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Purpose: BRDY is a defining component of the noncanonical
SWI/SNF complex, which regulates gene expression by control-
ling chromatin dynamics. Although recent studies have found an
oncogenic role for BRD9 in multiple cancer types including
multiple myeloma, its clinical significance and oncogenic mech-
anism have not yet been elucidated. Here, we sought to identify
the clinical and biological impact of BRD9 in multiple myeloma,
which may contribute to the development of novel therapeutic
strategies.

Experimental Design: We performed integrated analyses of
BRDY in vitro and in vivo using multiple myeloma cell lines and
primary multiple myeloma cells in established preclinical models,
which identified the molecular functions of BRD9 contributing to
multiple myeloma cell survival.

Results: We found that high BRD9 expression was a poor
prognostic factor in multiple myeloma. Depleting BRD9 by genetic

Introduction

The mammalian SWI/SNF complex (SWItch/sucrose nonfer-
mentable) is a chromatin-remodeling complex, which modulates
genomic architecture and DNA accessibility, thus controlling gene
expression (1-4). Nearly 25% of all cancer samples harbor muta-
tions in the genes encoding its subunits (5, 6). The mSWI/SNF
complex consists of three subfamilies: canonical BAF (cBAF),
polybromo-associated BAF (PBAF), and the recently identified
noncanonical BAF (ncBAF), each of which possesses common and
complex-specific subunits (7, 8).

BRD?9 is a component of the ncBAF complex and is an oncogene
in a variety of cancers (9). In SMARCBI-deficient malignant
rhabdoid tumors (10) and synovial sarcoma with SS18-SSX fusion
protein (11, 12), BRD9 promotes the survival of tumor cells, and its
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(shRNA) and pharmacologic (dBRD9-A; proteolysis-targeting
chimera; BRD9 degrader) approaches downregulated ribosome
biogenesis genes, decreased the expression of the master regulator
MYGC, and disrupted the protein-synthesis maintenance machinery,
thereby inhibiting multiple myeloma cell growth in vitro and in vivo
in preclinical models. Importantly, we identified that the expression
of ribosome biogenesis genes was associated with the disease
progression and prognosis of patients with multiple myeloma. Our
results suggest that BRD9 promotes gene expression by predom-
inantly occupying the promoter regions of ribosome biogenesis
genes and cooperating with BRD4 to enhance the transcriptional
function of MYC.

Conclusions: Our study identifies and validates BRD9 as a novel
therapeutic target in preclinical models of multiple myeloma, which
provides the framework for the clinical evaluation of BRD9 degra-
ders to improve patient outcome.

depletion suppresses tumor cell growth. Interestingly, unlike the cBAF
and PBAF complexes, mutations in the ncBAF complex are not
frequently reported in cancer (9). Instead, BRD9 expression tends to
be increased by amplifying BRD9 copy number. Although therapeutic
strategies targeting BRD9 are being explored (9-17), the mechanism of
BRD?9 in tumorigenesis has not been fully delineated. A recent study
showed that BRD9 degrader is a chemosensitizer in multiple myeloma
(MM; ref. 17); however, the in vivo efficacy and precise molecular
mechanism of action of BRD9 degradation-induced MM cell growth
inhibition have not been examined. Moreover, the biological impact of
BRD9 in patients with MM is still unclear.

Alterations in ribosome biogenesis and translational activity play a
critical role in cancer initiation and progression (18, 19). Ribosome
biogenesis promotes specific translation programs, independent of the
genetic makeup of the cancer (19-21), and plays a central role in
activating oncogenic downstream signaling in cancer cells (22). In fact,
recent studies have evaluated the inhibition of ribosome biogenesis as a
novel therapeutic approach (23-28).

Given BRD9’s importance in multiple cancers, we assessed its
significance and mechanism in MM, which is incurable and the second
most common hematologic malignancy (29). We found that BRD9
depletion decreased ribosome biogenesis and protein synthesis by
interrupting the formation of a transcription initiation complex, which
impacted survival and validates BRD9 as a potential novel therapeutic
target.

Materials and Methods

Cell lines

The L363, MM.1S, NCI-H929, RPMI8226, and U266 human MM
cell lines, as well as the HEK293T human embryonic kidney cell line,
were purchased from ATCC. MOLP-8 cells were purchased from
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Translational Relevance

BRD9 is a defining component of the noncanonical SWI/SNF
complex and has recently received attention as a therapeutic target
in several types of cancer, including multiple myeloma. However,
the mechanism of BRD9 in tumorigenesis, as well as the in vivo
efficacy and biological significance of its degradation, have not been
fully delineated. Here, we validated that BRD9 depletion impairs
multiple myeloma cell survival in the bone marrow microenvi-
ronment and in vivo. We found a novel function for BRD9 in
promoting ribosome biogenesis in multiple myeloma. Conversely,
BRD?9 depletion impairs ncBAF localization to its genomic targets,
thereby disrupting the ribosome biogenesis machinery. Because
overexpression of BRD9 and activated ribosome biogenesis play
critical roles in driving multiple myeloma tumorigenesis, our
results provide the rationale for further evaluation of BRD9
degraders as novel therapeutic options in multiple myeloma.

DSMZ. The KMM-1, KMS-11, KMS-12 PE, KMS-21 BM, KMS-26,
KMS-27, and KMS-34 cell lines were obtained from JCRB (National
Institute of Health Sciences). OPM2 cells were provided by
Dr. Naoki Hosen (Osaka University). The MM.1R cell line was
obtained from Dr. Steven Rosen. All MM cell lines were cultured in
5% CO, at 37°C in RPMI1640 medium (Thermo Fisher Scientific)
containing 10% FBS (Sigma-Aldrich), 2 mmol/L L-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen).
HEK293T cells were cultured in DMEM (Thermo Fisher Scientific)
containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin. Cell lines were used within 3 months after thawing.
Mycoplasma contamination was checked for using the MycoAlert
Mycoplasma Detection Kit (Lonza).

Primary patient MM cells and bone marrow stromal cells (BMSC)

According to the Declaration of Helsinki, primary patient MM cells
were obtained from bone marrow aspirates of patients with MM with
written informed consent. Mononuclear cells were separated using
Ficoll-Paque PLUS (GE Healthcare Bio-Sciences). Primary MM cells
were further purified by CD138" selection using anti-CD138 mag-
netic-activated cell separation microbeads (Miltenyi Biotec). CD138™
mononuclear cells were used to establish long-term BMSCs. All
experiments with patient samples were performed according to a
protocol approved by the Institutional Review Board of the Dana-
Farber Cancer Institute.

Cell viability assay

Viable cells were determined using MTT (Sigma-Aldrich), as
described previously (30). Briefly, cultured cells (100 uL/well) were
pulsed with 10 uL of MTT solution (5 mg/mL) in 96-well plates and
incubated for another 4 hours. After mixing with 100 uL of
isopropanol containing 0.04 N HCI, absorbance was measured at
570 nm, with 620 nm as a reference wavelength using a SpectraMax
M3 microplate reader (Molecular Devices LLC). For primary MM
cells, viable cells were determined using CellTiter-Glo Luminescent
Cell Viability Assay (Promega), as described previously (30).
Briefly, cultured cells (100 uL/well) were mixed with 100 pL of
CellTiter- Glo reagent in 96-well opaque-walled plates and incu-
bated for 10 minutes at room temperature. Luminescence was
recorded using a SpectraMax M3 microplate reader (Molecular
Devices LLC).
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Cell-cycle analysis

As described previously (30), cells were fixed with 70% ethanol for
20 minutes at 4°C and washed with PBS twice. Cells were then
incubated with 5 ng/mL RNase (Roche) in PBS for 30 minutes at 37°C
and then suspended in PBS containing 10 pg/mL propidium iodide
(Sigma-Aldrich). The stained cells were analyzed using flow cytometry
(BD FACSFortessa; BD Biosciences), and the cell-cycle distribution was
determined using the ModFit LT software (Verity Software House).

Apoptosis assay

Apoptotic cells were determined using FITC Annexin V Apoptosis
Detection Kit I (BD Biosciences), as described previously (30). After
washing with ice-cold PBS twice, cells were resuspended in 1x binding
buffer (10 mmol/L Hepes-NaOH, pH 7.4, 140 mmol/L NaCl,
2.5 mmol/L CaCl,), incubated with FITC-conjugated Annexin V for
15 minutes at room temperature, and then analyzed using flow
cytometry (BD FACSFortessa; BD Biosciences).

gqRT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen).
Complementary DNA was then synthesized from 1 mg of total RNA
with oligo(dT) primers using the Superscript IV Master Mix (Thermo
Fisher Scientific). qRT-PCR was carried out using Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific) and QuantStudio 6 Flex
Real-Time PCR System (Applied Biosystems). The relative amount of
each transcript was determined using the relative standard curve
method. The values were normalized to invariant control GAPDH
expression. Specific primers for each gene are listed in Supplementary
Materials and Methods.

Immunoblotting

Cells were washed with PBS and lysed in RIPA buffer (Cell Signaling
Technology) with PMSF (Cell Signaling Technology). The lysates were
incubated for 30 minutes at 4°C and then centrifuged at 14,000 rpm for
10 minutes at 4°C; supernatants were used as whole-cell lysates. After
protein concentration was determined using the Bio-Rad Protein
Assay (Bio-Rad Laboratories), samples were mixed with 4x Laemmli
SDS-Sample Buffer (Boston BioProducts Inc.), boiled at 95°C for 5
minutes, and separated by SDS-PAGE. Separated proteins were dry-
blotted onto nitrocellulose iBlot Transfer Stacks in iBlot Gel Transfer
Devices (Thermo Fisher Scientific) for 7 minutes. The membranes
were blocked in TBS containing 0.1% (v/v) Tween 20 and 5% (w/v)
nonfat dry milk for 1 hour at room temperature; immunoblots were
then carried out using the antibodies described in Supplementary
Materials and Methods and visualized using ECL Prime Western
Blotting Detection Reagent (Cytiva). The membranes were re-
probed after stripping off antibodies with OneMinute Plus Western
Blot Stripping Buffer (GM Biosciences).

Co-immunoprecipitation (Co-IP) assay

Co-IP was performed using either the Pierce Co-Immunoprecipitation
Kit (Thermo Fisher Scientific) or the nuclear complex Co-IP Kit (Active
Motif), according to the manufacturer’s instructions. A total of 1 mg of
whole-cell lysate or 200 to 300 [g of nuclear extract was used for Co-IP
with 1 to 2 pg of antibodies listed in Supplementary Materials and
Methods. Protein G Agarose Columns (Active motif) were used to
capture the nuclear protein/antibody complex.

Expression plasmids

Lentivirus packaging plasmids (psPAX2 and VSV-G) and pLKO-
based expression plasmids were obtained from the Broad Institute. An
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shRNA vector against luciferase (shLuc) was used as a negative control
for sh-mediated knockdown experiments. The TRC clone ID and
target sequence of each vector is described in Supplementary Materials
and Methods. The TurboGFP-IRES-luciferase bicistronic expression
vector (MSCV-TurboGFP-IRES-Luc) was generated as described
previously (30).

Viral production and infection for overexpression and
knockdown of specific proteins

As described previously (30), 1 day before transfection, 293T
packaging cells were plated into 6-well plates at a density of 6 X
10° cells/well. Cells were cotransfected with 1 g of expression plasmid,
1 ug of psPAX2, and 200 ng of VSV-G for lentivirus packaging, or with
1 ug of pMSCV, 1 pg of pMD-MLV, and 200 ng of VSV-G for
retrovirus packaging, using TransIT-LT1 Transfection reagent (Mirus
Bio) according to the manufacturer’s instructions. One day after
transfection, cells were refed with fresh medium containing 30%
(v/v) FBS. After 24 hours, medium containing virus was harvested,
passed through 0.45 umol/L cellulose acetate membrane filters, and
used fresh for infection. MM cells were spinocculated with viral
supernatant in the presence of 8 pg/mL polybrene at 800 x g for
30 minutes at room temperature and further infected in 5% CO, at
37°C for 5 hours. After 24 hours, lentivirus-infected cells were selected
with puromycin dihydrochloride (Sigma-Aldrich) at 1 ug/mL for
2 days. For the generation of OPM2-TurboGFP-Luc, TurboGFP-
Luc expressing cells were selected using a cell sorter (BD FACSAria
III; BD Biosciences). The human MYC expression vector was con-
structed by amplifying MYC cDNA using PCR and inserting into
the pLenti-DDK-P2A-Puro empty vector (OriGene Technologies,
PS100092).

Nuclear staining and live-cell imaging

The stain was prepared by mixing 1 mL of PBS with 1 uL of Nuclear-
ID green/red detection reagent (Enzo Life Sciences). Cells cultured in
6-well plates at 80% confluence were washed once with PBS. A mixture
0f 250 uL of stain mix and 250 UL of complete media was added to each
plate. Plates were incubated at 37°C in a humidified incubator with 5%
CO, for 15 minutes. Live-cell nucleolar images were captured using
Leica THUNDER imager at 63x magnification. The numbers of
nucleoli were counted in at least 100 cells in each sample. Experiments
were repeated three times. Significance was determined using a f test
and all error bars indicate SD.

Polysome profiling

Polysome profiling was performed as described previously (31).
After pretreatment with DMSO or dBRD9-A (100 nmol/L) for
48 hours, cycloheximide (100 pg/mL) was added to OPM2 cells for
15 minutes before lysis to freeze ribosomes on mRNAs in the elon-
gation phase. Approximately 1 x 107 cells were lysed in hypotonic
buffer (5 mmol/L Tris-HCI pH 7.5, 1.5 mmol/L KCI, 2.5 mmol/L
MgCl,, 0.5% Triton X-100, 0.5% deoxycholate, 2 mmol/L DTT)
containing 100 pg/mL cycloheximide, 0.2 U/mL RNase inhibitor, and
proteinase inhibitor cocktail (Abcam) on ice for 20 minutes. Equal
amounts of A4 absorbance from each sample were loaded onto a 10%
to 50% sucrose gradient solution and centrifuged at 35,000 rpm for
2 hours. RNA absorbance of each fraction was monitored at 254 nm to
detect ribosomal subunits.

Protein synthesis assay

After pretreatment with DMSO or dBRD9-A (100 nmol/L) for
72 hours, samples were further processed according to the manufacturer’s
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instructions using Protein Synthesis Assay Kit (Cayman Chemical).
Cells were then resuspended with OPP Working Solution for
30 minutes at 37°C, washed and stained with the 5 FAM-Azide
Staining Solution, and analyzed by flow cytometry (BD FACSFortessa;
BD Biosciences).

GEP analysis

Gene Expression Omnibus data sets [GSE39754 (32) and GSE6477
(33)] and the MM Research Foundation (MMRF) CoMMpass
(ClinicalTrials.gov identifier: NCT01454297) data sets were used for
gene expression analyses. The 220155_s_at and 284559 were used for
BRDY on Affymetrix Human Genome UI133A Array or Human
Exon 1.0 ST Array. Ribosome biogenesis signature was analyzed
according to the expression of genes as defined by ribosome biogenesis
(biological process ontology) in the Molecular Signature Database
(MSigDB; https://www.gsea-msigdb.org/gsea/msigdb/). Violin plots
and Kaplan-Meier curves are depicted using GraphPad Prism9 soft-
ware. To analyze the activity of the ribosome biogenesis pathway in
primary MM cells, we used RNA-sequencing (RNA-seq) data from
319 newly diagnosed patients with MM who were enrolled in the
Intergroupe Francophone du Myélome (IFM)/DFCI 2009 study
(34, 35) and analyzed with single-sample gene set enrichment analysis
(ssGSEA; ref. 36).

Genome-wide CRISPR-knockout screening data analysis

DepMap (https://depmap.org/portal/) analysis of the dependency
of a panel of tumor cell lines on individual genes was conducted using
the most recent (January 2022) CRISPR (DepMap 21Q4 Public
21Q4+Score, Chronos) database.

Xenograft model

For the disseminated model, we intravenously injected 1 x 10°
OPM2 TurboGFP-Luc cells into 6-week-old female NOD.Cg-
Prkdc*id Iergtmlel/Sz] (NSG) mice (Jackson Laboratory). Tumor
burden was serially monitored by BLI using the IVIS Imaging System
and Living Image Software (PerkinElmer). After tumor engraftment,
the mice were randomly divided into two groups and then intraper-
itoneally treated with dBRD9-A at 50 mg/kg or vehicle (DMSO in 10%
of hydroxypropyl-B-cyclodextrin) once a day for 3 weeks.

For the plasmacytoma model, we subcutaneously injected 5-week-
old female NOD.CB17-Prkdc**¥/NCrCrl (NOD/SCID) mice (Charles
River Laboratories) in the right flank with 5 x 10° OPM2 TurboGFP-
Luc cells mixed with PBS and 50% Matrigel. The mice were serially
imaged after inoculation. In parallel, tumor size was measured using an
electronic caliper, and tumor volume was determined using the
formula: (length x width®) x 27, where length is greater than width.
After tumor engraftment was confirmed by BLI signal and tumor size
measurement, the mice were randomly divided into two groups and
then intraperitoneally treated with dBRD9-A at 50 mg/kg or vehicle
once a day for 3 weeks, as described previously (11). Animal studies
were performed under a protocol approved by the Dana-Farber
Institutional Animal Care and Use Committee.

Quantification of nucleolar organizer regions by silver staining

The paraffin-embedded tumor slides from mice were deparaffinized
in xylene, hydrated using a graded series of alcohol, and assessed for
argyrophilic nuclear organizing regions (AgNOR) according to a
modified protocol (37). Cells were fixed in 2% glutaraldehyde followed
by postfixation in ethanol-acetic acid solution (3:1), stained using a
0.33% formic acid-33.3% silver nitrate solution in 0.66% gelatin, and
then mounted on slides using SlowFade Diamond Antifade Mountant
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(Invitrogen). AgNOR numbers in at least 100 cells on each slide were
quantified at 100X magnification. Experiments were repeated three
times.

IHC analysis

Subcutaneous tumors were excised and fixed in 4% paraformalde-
hyde overnight and stored in 70% ethanol. IHC staining was per-
formed in iHisto Inc., using the antibodies described in Supplementary
Materials and Methods.

RNA-seq and polysome-seq

Total RNA was extracted from OPM2 and H929 cells using
the RNeasy Plus Mini Kit (Qiagen) after 24 hours of treatment with
100 nmol/L of dBRD9-A or DMSO, or after 48 hours of puromycin
selection following shBRD9 or shLuc transduction in biological
triplicate. For polysome-seq, all polysome (>3 ribosomes) fractions
were pooled, and total RNA was extracted from the same volume of
each sample using TRizol Plus RNA Purification Kit (Thermo
Fisher Scientific) in biological triplicate. Library preparation was
performed in the Molecular Biology Core Facilities at the Dana-
Farber Cancer Institute using Roche Kapa mRNA HyperPrep
strand-specific sample preparation reagents from 200 ng of purified
total RNA on a Beckman Coulter Biomek i7. The finished dsDNA
libraries were quantified using the Qubit fluorometer and Agilent
TapeStation 4200. Uniquely dual-indexed libraries were pooled in
an equimolar ratio and shallowly sequenced on an Illumina MiSeq
to evaluate library quality and pool balance. The final pool was
sequenced on an Illumina NovaSeq 6000 with paired-end 100bp
reads at the Dana-Farber Cancer Institute Molecular Biology Core
Facilities. RNA-seq and polysome-seq data are in the Gene Expres-
sion Omnibus (GEO) database (GSE197487).

Chromatin immunoprecipitation (ChIP)-seq

For ChIP experiments, OPM2 cells were harvested following 6 or
24 hours of treatment with 100 nmol/L of dBRD9-A or DMSO in
biological duplicate. ChIP experiments were performed using the
SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology)
with minor modifications. Briefly, cells were cross-linked for 10
minutes with 1% formaldehyde at room temperature. This reaction
was subsequently quenched with 125 mmol/L glycine for 5 minutes,
and 5 to 10 million fixed cells were used per ChIP experiment.
Chromatin from fixed cells was fragmented with Micrococcal nuclease
for 20 minutes at 37°C followed by sonication with a Q700 Sonicator
(Qsonica), and the solubilized chromatin was incubated with the
indicated antibody (listed in Supplementary Materials and Methods)
overnight at 4°C. For BRD9 ChIP and GLTSCR1 ChIP, spike-in
normalization was performed using spike-in Drosophila chromatin
(Active Motif) and spike-in antibody against Drosophila-specific
histone H2Av (Active Motif), according to the manufacturer’s instruc-
tions [ChIP-Rx (Reference exogenous normalized)]. Antibody-
chromatin complexes were pulled down by incubation with protein
G magnetic beads for 2 hours at 4°C, washed, and eluted. Immuno-
precipitated DNA was treated with Proteinase K and purified.

Library preparation was performed in the Molecular Biology Core
Facilities at the Dana-Farber Cancer Institute using Swift S2 Acel
reagents on a Beckman Coulter Biomek i7 liquid handling platform
from approximately 1 ng of DNA and 14 cycles of PCR amplification.
Sequencing was performed on an Illumina NovaSeq6000 with paired-
end 150 bp reads. The ChIP-seq data in this study have been deposited
in the GEO database (GSE197486).
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RNA-seq and ChIP-seq data analysis

RNA-seq fastq files were aligned to GRCh37/hg19 and normalized
using STAR. Differential expression data were obtained using the
DEseq algorithm. These analyses were all done through the Basepair
analysis platform (http://www.basepair.io).

ChIP-seq analysis was performed using pipelines on the omics
analysis platform Basepair (http://www.basepair.io). ChIP fastq files
were trimmed to remove adapter and low-quality sequences using
trim_galore and aligned to the UCSC genome assembly hgl9 using
Bowtie2. For spike-in normalized ChIP-seq experiments, reads were
separately aligned to hgl9 and dm3 using Bowtie2. Duplicate reads
were removed using Picard Mark Duplicates. Peaks were detected
using MACS2 using a P value cutoff of 10>, Peaks were annotated to
genomic features (Promoter, Gene body, Intergenic) using custom
scripts on the Basepair platform, based on the UCSC database for hg19.
ChIP-seq data visualizations were generated using the EaSeq analysis
software (38).

Statistical analysis

For statistical comparison, a two-tailed Student ¢ test was performed
between two groups, assuming a normal distribution. ICs values were
determined by nonlinear regression using GraphPad Prism9 software.
Univariate and multivariate analyses of prognostic factors related to
survival were performed using the Cox proportional hazards model.
The log-rank test was carried out to assess the significance of survival
differences using GraphPad Prism9 software. A value of P < 0.05 was
considered statistically significant.

Data availability

RNA-seq and ChIP-seq data have been deposited in the GEO
database under SuperSeries accession number GSE197492, which is
comprised of GSE197486 and GSE197487.

Results

BRD9 loss-of-function reduces MM cell growth in vitro and in
vivo

We first used publicly available data from the DepMap project to
assess the correlation between BRD9 knockout (KO) and cancer cell
growth (39). Across 971 cancer cell lines, when BRD?9 is targeted with
CRISPR-Cas9, MM cell lines collectively rank as the third most
affected in terms of fitness, following the known BRD9-dependent
cancers synovial sarcoma and malignant rhabdoid tumor (Supple-
mentary Fig. S1A). Although this effect seems small, it suggests a
dependence on BRDY in a subset of MM cells. Similar analyses
performed on other mSWI/SNF genes in MM cells further indicated
that the cBAF, PBAF, and ncBAF complexes are functionally distinct
(Supplementary Fig. S1B), as components of those subcomplexes had
similar effect sizes on fitness.

We next investigated the gene expression of BRD9 in primary
MM patient cells. We found that BRD9 tended to be highly
expressed in patient MM cells compared with normal plasma
cells (GSE39754, P = 0.045; GSE6477, P = 0.185; Fig. 1A; Sup-
plementary Fig. S1C) and that higher BRD9 expression was asso-
ciated with poor overall survival (GSE39754, P = 0.049; MMRF
CoMMpass, P < 0.001; Fig. 1B; Supplementary Fig. S1D). Impor-
tantly, these results maintained significance in a multivariate anal-
ysis with other risk factors [MMRF CoMMpass, HR = 1.636; 95%
confidence interval (CI), 1.105-2.421; P = 0.014; Supplementary
Table S1].
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We next examined the effects of pharmacologic downregulation
of BRD9 in MM cells using dBRD9-A, a potent and selective BRD9
chemical degrader (11). We first confirmed the results of DepMap by
using BRD9 shRNA in the MM cell lines OPM2, H929, and MM.1S
(Supplementary Fig. S1E). Then we treated OPM2 and H929 cells with
dBRD9-A, which significantly degraded BRD9 without affecting the
expression of other BRD family members or the BAF chromatin
remodeling complex ATPase subunits SMARCA2/4 (Fig. 1C; Sup-
plementary Fig. S1F). dBRD9-A treatment for 5 days inhibited growth
in a panel of MM cell lines, with an ICs, of 10 to 100 nmol/L (Fig. 1D).
Several cell lines were found to be less-sensitive and/or resistant to
dBRD9-A, but this was not correlated to BRD9 expression level (r =
—0.113; P = 0.655; Supplementary Data S1). OPM2 and H929 were
selected for use in subsequent studies, as they exhibited medium-high
sensitivity to dBRD9-A. In addition, dBRD9-A treatment of patients’
MM samples resulted in a 40% to 60% reduction in cell viability, with
minimal effects on the normal components of the bone marrow
(Fig. 1E and F; Supplementary Fig. S1G). In contrast, dBRD9-A did
not affect the viability of peripheral blood mononuclear cells (PBMC)
from healthy volunteers (Supplementary Fig. SIH), suggesting a
favorable therapeutic index.

We next examined the molecular mechanism whereby dBRD9-A
triggers MM cell growth inhibition. In 96-hour cultures, dBRD9-A
induced G; cell-cycle arrest in both OPM2 and H929 cells in a time-
dependent manner (Fig. 1G; Supplementary Fig. S1I). dBRD9-A also
triggered apoptosis after 96 hours, evidenced by annexin V staining
(Fig. 1H; Supplementary Fig. S1J). Inmunoblotting analyses further
confirmed dose-dependent activation of apoptotic signaling, associ-
ated with the cleavage of caspases-8, -9, -3, and PARP (Fig. 1I). Taken
together, these results indicate that dBRD9-A causes cell-cycle arrest
followed by apoptosis.

BMSCs and soluble factors, including IL6 and IGF-1, promote MM
cell growth, survival, and drug resistance (40, 41). We therefore
examined whether dBRD9-A still maintains its cytotoxic effect against
MM cells in the presence of exogenous IL6 or IGF-1 and found that
neither inhibited dBRD9-A-induced cytotoxicity in OPM2 or H929
cell lines after 5 days of treatment (Fig. 1J). Furthermore, we cultured
OPM2 and H929 cells with and without BMSCs and found that
dBRD9-A still significantly inhibited BrdUrd uptake after 5 days of
treatment (Fig. 1K).

We next examined the effect of dBRD9-A in vivo using a
xenograft murine model of human MM. We first engineered OPM2
cells to express luciferase (Luc) and then intravenously injected
these cells into NSG mice. After systemic engraftment, we ran-
domized mice to receive either dBRD9-A (50 mg/kg, once a day)
or vehicle via intraperitoneal injection for 21 days, with equivalent
bioluminescence imaging (BLI) intensity in each group (n = 8
for each group; Supplementary Fig. S1K). dBRD9-A treatment
significantly inhibited OPM2 tumor growth, evidenced by BLI,
and improved overall survival when compared with the vehicle-
treated control group (Fig. 1L and M; Supplementary Fig. SIL),
without causing significant body weight loss (Supplementary
Fig. SIM). To evaluate dBRD9-A in a plasmacytoma model, we
subcutaneously injected OPM2 TurboGFP-Luc cells into NOD/
SCID mice and then treated them with dBRD9-A (50 mg/kg, once a
day) or vehicle control after tumor engraftment. As in our intra-
venous model, dBRD9-A treatment for 21 days also significantly
inhibited tumor growth, evidenced both by BLI and tumor size
measurement (Supplementary Fig. SIN-S1P), and improved over-
all survival when compared with the vehicle-treated control group
(Supplementary Fig. S1Q).

AACRJournals.org

Altogether, these results show that BRD9 expression is positively
correlated with MM cell growth and that the pharmacological degrader
dBRD9-A is effective at reducing MM cell growth without harming
healthy cells and is well tolerated in vivo.

Induction of synergistic MM cell growth inhibition by BRD9
degradation

BRD9 degraders are more effective than small molecule inhibi-
tors (11, 42) and are promising novel agents for clinical application
(43). However, combination therapy with proteasome inhibitors
and immunomodulatory drugs (IMiD) is the standard treatment
option for MM, and these drugs alter proteolysis efficiency and
targeting, which affects BRD9 degradation. Therefore, we sought to
find rational candidates for combination therapy with dBRD9-A
(Supplementary Fig. S2A). Several small molecules, including the
CDXK4/6 inhibitor palbociclib, activate proteasome activity (44-46).
Indeed, palbociclib, as well as the conventional myeloma agents
melphalan and dexamethasone, demonstrated synergistic growth
inhibition with dBRD9-A in OPM2 and H929 cells (Supplementary
Fig. S2H). In particular, dexamethasone induced a strong syner-
gistic effect in OPM2, H929, and MM.1S cells, but not in MM.1R
cells, consistent with a previous report that BRD9 restricts binding
of glucocorticoid receptors (47).

BRD9 expression is positively correlated with ribosome
biogenesis

Although our results showed that BRD9 depletion had a growth
inhibitory effect on MM cells, the in vitro sensitivity of MM cell lines to
dBRD9-A varied widely (Fig. 1D). Our initial screening across cell
lines did not show a correlation between dBRD9-A susceptibility and
BRD9 expression level (r = —0.113; P = 0.655; Supplementary Data
S1), the presence of mutations in subunits of the mSWI/SNF complex
(likely due to their low frequency; ref. 48), or the genetic subset of MM
(Supplementary Fig. S2B). Therefore, to find the mediators of suscep-
tibility to BRD9 depletion, we analyzed the correlation between the
expression level of each gene and either the IC5, of dBRD9-A in our
tested cell lines or the genetic perturbation value obtained by DepMap
(Fig. 2A; ref. 39). Next, we divided the genes into two groups, those
with a positive versus negative correlation, and then performed GSEA
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Path-
ways (49) and Reactome Pathways (50) separately on each group. For
the positively and negatively correlated genes, respectively, we found
that 38 and 65 pathways were enriched in the dBRD9-A treatment
group, whereas 234 and 28 pathways were enriched in the CRISPR-
Cas9 KO treatment group (Fig. 2B; Supplementary Fig. S2C). Among
the pathways shared by dBRD9-A and CRISPR-Cas9 KO were the
ribosome, translation initiation and elongation, and rRNA processing
pathways. Those pathways were in the negative correlation group
(Fig. 2C), suggesting that BRD9 depletion-sensitive cell lines had
higher ribosome biogenesis and translational activity.

Importantly, ribosome biogenesis genes (as defined by Gene Ontol-
ogy) were highly expressed in patient MM cells compared with normal
plasma cells (GSE39754, P = 0.032; GSE6477, P < 0.001; Fig. 2D;
Supplementary Fig. S2D). Moreover, higher expression of ribosome
biogenesis genes was associated with poor overall survival (GSE39754,
P = 0.031; MMRF CoMMpass, P < 0.001; Fig. 2E; Supplementary
Fig. S2E). On the other hand, there was no clear correlation between
these ribosome biogenesis signatures and genetic background (Sup-
plementary Fig. S2F). Taken together, these data demonstrate that
enhanced ribosome biogenesis activity in MM is positively correlated
with poor prognosis and BRD9 expression.
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Figure 1.

Clinical impact and biological significance of BRD9 in multiple myeloma (MM) in vitro and in vivo. A, Comparative GEP analysis of BRD9 expression between normal
plasma cells and MM cells (GSE39754). B, Overall survival relative to BRD9 expression in patients with newly diagnosed MM (GSE39754). C, Immunoblot analysis for
BRD9, BRD7, BRD4, and BRD2 using GAPDH as a loading control after treatment with dBRD9-A for 24 hours at the indicated doses in OPM2 and H929 cells. D, MM cell
lines were cultured with the indicated concentrations of dBRD9-A for 5 days. Viable cells were determined by MTT assay. E, CD138" primary MM cells separated from
the BMMCs of 6 patients with MM were treated with or without dBRD9-A (1 umol/L) for 3 days. The cell viability was assessed by CellTiter-Glo assay. F, BMMCs from
patients with MM were cultured with or without dBRD9-A (1 umol/L) for 48 hours and analyzed using multichannel flow cytometry. Viability of CD138-positive MM
cells and CD138-negative normal BM stromal cells was determined by Annexin V and propidium iodide (PI) staining.  (Continued on the following page.)
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BRD9 depletion downregulates ribosome biogenesis

With a positive correlation between BRD9 expression and ribosome
biogenesis established, we next sought to confirm the inverse: that
BRDY depletion would result in less biogenesis. After dBRD9-A
application or BRD9 knockdown using shRNA, a total of 766 or
1,413 genes were upregulated, whereas 597 or 1,436 genes were
downregulated, respectively, compared with control cells (Padj <
0.05; Supplementary Data S2), and ribosome biogenesis and rRNA
processing were the pathways most significantly downregulated in
both experimental settings (Fig. 3A-C; Supplementary Fig. S3A and
S3B). Furthermore, by overlapping differentially expressed genes,
GSEA listed ribosome biogenesis and rRNA processing at the top of
the list, using DAVID Bioinformatics Resources (refs. 51, 52; Fig. 3A).
Importantly, gene sets involved in translation were also markedly
downregulated (Supplementary Fig. S3C). qRT-PCR confirmed
reduced mRNA expression of MYC and ribosome biogenesis genes
after dBRD9-A treatment and after BRD9 knockdown in OPM2
and H929 cells (Fig. 3D and E; Supplementary Fig. S3D-S3E).
Furthermore, we observed that the expression of representative pro-
teins (i.e., RRS1, PES1, and BOP1) was also consistently decreased by
both dBRD9-A treatment and BRD9 knockdown in OPM2 and H929
cells (Fig. 3F and G; Supplementary Fig. S3F-S3G). These results were
further confirmed in primary MM patient cells (Fig. 3H and I) and by
IHC analysis in tumor resected from dBRD9-A-treated xenograft
mice (Fig. 3J). Taken together, these results suggest that MYC and
ribosome biogenesis genes/proteins are downstream targets of BRD9.

Indeed, we observed a significant decrease in 47S pre-rRNA levels
after treatment with dBRD9-A in OPM2 and H929 cells (Fig. 4A), and
in patient samples, a decrease in 47S pre-rRNA, 18S, 5.8S, and 28S
rRNA (Fig. 4B), consistent with downregulated transcription of RNA
polymerase I (Supplementary Data S3). In contrast, 5S rRNA, regu-
lated by RNA polymerase III, was not altered by dBRD9-A treatment.
We also observed a significant reduction in nucleolar number upon
dBRD9-A treatment (Fig. 4C). Polysome profiling of cytosolic extracts
from OPM2 cells treated with dBRD9-A showed significantly fewer
ribosomal subunits and actively translating polysomes compared with
DMSO-treated controls (Fig. 4D). Furthermore, we sequenced the
mRNA associated with polysomes (polysome-seq) and found no
marked translation preference compared with the total RNA-seq
results. However, GSEA revealed a decrease in the expression of
pathways associated with translation, DNA replication, and ribosome
biogenesis (Fig. 4E; Supplementary Data S3). Consistently, the syn-
thesis of new protein was significantly reduced by BRD9 depletion
(Fig. 4F). Furthermore, we performed AgNOR staining on tumors
harvested from our murine xenograft model and found that dBRD9-A
treatment induced a significant reduction of AgNOR counts in vivo
(Fig. 4G).

BRD9 occupies and activates ribosome biogenesis genes
To understand how the BRD9-containing complex regulates the
expression of ribosome biogenesis genes, we performed ChIP-seq and

found that BRD9 preferentially binds gene promoters (47.7%) and
distal intragenic regions (39.4%; Fig. 5A). Spike-in normalized
BRD9 ChIP-seq (ChIP-Rx) demonstrated a significant loss of
BRDY binding across the genome after a 6-hour treatment with
dBRD9-A (Fig. 5B). Additional ChIP-seq analyses of RNA poly-
merase II (RNAPII) and H3K27Ac further demonstrated that BRD9
binds virtually all active gene promoters and enhancer elements
(Fig. 5C, shown is MYC as a representative example; Supplemen-
tary Fig. S4A). In addition, many of the genes downregulated by
dBRD9-A had BRD9 occupancy at their promoters compared with
other genes (Fig. 5D; Supplementary Fig. $4B). Importantly, GSEA
using genes with BRD9 signals in their promoter regions were
enriched for ribosome biogenesis and rRNA processing and were
downregulated by dBRD9-A treatment (Fig. 5E). These results
indicate that BRD9 directly regulates the expression of ribosome
biogenesis genes, which can be partially blocked by pharmacologic
depletion of BRD9.

BRD9 interacts with BRD4 to regulate transcription

Because BRDY is an important component that defines ncBAF, we
hypothesized that BRD9 depletion could disrupt proper ncBAF com-
plex assembly. However, we observed that GLTSCRI, another ncBAF-
specific component, still formed a complex even after complete BRD9
depletion by dBRD9-A (Fig. 5F; Supplementary Fig. S4C). However,
without BRDY, there was a significant loss of GLTSCR1 binding across
the genome, indicating BRD?9 is needed for the binding of chromatin
(Fig. 5G).

GLTSCR1 interacts with BRD4 to regulate the transcriptional
elongation of target genes (53-55). BRD9 also interacts with the
acetylated form of BRD4 in a bromodomain-dependent fashion in
an embryonic stem cell model (56). Therefore, we hypothesized that
the binding of BRD9 to the acetylated form of BRD4 stabilizes the
binding of BRD4 to the ncBAF complex via GLTSCRI. Indeed,
BRD9 Co-IP not only with BRD4, but also with the positive
transcription elongation factor (P-TEFb; CDK9 and CCNT1), RNA-
PII, and MYC in MM cells (Fig. 5H; Supplementary Fig. S4D). The
interaction between BRD9 and BRD4 was enhanced by histone
deacetylase inhibitor (suberoylanilide hydroxamic acid, SAHA),
which preserves acetylation on histones and nonhistone proteins
(Fig. 5I; Supplementary Fig. S4E). On the other hand, BRD9
depletion attenuated the interaction between GLSTCRI and BRD4
(Fig. 5J; Supplementary Fig. S4F).

To examine whether BRD9 depletion alters transcription initi-
ation, we further assessed RNAPII phosphorylation at Ser5 and
Ser2. Typically, Ser5p predominates at initiation, then Ser2P
increases during elongation. In OPM2 and H929 cells treated with
dBRD9-A, we found reduced phosphorylation at both Ser5 and
Ser2. There was no change in the expression of negative elongation
factor (NELFe), which represses elongation, or in CDK9 and
CCNT1, which phosphorylate RNAPII (Fig. 5K; Supplementary
Fig. S4G). Taken together, these results suggest that BRD9 interacts

(Continued.) The percentage of viable MM cells from 5 different patients is shown. G, OPM2 and H929 cells were incubated with dBRD9-A (100 nmol/L) for the
indicated hours. Cells were fixed, stained with Pl, and analyzed for cell-cycle distribution using flow cytometry. H, OPM2 and H929 cells were incubated with dBRD9-A
at the indicated doses for 96 hours. Cells were stained with Annexin V and PI, and analyzed for apoptosis using flow cytometry.l, OPM2 and H929 cells were cultured
with dBRD9-A at the indicated doses for 96 hours. Whole-cell lysates were subjected to immunoblotting using indicated antibodies. J, Serum-starved OPM2 and
H929 cells were treated with dBRD9-A (100, 200, 400, and 800 nmol/L) for 5 days in the presence of IL6 (10 ng/mL) or IGF-1(50 ng/mL). The cell growth relative to
untreated control was assessed by MTT assay. K, OPM2 and H929 cells were cultured with dBRD9-A (100, 200, 400, and 800 nmol/L) for 5 days in the presence or
absence of BMSCs. The cell proliferation relative to untreated control was assessed by BrdUrd uptake. L, Tumor burden was serially evaluated by bioluminescence
imaging (n = 8 mice per group). M, Kaplan-Meier curves showing the survival of dBRD9-A-treated mice or vehicle control mice. Data represent mean + SD of
triplicate cultures (D, G, H, K). HD, healthy donor. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2.

Ribosome biogenesis and translation signatures are upregulated in BRD9 depletion-sensitive MM cell lines. A, Schematic diagram of genetic screening to identify the
mediators for susceptibility to BRD9 depletion. The correlation between expression levels of each gene and the ICso of dBRD9-A or gene perturbation values
obtained by CRISPR-Cas9 KO screening was calculated for MM cells. Each gene was divided into two groups with positive and negative correlations to BRD9
depletion, and GSEA was performed. B, Venn diagram overlaps of enriched negatively correlated genes by compound (dBRD9-A) and CRISPR-Cas9-based
screening (top). Bar graphs showing the significantly upregulated genes in BRD9 depletion-sensitive MM cells determined by querying the KEGG and reactome
pathways (bottom). C, GSEA plots for ribosome, translation initiation and elongation, and rRNA processing. D, Comparative GEP analysis of ribosome biogenesis
signature between normal plasma cells and MM cells (GSE39754, n = 170), summarized by boxplots and violin distributions. E, Overall survival relative to ribosome
biogenesis signature in patients with newly diagnosed MM (GSE39754). FDR Q-val, false discovery rate Q-value; NES, normalized enrichment score; NOM P-val,

nominal P-value. *, P < 0.05.

with the acetylated form of BRD4, stabilizing its binding to the
ncBAF complex and thereby supporting the initiation of transcrip-
tion of target genes.

BRD9 cooperates with BRD4 and MYC to promote ribosome
biogenesis gene expression

Because we demonstrated that BRDY interacts with BRD4 and
MYC, we hypothesized that the expression of ribosome biogenesis

1814 Clin Cancer Res; 29(9) May 1, 2023

genes is, at least in part, regulated by the interaction of BRD9
with BRD4 and/or MYC. ChIP-seq analysis demonstrated that
BRD9-bound sites significantly overlapped with the ChIP peaks
of BRD4, MYC, and RNAPII (Fig. 6A). Importantly, they colo-
calized to the promoter regions of all ribosome biosynthesis
genes, as represented by RRP9 and NOPI16 (Fig. 6B and C).
ChIP-Rx showed that, as expected, the MYC signal was reduced
by 24-hour treatment with dBRD9-A, but interestingly, the BRD4
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Figure 3.

Inhibition or knockdown of BRD9 downregulates expression of ribosome biogenesis genes. A, Venn diagram overlaps of genes differentially expressed by dBRD9-A
and shBRD9 (top). Bar graphs showing the top 10 gene ontology enrichment results (bottom). B and C, GSEA plots for ribosome biogenesis and rRNA
metabolic process after treatment with dBRD9-A (B) and BRD9 knockdown (C). D and E, Expression levels of representative ribosome biogenesis genes were
assessed by gRT-PCR after treatment with 100 nmol/L of dBRD9-A or DMSO control for 24 hours (D) or transduction of sShBRD9 or shLuc (E) in OPM2 cells. Data
are normalized against the housekeeping control gene GAPDH. The expression relative to DMSO or shLuc are shown as mean + SD of triplicate samples.
F and G, Immunoblot analysis for ribosome biogenesis proteins after treatment with or without dBRD9-A (100 nmol/L) for 24 hours (F), or transduction of shBRD9
or shLuc (G) in OPM2 cells. H and I, CD138™" primary MM cells separated from the BMMCs of 4 patients with MM were treated with or without dBRD9-A (100 nmol/L)
for 24 hours, and the representative ribosome biogenesis MRNA level was measured by qRT-PCR (H) or BRD9 and MYC expression was assessed by immunoblotting
(1. J, IHC analysis for BRD9, MYC, RRST, PES1, and BOPT in the subcutaneous tumor samples from the OPM2 TurboGFP-Luc-injected mice treated with dBRD9-A
or vehicle control. Scale bars, 50 umol/L. Data are representative of three independent tumors per treatment group. FDR Q-val, false discovery rate Q-value; NES,
normalized enrichment score; NOM P-val, nominal P-value. ***, P < 0.001.

and RNAPII signals were unaltered (Fig. 6D), suggesting that in the TSS (Fig. 6E; Supplementary Fig. S5A). Downregulated
BRD9 is not involved in the recruitment of BRD4 or RNAPII to  genes had greater occupancy of MYC around the TSS compared
genomic regions. Notably, most of the genes downregulated by  with other BRD9, BRD4, and MYC co-occupied genes that were
dBRD9-A (97.8%) were co-occupied by BRD9, BRD4, and MYC  not downregulated by dBRD9-A (Supplementary Fig. S5B).
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Figure 4.

BRD9 depletion decreases ribosome biogenesis activity. A, Expression level of 47S pre-rRNA was assessed by gRT-PCR after treatment with or without dBRD9-A
(100 nmol/L) for 48 hours. B, CD138™ primary MM cells separated from the BMMCs of 4 patients with MM (using CD138-magnetic-activated cell separation beads)
were treated with or without dBRD9-A (100 nmol/L) for 48 hours, and the rRNA levels were measured by gRT-PCR. C, OPM2 and H929 cells were treated with or
without dBRD9-A (100 nmol/L) for 48 hours and then assessed for the number of nucleoli per nucleus. Representative photomicrographs are presented (left). Scale
bars, 10 umol/L. The accompanying bar graphs present the mean = SD nucleoli/nucleus number (right). D and E, OPM2 cells were treated with or without dBRD9-A
(100 nmol/L) for 48 hours, and cytosolic extracts from cells were loaded onto a 10% to 50% sucrose gradient and fractionated with recording UV (254 nm) monitoring.
408, 608, 80S, and polysomes represent small and large ribosomal subunits, monosomes, and multiple ribosomes per mRNA (D). Polysome-seq was performed on
RNA extracted from pooled polysome (=3 ribosomes) fractions. Bar plots showing the top 10 downregulated Gene Ontology pathways (Biologic Process, MSigDB; E).
F, OPM2 and H929 cells were treated with or without dBRD9-A (100 nmol/L) for 72 hours, and protein synthesis was then assessed using flow cytometry. G, AQNOR
staining in the subcutaneous tumor samples from the OPM2 TurboGFP-Luc-injected mice treated with dBRD9-A or vehicle control. Representative images are

presented (left). The accompanying bar graphs present the mean + SD of AQNOR number per cell (right). ***, P < 0.001.

Furthermore, we found that the genes co-occupied in the pro-
moter regions were remarkably enriched for ribosome biogenesis
(Fig. 6F).

Because MYC is the master regulator of ribosome biogenesis (57),
we questioned whether the effect of dBRD9-A is mediated by MYC.
We examined whether exogenous overexpression of MYC rescues the
effect of dBRD9-A in MM cells. We used OPM2 and H929 cells stably
expressing either exogenous Flag-tagged MYC or empty vector as a
control. Treatment with dBRD9-A downregulated endogenous MYC

1816 Clin Cancer Res; 29(9) May 1, 2023

mRNA and protein, and had no effect on exogenous MYC (Fig. 6G
and H; Supplementary Fig. S5C and S5D). Alone, MYC overexpression
did not induce further ribosome biogenesis gene expression except for
the 47S pre-rRNA (Fig. 6H; Supplementary Fig. S5D). After dBRD9-A
treatment, external MYC partially rescued ribosome biogenesis gene
expression and cellular activity (Fig. 6H and I, Supplementary
Fig. S5D and S5E), suggesting that BRD9 regulates the expression of
ribosome biogenesis genes at least partly through the recruitment of
MYC. Consistent with this result, RNA-seq analyses showed that
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Figure 5.

BRD9 is required for chromatin binding of the ncBAF complex and regulates transcription. A, Pie charts representing the distribution of BRD9 binding sites in
MM cells. B, Tornado plots representing BRD9 ChIP-Rx signal in dBRD9-A- (100 nmol/L, 6 hours) or DMSO-treated OPM2 cells. C, Representative gene tracks
showing BRD9 ChIP-seq occupancy at the indicated genomic loci in dBRD9-A- or DMSO-treated cells. Also shown are RNAPII and H3K27Ac ChIP-seq signal
in untreated cells. D, Differential analysis volcano plot of RNA-seq in OPM2 and H929 cells with dBRD9-A treatment (24 hours). Blue dots indicate genes with
a TSS within 50 kb of a BRD9 signal lost site. E, The top five gene ontologies of GSEA in differentially expressed genes with BRD9 ChIP signals. F, OPM2 cells
were treated with or without dBRD9-A (100 nmol/L) for 24 hours and harvested. Nuclear extracts were then immunoprecipitated with anti-BRD9 or anti-
GLTSCR1 and subjected to immunoblot analysis with indicated antibodies. G, Violin plot representing changes in GLTSCR1 occupancy at GLTSCR1 peak
regions in ChIP-Rx experiments of dBRD9-A (100 nmol/L)-treated OPM2 cells following 24 hours treatment. H, Nuclear extracts from OPM2 cells were
immunoprecipitated with anti-BRD9 and subjected to immunoblot analysis with indicated antibodies. | and J, OPM2 cells were treated with DMSO or SAHA
(3 umol/L, 16 hours; I) and dBRD9-A (100 nmol/L, 24 hours; J). Nuclear extracts were then immunoprecipitated with anti-BRD9 (I) or anti-GLTSCR1 (J)
and subjected to immunoblot analysis with indicated antibodies. K, OPM2 cells were treated with dBRD9-A (100 nmol/L) for 24 hours. Nuclear extracts
were subjected to immunoblot analysis with indicated antibodies.
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BRD?9 depletion reduced the expression of MYC target genes (Fig. 6J;
Supplementary Fig. S5F).

In summary, BRD9 preferentially colocalizes with BRD4 and
MYC in the promoter region of ribosomal biogenesis genes and at

AACRJournals.org

least partially supports the transcriptional function of MYC, thereby
promoting the expression of target genes. Pharmacologic or genetic
loss of BRD9Y disrupts ribosome biogenesis, leading to impaired
translational function and cell death in MM cells (Fig. 6K).
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Discussion

Increased ribosome production and activity play a central role
in promoting tumorigenesis in a broad spectrum of cancers
(19-21, 27). Many DNA-damaging agents inhibit ribosome bio-
genesis, which supports ribosome biogenesis as a novel therapeutic
target in cancer (27, 28, 58, 59). In particular, doxorubicin and
bortezomib have been reported to inhibit rRNA transcription
and late rRNA processing, respectively, suggesting that these are
critical cellular mechanisms in MM (60). Importantly, inhibitors of
ribosome biogenesis show promising results in clinical trials
(27, 28), representing a potential therapeutic target in MM
(26, 61, 62). In fact, here we show that ribosome biogenesis gene
expression is correlated with a poor prognosis and is disrupted by
BRD9 inhibition. BRD9 colocalized with BRD4 and MYC to form a
transcription initiation complex at these genes. In MM, MYC is
frequently dysregulated due to translocation or amplification
(63-65) and regulates diverse cellular processes (63-65), notably
functioning as a master regulator of ribosome biogenesis (57).
Consistent with previous reports in other cancer models (13, 66, 67),
we found that BRD9 depletion also downregulated MYC tran-
scription. We also found that MYC and BRD9 share a significant
portion of binding sites at the TSS of their target genes. These
results suggest that BRD9 supports ribosome biogenesis in MM
by promoting not only MYC expression, but also MYC transcrip-
tional activity. In addition, our results are supported by a previous
report showing that the BRD4-bromodomain is required for BRD9
localization to genomic targets (56). Interestingly, Sima and col-
leagues also reported that depletion of BRD9 alters the ribosomal
pathway in several pooled cancer cell lines (68), suggesting that
BRD9 plays a critical role in regulating ribosome biogenesis in a
broad range of cancers.

We also showed that protein synthesis was reduced in MM cells
as a result of the reduction in ribosome biogenesis caused by BRD9
depletion. Generally, inhibition of protein synthesis leads to a
preferential depletion of short-lived proteins (69). Indeed, we
observed that cell-cycle proteins such as CDK4, CDC25A, and
CDC6, which are well-known short-lived proteins (69, 70), are
decreased by BRD9 depletion. This is consistent with the result
that dBRD9-A treatment causes G; cell-cycle arrest in MM cells,
which may play a functional role in the anti-MM activity of BRD9
depletion.

BRD9 plays an oncogenic role in several cancer types (9-11, 13,
66, 67, 71, 72), and clinical trials using BRD9 degraders are
ongoing for synovial sarcoma and SMARCBI1-deleted solid tumors
(73). A predominant determinant of BRD9 dependency in cancer
cells are mutations or fusion events that lead to aberrant

mSWI/SNF complex formation and global changes in chromatin
occupancy (2-4, 9). In MM, Shain and colleagues reported a
mutation frequency of 16% in members of the mSWI/SNF sub-
unit (6), and we did not find a significant correlation between
BRD9Y dependency and mSWI/SNF mutations in MM cell lines. In
fact, we demonstrated for the first time that the susceptibility of
MM cell lines to BRD9 depletion is associated with activation of
ribosome biogenesis, translation machinery, and MYC transcrip-
tional activity. Previous findings have shown that, in MM cells
harboring t(4;14), snoRNAs specifically target ribosome biogene-
sis (62), and MMSET product stimulates cell growth via micro-
RNA-mediated modulation of MYC (74). However, in this study,
there was no association between sensitivity to BRD9 depletion
and genetic background, including t(4;14). Given the wide vari-
ation in sensitivity to BRD9 depletion in MM cell lines (although
the limited number of patient samples were generally sensitive),
subset selection may be necessary when targeting BRD9Y in clinical
applications. To conclude this question, a large-scale study using
patient samples is warranted.

Recently, Weisberg and colleagues also reported that BRD9 is a
potential therapeutic target for MM (17). They showed that BRD9
knockdown and a novel BRD9 degrader (QA-68) reduced cell
viability and caused G; cell-cycle arrest in vitro using H929 and
MM.1S cells. Interestingly, they also demonstrated that BRD9
degraders nicely synergize with pomalidomide in MM cells. Both
dBRD9-A and QA-68 employ IMiDs (lenalidomide and pomalido-
mide) as cereblon-binding moieties, which theoretically competes
with free IMiDs. Although a more careful investigation is needed,
this synergistic effect is a promising observation in clinical applica-
tions. Proteasome inhibitors, which are another set of standard
drugs for MM, also attenuate the effects of BRD9 degraders and
hence are not suitable for studying combination effects, at least
in vitro. In this study, we found synergistic effects of dBRD9-A with
palbociclib, melphalan, and dexamethasone. In particular, the
strong synergistic effect of dBRD9-A and dexamethasone observed
in this study supports the finding that BRD9 restricts glucocorticoid
receptor binding (47) and may propose a new therapeutic regimen
for MM treatment.

In summary, our data identify a novel function for BRDY in
promoting ribosome biogenesis in MM and, conversely, demon-
strate that BRD9 depletion impairs ncBAF localization to its geno-
mic targets, thereby disrupting ribosome biogenesis machinery.
Because overexpression of BRD9 and activated ribosome biogenesis
play critical roles in driving MM tumorigenesis, our results provide
the rationale for further evaluation of BRD9 degraders as novel
treatments in MM.

Figure 6.

BRD9 colocalized with BRD4 and MYC in ribosome biogenesis gene promoters. A, Tornado plots showing BRD9 enrichment at regions bound by MYC, BRD4, and
RNAPII ChIP-signal £ 5 kb in OPM2 cells. B, Tornado plots showing BRD9, MYC, BRD4, and RNAPII ChIP-signal & 5 kb of ribosome biogenesis gene promotersin OPM2
cells. Promoters are ranked by RNAPII ChiIP-signal. C, Representative gene tracks showing BRD9, MYC, BRD4, RNAPII, and H3K27Ac ChIP-seq occupancy at the
indicated genomic loci in dBRD9-A or DMSO-treated OPM2 cells. D, Violin plot representing changes in MYC, BRD4, and RNAPII occupancy at each peak region in
ChIP-Rx experiments of dBRD9-A (100 nmol/L)-treated OPM2 cells following a 24-hour treatment. E, Venn diagram overlaps of all identified BRD9 and BRD4 ChlP-
seq peaks in OPM2 cells. F, GSEA of BRD9, MYC, and BRD4 overlapped genes for Gene Ontology (Biologic Process, MSigDB) summarized by a dot plot is shown. G and
H, FLAG-tagged MYC or empty vector was overexpressed in OPM2 cells. Expression level of MYC measured by immunoblotting after treatment with or without
dBRD9-A (100 nmol/L) for 24 hours (top, G). Expression level of indicated mRNAs was measured by gRT-PCR (H). I, FLAG-tagged MYC or empty vector
overexpressed in OPM2 cells that were cultured with the indicated concentrations of dBRD9-A for 5 days. Viable cells were determined by MTT assay. Data represent
mean == SD of triplicate cultures. J, GSEA plots showed MYC target genes were downregulated by dBRD9-A (top) or shBRD9 (bottom). K, Proposed model of BRD9
(NcSWI/SNF) functions in MM cells. BRD9 binds to acetylated BRD4 and strengthens the interaction of ncBAF and BRD4, enhancing expression of ribosome
biogenesis genes. Pharmacologic degradation or knockdown of BRD9 destabilizes the binding of ncSWI/SNF to BRD4 and reduces the transcription of the ribosome
biogenesis genes.
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