl Laboratories, Mont-
gomery, TX); both were run by using the Ventana Dis-
covery Ultra platform (Roche Holding AG, Oro Valley,
AZ). All photomicrographs were taken at X100 magnifi-
cation. Staining was evaluated by a pathologist (S.Y.).

Statistical Analysis

A one-sample r-test of all samples was performed to deter-
mine whether the sample mean is statistically different from
zero, which means no change. A P value <0.05 was
considered significant. GraphPad Prism 8 software
(GraphPad Software, San Diego, CA) was used to present
the data. To evaluate the effect of the epigenetic inhibitors
on each cell line (CH22, UMCHORS5, and COV434), paired
t-tests were performed by comparing the optical density of
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Immunohistochemistry analyses of poorly differentiated chordomas. Immunohistochemistry of patient-derived xenograft from clinical chordoma

specimens confirmed positive nuclear expression of brachyury in all three samples. CF365 and SF10752 were derived from poorly differentiated chordoma, and
both show loss of nuclear expression of SMARCB1. CF466 was derived from a well-differentiated chordoma and shows retention of SMARCB1 expression. All
three cases, regardless of SMARCB1 expression status, show retention of SMARCA4 and SMARCA2 expression. Scale bars = 100 pm. Original magnification,

x100.

the untreated control replicates with the epigenetic inhibitor-
exposed replicates at each dose (50, 20, 10, 5 nmol/L for
quisinostat, and 20, 10, 5 pmol/L for GSK-126) for each cell
line. To evaluate the effect of the epigenetic inhibitors
across cell lines, paired t-tests were used to compare the
optical density of the replicates by cell line for each dose of
quisinostat or GSK-126 as well as the untreated controls.

Results

SWI/SNF Mutant—Cancers Differ in SWI/SNF Complex
Member Expression

A key feature of the SWI/SNF complex is its highly
combinatorial nature.”” The absence of SMARCBI in RT
cell lines leads to instability of the BAF and PBAF com-
plexes but not the GBAF complex.”””"”" Therefore, the
expression and composition of SWI/SNF complex subunits
were initially characterized in PD chordomas. The SWI/SNF
component expression was first examined in both
SMARCBI-negative and SMARCBI1-positive chordoma
cell lines (Figure 1A). The chordoma protein expression
levels were compared versus two previously characterized
SWI/SNF—mutant cancers, BIN67 [small cell carcinoma of
the ovary, hypercalcemic type (SCCOHT)]*® and G401
(RT),'® with known deletions or inactivation in the ATPase
subunit SMARCA4 (BRG1) and SMARCBI, respectively.
D98OR, a HeLa cell derivative, served as a positive control
for the expression of SWI/SNF complex components.’’”*
All cell lines, except BIN67, expressed the SMARCA4
ATPase subunit (Figure 1A). SMARCA?2 expression of the
SMARCBI1-negative CH22 and UM-Chor5 chordomas was
not observed, similar to previous reports showing
SMARCA?2 loss in SMARCBI-negative RT (G401) and
SMARCA4™¢ (BIN67) cell lines.**>* However, the three
SMARCBI-positive chordomas (UM-Chorl, MUG-Chorl,
and U-CH17M) and D98OR expressed SMARCA2. As
expected, SMARCB1 expression was not observed in the
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RT and the SMARCBI-negative chordoma cell lines
(Figure 1A). Of import, SMARCCI1 was not detected in any
of the chordomas, in contrast to the SCCOHT and RT cell
lines. SMARCC?2 expression varied among the chordoma
cell lines, with the highest levels found in UM-Chor1 and an
undetectable amount in U-CH17M. All cell lines expressed
BRD7, BRD9, SMARCDI, and SMARCE]I, albeit at
differing levels. Finally, all chordomas expressed lower
levels of BAF180 (PBRM1) compared with D9SOR except
UM-Chorl, which possesses a truncating mutation in this
gene.

Whether the absence of SMARCA?2 protein in the CH22
and UM-Chor5 cell lines reflected changes in mRNA
expression was explored next. Previous studies have shown
that loss of SMARCA2 expression in SMARCBI- and
SMARCAA4-deficient cell lines results from epigenetic
silencing of the gene.**”” Therefore, real-time quantitative
PCR was used to measure RNA expression, normalized to
positive control, the HeLa-derived D98OR cell line
(Figure 1B). The SMARCA4/A2"°¢ cell line, A427 (lung
adenocarcinoma), was also included as a second control for
silencing of SMARCA2 gene expression.”” Consistent with
the Western blot data, SMARCB1 mRNA expression was
undetectable in the CH22, UM-Chor5, and RT cell lines.
SMARCA4 and SMARCA?2 mRNA expression levels were
also consistent with observed protein expression levels in
the cell lines. Because DNA sequencing revealed no mu-
tations in the SMARCA?2 gene in CH22 or UM-Chor5,
these results implicate gene silencing as the likely mecha-
nism for the loss of expression.

Lack of SMARCBI expression in RTs, previously char-
acterized by a breadth of histologic and immunohisto-
chemical approaches, are nearly all caused by mutation,
deletion, loss of, or reduced RNA expression of the
SMARCBI gene found on chromosome 22q11.2.°° 7’
Given that loss of SMARCBI1 expression at the protein
level is nearly universal in RTs, loss of SMARCBI1 protein
expression by IHC has become a highly sensitive tool for
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Figure 3  SMARCB1 re-expression in SMARCB1-negative chordomas. A: Western blot indicating the effects of SMARCB1 protein expression on the levels of

both SWI/SNF ATPase subunits, p16™“*, and CD44 proteins in the PD chordoma (CH22 and UM-Chor5) and RT (G401 and TTC642) cell lines 72 hours after DOX
induction. Ku 70/80 was used as the loading control. B: Relative mRNA levels for SMARCBI 72 hours after DOX induction using real-time quantitative PCR and
normalized to D98OR GAPDH expression. The results confirm the induction of SMARCB1 protein in panel A came from transcription of the SMARCB1 transgene.
C: Growth curves demonstrate that SMARCB1 re-expression inhibits proliferation of the RT (G401 and TTC642) but not the PD chordoma (CH22 and UM-Chor5)
cell lines. Treatment of 1 ug/mL doxycycline (DOX) was added on days 1, 3, and 5. Media were replaced in untreated control wells on days 1, 3, and 5. The
growth curve is the average of three biological replicates on a log scale. D and E: SMARCB1 protein expression leads to reconstitution of the three major
subtypes of SWI/SNF complexes. Total nuclear protein from indicated cell lines immunoprecipitated with either rabbit IgG, anti-BRG1, anti-PBRM1, anti-
ARID1A, or anti-GLTSCR1 in the presence or absence of SMARCB1 protein expression. The expression of SWI/SNF subunits SMARCA4, BIRCA, BRD9, SMARCB1
was detected by Western blot analysis (Blot 1). The Western blots were then stripped and re-probed for the ARID1A and PBRM1 subunits (Blot 2). *Larger
molecular weight (M.W.) form of the SMARCB1 protein due to the addition of the HA and flag tags. t-test was performed: **P < 0.01, ***P < 0.001.

—, untreated control; +, treated with DOX (1 pg/mL); Ctr, no DOX.

diagnosis of this tumor.”’ Therefore SMARCBI status was
examined in chordoma tumor samples taken from both pe-
diatric and adult patients. As expected, seven well-
differentiated chordomas showed positive labeling for
BRACHYURY and four SWI/SNF complex subunits,
including SMARCBI1 (Supplemental Figure S1). A similar
result using a well-differentiated chordoma provided by the
Chordoma Foundation (Figure 2), CF466, was also
observed. Surprisingly, both SMARCBI-negative PD
chordomas, CF365 and SF10752, retained expression of
SMARCA4 and SMARCA2 (Figure 2). A third
SMARCB 1-negative PD chordoma sample, CHOP 13425-
159, also expressed SMARCA?2 (Supplemental Figure S2).
The expression of SMARCBI1 in normal endothelial cells
provides an internal positive control for the IHC. Because
the SMARCA2-negative UM-Chor5 cell line did not ex-
press SMARCAZ2, the current results implicate the loss of
SMARCAZ2 expression as an event during establishment of
this cell line.
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SMARCB1 Re-Expression Does Not Inhibit Chordoma
Proliferation

Re-expression of SMARCBI in RT cell lines inhibits their
growth within 48 hours.”®” To determine the effects of
SMARCBI re-expression of the growth of SMARCBI-
negative chordoma cell lines, the previously described
DOX-inducible SMARCB1 vector (pIND20-fSNF5-HA)
was introduced into the CH22 and UM-Chor5 cell lines
(CH22 and UM-Chor5) (Figure 3).** Although most cell
lines, such as D98OR, express two splice forms of the
SMARCBI (Figure 3A), herein, the larger splice form was
expressed, which was used in most studies. A single protein
was observed after re-expression of SMARCBI1 with a
larger molecular weight due to the addition of the HA and
flag tags. The levels of SMARCBI1 expression were char-
acterized by using Western blot analysis and real-time
quantitative PCR after induction from 24 hours up to 7
days to show that the PD chordoma and RT cells expressed
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SMARCBI1 mRNA levels similar to cells with a wild-type
SMARCBI gene (D9SOR).

SMARCBI protein expression was compared between
the PD chordoma (CH22 and UM-Chor5) and RT (G401
and TTC642) cell lines 72 hours after DOX induction
(Figure 3A). SMARCA4 protein levels did not change
significantly after SMARCBI re-expression. Induction of
SMARCA?2 was not observed in any of the cell lines. Next,
SMARCBI re-expression was confirmed at the mRNA level
by using real-time quantitative PCR (Figure 3B). The re-
expression of SMARCBI1 was statistically significant in all
the cell lines. As previously reported, induction of p16™K44
was observed in the RT cell lines.”® As expected, no
expression was observed in the pl6™<**_deficient PD
chordoma cells. Finally, the expression of a known down-
stream target of the SWI/SNF complex, CD44, was exam-
ined.” CD44 is a well-characterized cell surface receptor
with several isoforms expressed in epithelial cells.®":*”
Although SMARCBI re-expression appeared to increase
CD44 in the TTC642 RT cell line, re-expression was not
found in the CD44-negative G401 RT and PD chordoma
cell lines (Figure 3A). Finally, assembly of the SWI/SNF
complex after SMARCBI1 re-expression in the CH22 and
UM-Chor5 cell lines was confirmed by immunoprecipita-
tion (Figure 3, C and D).

The growth of the PD chordoma pIND20-fSNF5-HA cell
lines versus two previously engineered RT cell lines, G401-
and TTC642-pIND20-fSNF5-HA, after SMARCBI1 re-
expression was compared next. Growth was measured
over 7 days using live cell content capture quantification by
IncuCyte (Figure 3E).°* The results confirmed previous re-
ports of decreased rates of proliferation in RT cell lines
within 48 hours of SMARCBI re-expression.” Interest-
ingly, SMARCBI induction in the chordoma cell lines had
little effect on cell proliferation, as evidenced by their
continued growth. The absence of growth arrest after
SMARCBI re-expression in PD emphasizes the different
roles of SMARCBI1 loss in the tumor versus RTs and pro-
vides a new model system to identify the biological mech-
anisms by which loss of SWI/SNF function fuels
tumorigenesis.

SMARCB1 Re-Expression SWI/SNF Complex Formation
in Chordomas

Complete BAF and PBAF subtypes fail to form in
SMARCBI-deficient RT cell lines due to degradation of
multiple components.”**>" Therefore, immunoprecipita-
tion of four SWI/SNF components, BRG1, PBRMI,
ARID1A, and GLTSCRI1, was performed in the presence or
absence of SMARCBI1 followed by Western blot analysis to
determine the composition of the complexes (Figure 3, D
and E). Nuclear extracts were isolated from the two chor-
doma pINDUCER cell lines, CH22 and UM-Chor5, and
characterized by immunoprecipitation/Western blot analysis
as previously described.”
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Because SMARCA4 is present in all three complexes
(BAF, PBAF, and GBAF), it immunoprecipitated regardless
of SMARCBI expression, as expected (Figure 3, D and E).
In contrast, ARIDIA (present in BAF complexes) and
PBRM1 (present in PBAF complexes) only co-
immunoprecipitated with SMARCA4 after SMARCBI1 re-
expression in the CH22 cell line (Figure 3D). Similar re-
sults were seen for the UM-Chor5 cell line except that
ARIDIA still co-immunoprecipitated with SMARCA4 in
the absence of SMARCBI1 (Figure 3E). These findings
confirmed that, as with RTs, SMARCBI1 loss impaired the
assembly of BAF and PBAF complexes in PD chordoma.
Unexpectedly, more GBAF complex was immunoprecipi-
tated, identified by the presence of GLTSCR1 and BRD9,
after SMARCBI re-expression. However, GLTSCR1 did
not pull down SMARCBI1. The PBRMI1 antibody immu-
noprecipitated ARID1A after SMARCB1 re-expression in
the CH22, an unexpected result because the subunits appear
in different complexes in a mutually exclusive manner
(Figure 3D). Further studies are required to determine
whether this finding represents a phenomenon specific to the
CH22 cell line. However, the immunoprecipitation results
indicate that SMARCBI loss causes a similar loss of intact
BAF and PBAF complexes in both chordomas and RT cell
lines.

Chordomas Continue to Grow after p16™*“* Expression

Re-expression of SMARCBI in RT cell lines leads to cell
cycle arrest by evicting the polycomb complex 2 from the
p16™*A promoter and activating its expression.”” How-
ever, growth arrest was not observed after SMARCBI1 re-
expression in the chordoma cell lines (Figure 3C). In
contrast to RTs, a recent report showed that most primary
chordomas do not express pl6™ **/CDKN2A due to gene
mutation/deletion rather than epigenetic silencing.”* There-
fore, the effects of p16™“** re-expression were determined
on our panel of SMARCBI1-negative PD and RT cell lines.
To accomplish this goal, CH22 and UM-Chor5 PD and
G401 and TTC642 RT cell lines were generated with an
inducible p16™5** expression using the (pLX401-INK4a)
expression vector.

The absence of pl expression in the PD chordomas
was confirmed by Western blot analysis (Figure 1A). Next,
re-expression of p16™ ** protein and mRNA expression
were confirmed after 72 hours of induction in the CH22,
UM-Chor5, G401, and TTC642 cell lines (Figure 4, A and
B). Protein levels for SMARCA4 were not affected by

16™K4A re_expression. As expected, the expression of
p16™%4A did not induce SMARCBI expression in the
indicated cell lines.

The effect of pl6™ ** re-expression on cell cycle regu-
latory genes (Figure 4C) and cellular growth (Figure 4D)
was assessed next. Induction of p16™"** in RTs caused
decreased protein expression of cyclin-A and phosphory-
lated Rb (Figure 3D). This was in contrast with the PD

INK4A
6

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

SMARCBI Loss Drives Chordoma Progression

p16'N%*A Re-expression

pLX401-INK4a

« G401 TTC642 CH22 UM-Chor5
'3 - r
Q G401 TTC642 CH22 UM-Chor5 g5
g : = =
MWw. 8 - + - + - + - + 2
3
185 kD ST N SMARCA4 2104
47 kD| = SMARCB1 K
z
2 0.5+
&
16 kD\ — ‘1,1 6'NKea §
80 KD| ~—— vy — e e Ku 70/80 50-" T T T T T T T T
70 kD| — e e Y Ctr  +DOX Ctr  +DOX Ctr  +DOX Ctr  +DOX
C .: pLX407-INKSa D LX401-INK4a E ion Growth C
p -INK4a Expression Growth Curve
g ; G401 TTC642 CH22 UM-Chor5
mw, 8 35 - + - + - + - + 100003 et
3
110 kD[ 0-4. £ Ft b e = e 5|Rb : ® G401 pLX401-INK4a CNTL
§ -@- G401 pLX401-INK4a +DOX
120kD| " ifm= e esfes e o o |PRD 3 -4 TTC642 pLX401-INKda CNTL
‘s 4 -4-- TTC642 pLX401-INK4a +DOX
i g 1000 UM-Ch X401-INK4a CNTL
52 kD| — — I— o] 11, .} . 1 : o Ch::: pLX4 4a
H - pLX401-INK4a +DOX
<
2 —¥- CH22 pLX401-INK4a CNTL
16 KD | s -— - - *16|um g -¥- CH22 pLX401-INKda +DOX
P &
. S
45 kD v—vv—--—-r—-v—-p—-p—-_.—.——-ACtm o
o T T T T T T T T
Day0 Day1 Day2 Day3 Day4 Day5 Day6 Day7
E CH22 UM-Chor5 G401 TTC642
o ~
) n
I \).' °
- 2
o o =
© ® S
° I 2 /%
2 3
o o
o
v
o
© &
o 3 .
(] T +
A o
—
Q
2
B =
5 t H
Figure 4  p16™“* re-expression in chordomas and rhabdoid tumors (RTs). A: Western blot indicating the p16™“* expression in the PD chordomas. Cells

were harvested at 72 hours after induction of p16™*“A. Ku 70/80 was used as the loading control. B: Real-time quantitative PCR results indicating re-
expression of p16™ “* mRNA expression after 72 hours of induction in the CH22, UM-Chor5, G401, and TTC642 cell lines. Raw data normalized to GAPDH
expression. C: Western blot indicating the effect of p16™*“* re-expression on cell cycle regulatory genes 72 hours after induction of p16™*“*, Actin was used
as the loading control. The red box highlights the reduced expression of phosphorylated Rb (pRb) and cyclin-A in the RT cell lines after p16™*“* re-expression.
D: Growth curve of the indicated cell lines indicating the effect of p16™*“* re-expression. Cells were placed in IncuCyte for 7 days. Treatment of 1 pug/mL
doxycycline (DOX) was added on days 1, 3, and 5. Media were replaced in untreated control wells on days 1, 3, and 5. The growth curve is the average of three
biological replicates on a log scale. E: RT cell lines show evidence of senescence by B-galactosidase expression after the re-expression of p16™*“A. Images are
representative of 3 biological replicates. Arrows indicate B-galactosidase—positive cells. *Larger molecular weight (M.W.) form of the p16™ “* protein due to
the addition of a 6XHis tag. t-test was performed: ***P < 0.001. Scale bar = 270 pm. —, untreated control; +, treated with DOX (1 pg/mL); Ctr, no DOX.

chordomas, whereby the re-expression of p16™ ** caused
little to no change in protein levels of phosphorylated Rb or
cyclin-A, suggesting that PD chordomas remain in a state of
active cell cycle progression. To determine the effect of
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p16™*4 re-expression on the growth, a 7-day live content

capture growth assay was quantified by using the IncuCyte
system (Figure 4D). Within 48 hours of p16™%** induction,
there was a decrease in proliferation of both RTs along with
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Figure 5 Re-expression of SMARCA2 with epigenetic inhibitors. A and B: Western blots indicating re-expression of SMARCA2 in SCCOHT and chondroma cell
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cell lines.

a change in cellular morphology, suggestive of senescence,
as indicated in previous reports™ (Figure 4E). This contrasts
with the novel observation that PD chordomas are still
proliferating in the presence of pl6™ ** However, it is
important to note that the proliferation line in chordomas
differs between control and induced cells. This suggests that
chordoma growth is slowed by re-expression of pl16™ <44
but does not cause a state of cellular senescence.
To determine whether re-expression of pl16™*** induces
cellular senescence in PD chordomas, the standard
senescence-associated acidic [-galactosidase assay was
performed in PD chordomas and RTs after pl6™ 44
re-expression (Figure 3E). After 5 days of ple™K#
re-expression, minimal staining, approximately 4%
(£0.8%), was observed for B-galactosidase in both PD
chordomas. This contrasts with the RT cell lines in which
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23.1% (£5%) of G401 cells and 26.3% (£7) of TTC642
stained positive for B-galactosidase. These studies indicate
that the re-expression of pl16™*** induces cellular senes-
cence in RT cell lines. However, PD chordomas lack
sensitivity to both p16™%** and SMARCBI re-expression,
as shown by minimal evidence of growth arrest and in-
duction of cellular senescence.

Mechanisms of Gene Silencing Differ Among SWI/
SNF—Mutant Cancers

Several recent reviews have implicated epigenetic inhibitors
as potential treatment options for SWI/SNF mutant can-
cers.' %% In support of this paradigm, studies have shown
that histone deacetylase (HDAC) inhibitors can lead to
SMARCA?2 re-expression in SMARCB I-negative RT and
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Figure 6  SMARCB1 is a major driver of gene expression with differing impacts in poorly differentiated chordomas and rhabdoid tumors. A: PCA plot of
global gene expression between SMARCB1-inducible cell lines CH22, UM-Chor5, TTC642, and G401, as well as Chordoma Foundation samples. SMARCB1 positive
(light blue) and SMARCB1 negative (pink) are represented as triangles, squares, and circles for Chordoma Foundation samples, SMARCB1-inducible UM-Chor5
samples, and SMARCB1-inducible CH22 samples, respectively. PC1 and PC2 are shown on these axes along with their contributions to variance. B: PCA plot of
global gene expression between SMARCB1-inducible CH22 (blue), UM-Chor5 (orange), TTC642 (green), and G401 (red). PC1 and PC2 shown here with
respective contributions to variance. SMARCB1-positive and SMARCB1-negative samples are represented as a triangle or circle. C: Box plot of relative log,
gene expression (transcripts per million) changes among Switch/Sucrose Non-Fermentable (SWI/SNF) complex members after re-introduction of SMARCB1.
Within each cell line and each SWI/SNF complex member, the log, fold change was calculated between average gene expression values (transcripts per million)
across replicates for SMARCB1-positive and SMARCB1-negative samples, as seen on the y axis. The SMARCBI gene is represented as a square, and the others are
represented as a circle. SMARCB1-inducible cell lines CH22 (blue), UM-Chor5 (orange), TTC642 (green), and G401 (red) are shown. D: Reactome pathways and
—log,o adjusted P values calculated for differentially expressed genes in poorly differentiated chordoma cell lines CH22 (blue) and UM-Chor5 (orange). Up-
regulated gene pathways are shaded darker, and down-regulated gene pathways are shaded lighter. E: Reactome pathways and —log,o adjusted P values
calculated for differentially expressed genes in rhabdoid tumor cell lines TTC642 (green) and G401 (red). Up-requlated gene pathways are shaded darker,
and down-regulated gene pathways are shaded lighter. ECM, extracellular matrix; MET, mesenchymal-epithelial transition; VEGF, vascular endothelial growth
factor.

SMARCA4-negative SCCOHT cell lines consistent with UM-Chor5 and SMARCA4-negative COV434 cell lines

epigenetic silencing.”® Other studies have shown that were treated with either the HDAC inhibitor quisinostat (10
enhancer of zeste homolog 2 (EZH2) inhibitors can stop nmol/L) or the EZH2 inhibitor UNC1999 (10 pmol/L) for 5
proliferation of these same cell lines through induction of days. These inhibitors were chosen based on previous re-
p16™ 4 in the case of RT cell lines and an unknown ports establishing their effectiveness in reversing gene
mechanism for SCCOHT cells.’” Because of the lack of silencing in multiple human tumor cell lines, including
SMARCA? and p16™%4* expression in the chordoma cell SMARCA?2/A4—deficient SCCOHT cells.**** In addi-
lines, the effects of these epigenetic inhibitors on tion, UNC1999, developed at the University of North Car-
SMARCA?2 expression were investigated. olina at Chapel Hill, inhibits both EZH1 and EZH2.

To examine if SMARCA?2 expression could be activated Although both HDAC and EZH1/2 inhibitors caused re-
in PD chordomas, the SMARCBI-negative CH22 and expression of SMARCA2 in the SCCOHT cell line,
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SMARCA?2 re-expression was not observed with either
epigenetic inhibitor in the chordoma cell lines (Figure 5, A
and B). The expression of another gene, CD44, which could
be re-expressed in SMARCA4-deficient cell lines by
SMARCA4 re-expression and/or HDAC inhibitors, was
examined.”®* Although the HDAC inhibitor induced CD44
expression in the COV434 SCCOHT cell line, CD44
expression was not observed in either chordoma cell line
(Figure 5A). The EZH1/2 inhibitor did not lead to CD44 re-
expression in any of the cell lines. Treatment of RT and
SCCOHT cell lines with these epigenetic inhibitors has also
been shown to inhibit cell proliferation.®**”-*® Therefore,
whether either inhibitor affected the growth of the PD
chordoma cell lines was ascertained. As shown in
Figure 5C, quisinostat almost completely inhibited the
growth of the COV434 cell line at 5 nmol/L, whereas the
CH22 and UM-Chor5 cell lines required 50 nmol/L for a
near complete growth inhibition. However, response to
GSK-126 for all three cell lines appeared similar, with
significant inhibition of growth at 10 pmol/L (Figure 5D).
These findings implicate a different mechanism for gene
silencing in SMARCB 1-negative chordomas compared with
other cell lines with SWI/SNF complex deficiencies.

Differential Effects on Gene Expression after Re-
Expression of SMARCB1 on PD Chordoma and RT Cell
Lines

To further decipher the role of SMARCBI loss in the
development of PD chordomas, differentially expressed
genes after SMARCBI1 re-expression were identified by
RNA-sequencing. Comparisons were also made of differ-
entially expressed genes in the PD chordomas after
SMARCBI re-expression versus those found in RT cell
lines after SMARCBI1 re-expression as another way to
assess similarities and differences between these two
SMARCB /1 -deficient cancers (Figure 6). To further assess
the impact of SMARCBI status in global PD chordoma
gene expression, RNA-sequencing from our two
SMARCBI-negative PD chordoma lines, CH22 and UM-
Chor5, was compared with publicly available RNA-
sequencing data from SMARCBI-positive  well-
differentiated chordoma lines from the Chordoma Founda-
tion (Figure 6A). The levels of SMARCBI expression
accounted for 73% (PC1) of all RNA variance between PD
and well-differentiated chordoma cell lines. Next, gene
expression in the two PD chordoma cell lines with and
without SMARCB1 were compared with our two RT cell
lines under the same conditions. As expected, the largest
scale RNA differences were driven by the cancer types;
where PCl1 is attributed to the variances between PD chor-
domas or RTs, PC2 explains the differences within RT
subtypes, and PC3 describes the variance due to PD chor-
doma subtypes (Figure 6B and Supplemental Figure S3).
However, after accounting for the differences due to cancer
type, the next driving factor between samples was the
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presence or absence of SMARCBI as seen in PC4
(Supplemental Figure S3). This suggests that SMARCB1
status is a driving factor in these cancers.

Gene expression of all SWI/SNF complex members was
examined to ensure that the previous results were due to
SMARCBI induction alone in the DOX-inducible PD
chordoma and RT cell lines (Figure 6C and Supplemental
Figure 3). Induction of SMARCBI increased levels from
4- to 64-fold (Figure 6C) but had a minimal effect on
expression level changes of other SWI/SNF complex
members. This suggests that the induction and re-expression
of SMARCBI1 was specific and is the driving variable in
observed RNA-sequencing changes.

Gene expression and pathway changes that occurred after
SMARCBI induction in each cell line were identified and
compared with the PD chordomas and RT samples. Inter-
estingly, minimal overlap was observed between all four
samples (178 up-regulated, 35 down-regulated). Also, the
RTs had more differentially expressed genes in common
with each other (594 up-regulated, 382 down-regulated)
than PD chordomas had with each other (82 up-regulated,
45 down-regulated) (Supplemental Figure S3). This high-
lights the importance of cellular context in SMARCBI1
function. Of note, all four cell lines down-regulated
expression of RNA polymerase I subunit B (POLRI1B)
that is responsible for the transcription of rRNA. Likewise,
all four cell lines shared an up-regulation of the gene
ST6GALNAC?2, which plays a role in cell—substrate in-
teractions and protein targeting.

Pathway analyses on differentially expressed genes
showed that PD chordomas and RTs have dissimilar
pathway changes after SMARCBI1 induction (Figure 6, D
and E, and Supplemental Figure S3). Both RT cell lines had
down-regulation of cell cycle pathways, consistent with the
inhibition of growth observed after SMARCBI re-
expression. Decreased expression of cell cycle pathways
in PD chordoma cell lines was not observed, reflecting the
lack of significant growth inhibition by SMARCBI re-
expression. However, both PD chordoma cell lines
showed down-regulation of pathways involved in RNA and
rRNA processing. Pathways that were up-regulated after
SMARCBI re-expression presented a more complicated
picture (Figure 6, D and E). PD chordoma cell lines shared
up-regulation of degradation of extracellular pathways,
whereas the two RT cell lines showed common up-
regulation of membrane trafficking. Importantly, both PD
chordoma cell lines and the TTC642 RT cell line showed
the most significantly increased pathways as those regu-
lating extracellular matrix organization. Furthermore, the
CH22 PD chordoma and the TTC642 RT cell lines had
significant up-regulation of signaling by receptor tyrosine
receptors in common. The G401 cell line appeared to share
the least in common with the other three SMARCBI-
negative cell lines for up-regulated pathways (Figure 6, D
and E). These results suggest that, although SMARCBI re-
expression affected expression of different genes in each PD
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chordoma cell line, they converge onto similar pathways.
These findings highlight the context-dependent role that
SMARCBI loss plays in cell lines from different human
tumors.

Discussion

This study presents a comprehensive characterization of
SMARCBI-negative PD chordomas with an emphasis on
understanding how its loss may drive development of these
clinically aggressive tumors. Overall, the results show that
SMARCBI loss plays a relatively unique role in the etiol-
ogy of PD chordomas compared with the more extensively
characterized SMARCBI1-negative RTs. Although re-
expression of SMARCBI in deficient RT cell lines caused
a rapid inhibition of cell growth followed by the induction
of replicative senescence, its re-expression in PD chordoma
cell lines showed little effect on cellular proliferation. Thus,
these results imply that SMARCBI loss contributes to PD
chordoma development in a fundamentally different way
from its role in RT etiology.

Multiple studies have linked the growth arrest and
cellular senescence induced by SMARCBI re-expression in
RT cell lines to pl6™5** re-expression through eviction of
the PRC2 complex from its promoter.””° Loss of
SMARCBI affecting proliferation has been reported in
other SMARCB1-deficient cell lines, including renal med-
ullary carcinomas, although the role of pl16™<** re-
expression was not discussed.”” However, the majority of
chordomas, regardless of SMARCBI1 status, have genetic
inactivation of the CDKN2 (p16™*#*) gene, rendering them
incapable of its normal expression. Both SMARCB1-nega-
tive PD chordoma cell lines have deletions of p16™<** and
lack its expression (Figure 4A). However, unlike RT cell
lines, p16™ ** expression did not cause growth arrest and
cellular senescence in both PD chordoma cell lines,
consistent with a dysfunctional Rb pathway. This result
resembles those of previous publications showing that re-
expression of pl6™ ** in SMARCA4-deficient lung,
breast, and other carcinoma cell lines failed to induce
growth arrest without concomitant re-expression of
SMARCA4.”%"7* Thus, p16™***.induced growth arrest in
PD chordoma cell lines may require re-expression of
SMARCBI. The role of p16™%** in SMARCBI-induced
growth arrest seems consistent with previous reports in
other SMARCB 1-deficient tumor cell lines. Growth arrest
occurred in renal medullary carcinoma cells after
SMARCBI re-expression, another tumor that retains a wild-
type pl6™%** gene.’”* In contrast, Nakayama et al’' reported
that SMARCBI re-expression in three out of four human
SMARCB I-negative epithelioid sarcoma cell lines did not
induce growth arrest, another tumor in which 38% of pri-
mary tumors lack p16™5** expression.

Both SMARCBI1-negative PD chordoma and RT cell
lines lack expression of SMARCA?2, the mutually exclusive
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ATPase from SMARCA4 in SWI/SNF complexes. Loss of
SMARCA?2 expression by epigenetic silencing frequently
occurs in primary tumors and cell lines with inactivating
mutations of SMARCA4 or SMARCBI such as RTs,
SCCOHT, and lung adenocarcinoma.’>*’>"’® Consistent with
the paradigm, the PD chordoma cell lines did not express
SMARCA?2 protein (Figure 1, A and B). Surprisingly, pri-
mary PD chordomas retained robust expression of
SMARCAZ2 by IHC (Figure 2 and Supplemental Figure S2).
Thus, the current results implicate SMARCAZ2 loss as part
of the process of establishing PD chordoma cell lines in cell
culture. However, the possibility of selection for growth in
culture of a rare population of SMARCA2-negative PD
chordoma cells cannot be ruled out. The mechanism by
which loss of SMARCA2 expression occurs during this
process may also differ from the epigenetic silencing
observed in primary tumors. Although the current results
replicated previous studies with SMARCA?2 re-expression
in SCCOHT cell lines after treatment with HDACs and
EZH?2 inhibitors, the agents did not induce SMARCA2 re-
expression in PD chordomas. This result suggests that
SMARCA? is not epigenetically silenced in PD chordomas
or that more robust epigenetic inhibitor screens are needed.
These findings also indicate that additional SWI/SNF
complex members should be investigated as therapeutic
targets in PD chordoma (eg, BRD9 and BAF180).%*

Next-generation sequencing has revealed that more than
50% of human cancers harbor mutations in enzymes
involved in chromatin organization.'” Tumor cells are not
only activated by genetic and epigenetic alterations but also
routinely use epigenetic processes to ensure their escape
from chemotherapy and host immune surveillance. Hence, a
growing emphasis of recent drug discovery efforts has been
on targeting the epigenome.””’’""" Alternatively, the
development of small molecules to target SWI/SNF com-
plex members may provide novel treatment strategies for
PD chordomas and other SWI/SNF—mutant cancers.’”%
However, SMARCBI1 protein may prove an undruggable
target because it plays a critical role in genomic transcrip-
tional control. The Gene Ontology analysis of the gene
expression changes for SMARCBI re-expression in the PD
chordoma cell lines identified down-regulation of rRNA
pathways. This finding suggests that targeting the disruption
of the ribosome translational machinery may provide novel
therapeutic targets.”’ Additional investigation is necessary
to evaluate these subunits and drug classes as potential
therapeutic options in PD chordomas.

The current results support a model in which SMARCB 1
loss plays different roles in the initiation or progression of
tumorigenesis among SWI/SNF—mutant cancers. As a core
component of human BAF and PBAF SWI/SNF complexes,
loss of SMARCBI1 profoundly alters SWI/SNF complex
functions and/or specificity.”” ' If SMARCBI loss caused
similar chromatin changes across all cancers, we would
expect to observe similar patterns of gene expression
changes after SMARCBI re-expression. However, we saw
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significantly different gene expression alterations after
SMARCBI re-expression between the RT and PD chor-
doma cell lines. In RT cell lines, SMARCBI1 re-expression
caused changes in RNA expression of approximately 10
times more genes. In addition, enrichment was observed for
down-regulation of cell cycle pathways after SMARCBI1 re-
expression, consistent with induction of growth arrest in
culture. In contrast, our analysis of the RNA-sequencing
data identified an up-regulation of pathways involved in
development after SMARCBI1 re-expression in PD chor-
domas, supporting a role for SMARCBI loss in driving the
PD phenotype of these cancers.

We propose that SMARCBI1 loss acts as the singular
initiation event in the development of RTs, in the absence of
additional, consistent mutations in these cancers.>*®1 7% In
contrast, studies on chordoma biology and histopathology
suggest that PD chordomas develop from a well-
differentiated tumor, presumably after inactivation of the
SMARCBI gene.84 Thus, unlike RTs, PD chordomas
possess mutations in other classic oncogenes and tumor
suppressor genes such as CDKN2A, TP53, and EGFR.®*
Our SMARCBI1 re-expression studies in PD chordoma
and RT cell lines further support this model in which we
observed increased expression of differentiation genes in the
PD chordoma cell lines and up-regulation of cell cycle
regulatory genes in RT cell lines. Consistent with this
notion, a study by Vitte et al®> showed that early
SMARCBI loss causes RTs whereas loss at later stages
combined with NF2 gene inactivation causes schwannomas.
As with many SWI/SNF complex members, SMARCB1
seems to manifest its tumor suppressor functions through
changes in gene expression and chromatin accessibility.”"’
Therefore, the mechanisms by which SMARCBI1 loss con-
tributes to the initiation of RTs and to the progression of PD
chordomas may involve binding of SWI/SNF complexes to
different sites in the genome. Future epigenomic studies
determining changes in global SMARCBI1 binding and
chromatin accessibility experiments should identify addi-
tional unique and common binding sites for SWI/SNF
complex members to address this model.
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