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Abstract

Bromodomain and extraterminal domain (BET) family proteins are epigenetic
master regulators of gene expression via recognition of acetylated histones and
recruitment of transcription factors and co-activators to chromatin. Hence, BET
family proteins have emerged as promising therapeutic targets in cancer. In this
study, we examined the functional role of bromodomain containing 3 (BRD3), a
BET family protein, in colorectal cancer (CRC). In vitro and vivo analyses using
BRD3-knockdown or BRD3-overexpressing CRC cells showed that BRD3 sup-
pressed tumor growth and cell cycle G1/S transition and induced p21 expression.
Clinical analysis of CRC datasets from our hospital or The Cancer Genome Atlas
revealed that BET family genes, including BRD3, were overexpressed in tumor tis-
sues. In immunohistochemical analyses, BRD3 was observed mainly in the nucleus
of CRC cells. According to single-cell RNA sequencing in untreated CRC tissues,
BRD3 was highly expressed in malignant epithelial cells, and cell cycle checkpoint-
related pathways were enriched in the epithelial cells with high BRD3 expression.
Spatial transcriptomic and single-cell RNA sequencing analyses of CRC tissues
showed that BRD3 expression was positively associated with high p21 expression.
Furthermore, overexpression of BRD3 combined with knockdown of, a driver gene
in the BRD family, showed strong inhibition of CRC cells in vitro. In conclusion, we
demonstrated a novel tumor suppressive role of BRD3 that inhibits tumor growth
by cell cycle inhibition in part via induction of p21 expression. BRD3 activation

might be a novel therapeutic approach for CRC.
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1 | INTRODUCTION

Epigenetic regulation of gene expression is important for controlling
cellular functions.! Epigenetic regulators alter non-covalent inter-
actions within and between nucleosomes by altering histones and
DNA modifications such as DNA methylation, histone acetylation,
and histone methylation, leading to altered chromatin structures,
followed by target gene expression.? Epigenetic dysregulation
plays a crucial role in cancer progression.5 For example, epigenetic
dysregulation followed by aberrant transcription of driver genes, in-
cluding the representative oncogenes MYC, CCND1, and CCNA1,
has been observed in various malignancies.>™ Thus, targeting epi-
genetic regulation during cancer progression is emerging as a novel
therapeutic approach to cancer treatment.

Bromodomain and extraterminal domain (BET) family proteins
are epigenetic master regulators that consist of four members (bro-
modomain containing 2 (BRD2), bromodomain containing 3 (BRD3),
bromodomain containing 4 (BRD4), and bromodomain testis asso-
ciated (BRDT)).® Each BET protein promotes gene transcription ini-
tiation and elongation by recruiting transcriptional complexes and
inducing chromatin remodeling via interactions between their two
tandem 110-amino-acid bromodomains (BDs) and the acetylated ly-
sine residues of histones present on the chromatin of target genes.”
Evidence suggests that BET family proteins may be required for
rapid target gene induction.®

Of note, BET family proteins are upregulated in various solid
tumors, including colorectal cancer (CRC), 9711 5ne of the most
common types of cancers worldwide. The oncogenic roles of BET
family proteins were first revealed in nuclear protein in testis car-
cinoma and identified as potential therapeutic cancer targets.12
BRD4, a well studied BET family member, is enriched in numer-
ous enhancer regions and some large super-enhancer regions.>¢
Overexpression of BRD4 contributes to cancer cell growth and
metastasis and is correlated with poor outcomes by promoting the
transcription of oncogenes, including MYC and E2F.}+*3-1° BRD2
is reportedly involved in cell cycle regulation and R-point regu-
lation; it forms a complex with transcription factor ELK4 and ac-
tivates transcription of LAMB3 in CRC, leading to tumor growth
and metastasis.'®1” Hence, BET inhibitors, such as the pan-BET
inhibitor JQ1, have emerged as a potential new treatment strategy
for gastrointestinal cancers, including CRC.>** Interestingly, it has
been reported that the BRD3 expression level may reflect ther-
apeutic efficacy via pan-BET inhibition.'® Also, in CRC cells, the
antiproliferative effects of pan-BET inhibition depend on the cell
line.? Thus, BRD3 may be involved in therapeutic resistance to
BET inhibitors. However, the clinical and biological roles of BRD3
expression remain unclear in cancer cells.

In this study, we revealed a tumor suppressive role of BRD3
in CRC by combining in vitro and in vivo analyses using BRD3-
overexpressing or BRD3-knockdown CRC cells with single-cell RNA
sequencing (scRNA-seq) and spatial transcriptomic expression anal-

yses using CRC tissues.
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2 | MATERIALS AND METHODS

2.1 | CRC patients and clinical sample collection

Primary CRC samples were obtained from 144 patients who had
undergone surgery at Kyusyu University Beppu Hospital and af-
filiated hospitals from 1993 to 2002 (our CRC cohort). All patients
had a histological diagnosis of CRC and were treated following the
Japanese Society of Cancer of the Colon and Rectum Guidelines for
the Treatment of Colorectal Cancer.?’ The study was approved by
the Kyushu University Institutional Review Board (approval #22185-
00), and informed consent was obtained in the form of an opt-out on
the website (https://www.beppu.kyushu-u.ac.jp/geka/). Resected
tumor tissues, paired normal tissues, and formalin-fixed paraffin-
embedded sections from CRC patients were obtained as described

previously.?!

2.2 | Public datasets

CRC RNA sequencing data from The Cancer Genome Atlas (TCGA)
were downloaded from UCSC Xena (http://xena.ucsc.edu/). We
obtained gene-level transcription estimates as log2(x+ 1) trans-
formed RSEM normalized counts. We also obtained gene expres-
sion data by array from CRC organoids from 31 CRC patients from
the GSE74843 dataset through the GEO database (https://www.
ncbi.nlm.nih.gov/). The data were normalized using the robust
multi-array analysis implemented in the R package affy, and the
mean values of each gene were compared. We attained scRNA-
seq data from GSE161277 and spatial transcriptomic data from
a spatial transcriptomic website (http://www.cancerdiversity.asia/
scCRLM/). The spatial transcriptomic data of one patient (ST-
P1) who did not receive neoadjuvant chemotherapy treatment
were used. We obtained the normalized read density of ChlIP-seq
datasets in MM1S cells, a human multiple myeloma cell line. The
Integrative Genomics Viewer (IGV) software v2.12.3 was used for
a graphic illustration of the ChlP-seq peaks.

2.3 | scRNA-seq data processing

We downloaded 3’end scRNA-seq raw count matrix data (10x
Genomics) based on 54,782 cells from three CRC patients from
GSE161277. The Python package Scanpy (v1.9.3) was used for pro-
cessing. Briefly, genes detected three cells of the total cells and
cells with fewer than 200 expressed genes were removed and se-
lected according to the following criteria: <25% mitochondrial gene
expression in unique molecular identifier (UMI) counts. The count
matrix was normalized to 10,000/cell by the total UMI count per
cell and then log-transformed by adding one and standardizing for
each gene using scanpy.pp.normalized_total(target_sum=1e4) and

scanpy.pp.loglp. Then, highly variable genes were selected based
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on specific thresholds for mean expression and dispersion using
scanpy.pp.highly_variable_genes (min_mean=0.0125, max_mean=3,
min_disp=0.5). We conducted and visualized Uniform Manifold
Approximation and Projection (UMAP) embeddings of the latent cell
states of a single cell. The major cell types were annotated by com-
paring the canonical marker genes and the differentially expressed

genes (DEGs) for each cluster.

2.4 | Spatial transcriptomic data processing

We downloaded the raw count matrix data from a spatial tran-
scriptomic dataset (10x Genomics) for 3313 spots from a patient
(ST-P1) who did not receive neoadjuvant chemotherapy treat-
ment. The Python package Scanpy (v1.9.3) was used for pro-
cessing. We filtered according to the following criteria: <20%
mitochondrial gene expression in UMI counts and genes detected
in at least 10 of the total spots. The count matrix was normalized
and then log-transformed using scanpy.pp.normalize_total and

scanpy.pp.logip.

2.5 | DEG enrichment analysis

Cluster-based detection of DEGs was performed using the
Wilcoxon rank-sum test and Benjamini-Hochberg method?? to
correct for multiple comparisons (scanpy.tl_rank_genes_groups).
DEGs with an adjusted p-value <0.01 and log2 fold change >0.5
were evaluated. Gene ontology and Reactome pathway analyses
of the DEGs were performed using the Python package gseapy
(v1.0.4).

2.6 | Celllines and cell culture

The human CRC cell lines Colo320 and SW480 cells were obtained
from the Japanese Collection of Research Bioresources Cell Bank;
HT29, LS174T, and RKO cells were obtained from ATCC; SW620
cells were obtained from KAC. All cell lines were cultured in an ap-
propriate medium supplemented with 10% FBS with 1% antibiotic/
antimycotic solution (Thermo Fisher Scientific). All cells were main-
tained in a humidified atmosphere at 37°C in an atmosphere con-
taining 5% CO,,. Cell cultures were tested for mycoplasma infection
using Myco Alert (Lonza, Walkersville, MD, USA) according to the

manufacturer's protocol.

2.7 | RNA extraction and reverse-transcription
quantitative polymerase chain reaction

Total RNA was extracted from frozen tissue specimens and cell
lines using ISOGEN-II (Nippon Gene) and the AllPrep DNA/
RNA Mini kit (QIAGEN), and reverse-transcription quantitative

polymerase chain reaction (RT-qPCR) was performed as de-
scribed previously.?® The mRNA levels were normalized to that
of 18S mRNA, as an internal control, and expressed relative to
the level of the cDNA from the Human Universal Reference
Total RNA (Clontech). We analyzed the statistical significance
of mRNA expression levels using experimental triplicates. Gene
expression was quantified using the following oligonucleotide
primers: BRD3: 5-ATCATCCAATCTCGGGAGCC-3’' (sense) and
5-CCTGTTTCTTCCCGCTTGC-3' (antisense), BRD4: 5-CTTTGA
GACCCTGAAGCCGTC-3" (sense) and 5-GAAACCAGCGAAGC
ATCTCCC-3’ (antisense), p21: 5-TGTCCGTCAGAACCCATGC-3’
(sense) and 5'- AAAGTCGAAGTTCCATCGCTC-3’ (antisense), and
18s: 5-AGTCCCTGCCCTTTGTACACA-3’ (sense) and 5-CGATCC
GAGGGCCTCACTA-3’ (antisense).

2.8 | Immunohistochemical analysis
Immunohistochemical analysis of CRC tissue samples and tissue
specimens from mouse xenograft tumors was performed as de-
scribed previously‘24 All sections were counterstained with hema-
toxylin. The following primary antibodies were used: anti-BRD3
(1:200, 11859-1-AP, Proteintech), anti-BRD4 (1:200, ab128874,
Abcam), and anti-p21 (1:50, #2947, Cell Signaling Technologies).
p21 scores were determined by observing the most intensely
stained areas. Tumor histology was independently performed by
an experienced research pathologist at Kyusyu University Beppu
Hospital.

2.9 | Smallinterfering RNA-mediated knockdown

BRD3 siRNA (#s15544, #s15545), BRD4 siRNA (#s23901, #s23902),
and negative control siRNA were purchased from Thermo Fisher.
Transfection of CRC cells with siRNA oligonucleotides was per-
formed using Lipofectamine RNAIMAX (Thermo Fisher) as described

previously.?’

2.10 | Transient overexpression of BRD3 by
transfection and generation of Colo320/SW620 cells
stably overexpressing BRD3

The BRD3-expressing lentiviral plasmid vector (pLV [Exp]-Puro-
CMV>hBRD3[NM_007371.4]) and empty plasmid vector (pLV
[Exp]-Puro-CMV > ORF_Stuffer) as the control were purchased
from VectorBuilder. In transient overexpressing analysis, we trans-
fected the plasmid vectors for CRC cells using Lipofectamine 3000
(Thermo Fisher Scientific) following the manufacturer's protocol.
To generate stably overexpressing CRC cells, lentiviruses were
produced in 293FT cells using the Vira Power Lentiviral packing
mix (Thermo Fisher Scientific), and the supernatant was collected
48h after transfection. Colo320 and SW620 cells were infected
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with the lentiviral supernatant and then selected with puromycin.
Control cells were generated by transfecting cells with an empty
vector with ORF_Stuffer.

2.11 | Protein extraction
Total proteins were collected as described previously.?® Nuclear pro-
teins were collected using the EPIXTRACT Nuclear Protein Isolation
Kit (ENZ-45016, Enzo Life Sciences, Ann Arbor, Ml, USA) according
to the manufacturer's instructions.

2.12 | Western blot analysis

Western blot analysis was performed as described previously.26
The following antigen-specific primary antibodies were used: rab-
bit polyclonal antibody against BRD3 (1:1000, Proteintech), rabbit
monoclonal antibody against BRD4 (1: 2000, Abcam), the mixture of
three specific rabbit monoclonal antibodies against phosphor-cdk2
Tyr15, phosphor-histone H3 Ser10, and p-actin (1:250, ab136810,
Abcam), rabbit polyclonal antibody against Lamin B1 (1:5000,
12987-1-AP, Proteintech), and mouse monoclonal antibody against
B-actin (1:1000, Santa Cruz Biotechnology).

2.13 | Colony formation assay

Colony formation assays were performed according to standard
protocols, as described previously.?” For BRD3 knockdown stud-
ies, cells were plated at a density of 1000 cells/well (Colo320) or
500 cells/well (HT29) in triplicate in 6-well plates and transfected
with BRD3 siRNA or negative control siRNA. For BRD3 overex-
pression studies, cells were plated at a density of 2500 cells/
well (Colo320) or 1500 cells/well (SW620) in triplicate in a 6-well
plate and transfected with a BRD3-expressing lentiviral vector
or control vector. For the BRD4 knockdown studies, cells were
plated at a density of 2000 cells/well (Colo320) or 300 cells/well
(HT29) in triplicate in 6-well plates and transfected with BRD4
siRNA or negative control siRNA. For the BRD3 overexpression
combined with BRD4 knockdown studies, cells were plated at a
density of 2000 cells/well (Colo320) or 1500 cells/well (SW620)
in triplicate in 6-well plates and transfected with BRD4 siRNA
or negative control siRNA. After 10-14days, visible colonies
were photographed using the FUSION SOLO S imaging system
(VILBER). Colony counts were determined using ImageJ software
(v1.80; NIH).

2.14 | Cell cycle assay

Cells were synchronized at the G1 phase of the cell cycle via serum
starvation for 96 h and restimulated by changing the medium to that
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containing 10% FBS. Cell cycle assays were performed as described
previously.?® The cell cycle distribution was measured using the

SHB800 cell sorter (Sony Biotechnology).

2.15 | Murine xenograft model

All animal procedures were performed in compliance with the
Guidelines for the Care and Use of Experimental Animals estab-
lished by the Committee for Animal Experimentation of Kyusyu
University. Subcutaneous murine xenografts were analyzed as de-
scribed previously.?” Four-week-old female BALB/c nu/nu mice were
purchased from Japan SLC and maintained under specific pathogen-
free conditions. For subcutaneous xenograft assays, 1x10° con-
trol cells or BRD3-overexpressing SW620 cells were suspended in
100puL 50% Matrigel (Corning) in PBS and injected bilaterally into
nude mice. Tumor size was calculated using the following formula:
tumor volume =length x width?x0.5.

2.16 | Statistical analysis

Associations between variables were analyzed using Welch's t-
test and the Mann-Whitney U test. The degree of linearity was
assessed using Pearson's correlation coefficient. The statistical
analyses were performed using R software v4.2.0 and Python
v3.9.16. A two-sided p-value <0.05 was deemed statistically
significant.

3 | RESULTS

31 |
in vivo

BRD3 inhibits CRC tumor growth in vitro and

Changes in the proliferation of CRC cell lines after BRD3 knock-
down or overexpression were examined using the colony formation
assay. We used Colo320 and HT29 cell lines for BRD3 knockdown
and overexpression analysis, and SW620 cell lines used for BRD3
overexpression analysis because of their low expression levels
of BRD3 (Figure S1). Significant downregulation of BRD3 mRNA
and protein expression was confirmed in BRD3-knockdown cells
(Figure 1A). BRD3 knockdown increased the proliferation of CRC
cells (Figure 1B), whereas BRD3 transient overexpression inhibited
the proliferation of CRC cells (Figure 1C,D).

Next, we conducted an in vivo analysis using SW620 cells with
stable overexpression of BRD3 (Figure 1E). BRD3 overexpres-
sion significantly decreased the volume of CRC tumors in mouse
models (Figure 1F). RT-gPCR and immunohistochemical analysis
showed stronger BRD3 expression in xenograft tumors derived
from BRD3-overexpressing SW620 cells compared with control
cells (Figure 1G).

These results suggest that BRD3 inhibits CRC tumor growth.
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FIGURE 1 Effects of BRD3 knockdown and overexpression on cell proliferation in colorectal cancer (CRC) cells in vitro and in vivo.

(A) BRD3 mRNA expression normalized to 18S expression according to reverse-transcription quantitative PCR (RT-qPCR) and protein
expression according to western blot analysis (WB) in BRD3-knockdown and control CRC cells. **p <0.01; ***p <0.001. (B) Colony formation
assays using BRD3-knockdown CRC cells. **p <0.01. (C) BRD3 mRNA expression normalized to 18S expression according to RT-qPCR and
protein expression according to WB in BRD3 transiently overexpressing and control CRC cells. **p <0.01. (D) Colony formation assays using
BRD3 transiently overexpressing CRC cells. *p <0.05; **p <0.01. (E) BRD3 mRNA expression normalized to 18S expression according to RT-
gPCR (left) and protein expression according to WB (right) in CRC cells with stable BRD3 overexpression and control CRC cells. **p<0.01.
(F) In vivo analysis using a murine xenograft model. Size of tumors derived from CRC cells with stable BRD3 overexpression and control CRC
cells. N=9 per group. *p<0.05; **p<0.01; ***p<0.001. (G) BRD3 mRNA expression normalized to 18S expression according to RT-gPCR
(left) and immunohistochemical staining of BRD3 (right) in tumors derived from CRC cells with stable BRD3 overexpression and control CRC
cells. **p<0.01. Scale bars, 20 um; original magnification, x200.
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3.2 | BRD3 prevents cell cycle progression
from the G1 to S phase in CRC cells

To determine whether BRD3 prevents cell cycle progression, we per-
formed a western blot analysis. Cyclin-dependent kinase 2 (Cdk2) is
inactivated in the G1/S phase via phosphorylation of Tyr15. The pro-
tein expression of Cdk2pTyrl5 was suppressed in BRD3-knockdown
cells and elevated in BRD3 transiently overexpressing cells (Figure 2A).

Next, we performed cell cycle analysis using Colo320 cells with
stable overexpression of BRD3 (Figure 2B). Compared with control
cells, BRD3-overexpressing cells had a lower proportion of cells in
the S phase after restimulation with medium containing 10% FBS
(Figure 2C).

These results suggest that BRD3 overexpression halts cell cycle

progression from the G1 to the S phase.

3.3 | Regulation of p21 expression by BRD3
We showed that BRD3 inhibits the transition from G1 to S phase by cell
cycle analysis. It has been reported that BRD4 regulates the expres-
sion of p21, which is involved in G1/S arrest, in that BRD4 knockdown
and a pan-BET inhibitor (JQ1) upregulated p21 expression.2?~3! Public
ChIP-seq data using a human multiple myeloma cell line (GSE43743)
showed that BRD3 co-occupied with BRD4 near the transcription
start site (TSS) of p21 (Figure S2). Based on those findings, we hy-
pothesized that BRD3 also regulates p21 expression. We found that
BRD3 knockdown significantly decreased p21 mRNA expression in
CRC cells, while the BRD4 expression level did not change (Figures 3A
and S3A). In addition, BRD3 transient overexpression increased p21
mRNA expression with slight upregulation of BRD4 mRNA (Figures 3B
and S3B). Furthermore, in western blot analysis, the expression of p21
was decreased in BRD3-knockdown cells and was increased in BRD3
transiently overexpressing cells (Figure 3C). Similarly, RT-gPCR and im-
munohistochemical analysis of murine xenograft models showed sig-
nificantly greater p21 expression in tumor tissues derived from SW620
cells with stable overexpression of BRD3 than controls, while there
was no difference in BRD4 expression (Figure 3D,E).

These results suggest that BRD3 could upregulate p21 expres-
sion without affecting BRD4 expression in CRC cells.

3.4 | BRD3 expression is upregulated in
CRC patients

Next, we focused on the expression of BET family genes (BRD2,
BRD3, BRD4, BRDT) in CRC patients. In TCGA data, BRD2, BRD3,
and BRD4 mRNA levels were higher in tumor tissues than in normal
tissues (Figure 4A). Our CRC cohort also showed higher BRD3 and
BRD4 mRNA expression in tumor tissues (Figure 4B). BRD3 mRNA
expression was most positively correlated with BRD4 mRNA expres-
sion among the BET family genes in TCGA data, our CRC cohort
data, and a public CRC organoid dataset (Figures 4C,D and S4).

In our immunohistochemical analysis, BRD3 staining was more
intense in the nucleus of CRC cells than in normal colon epithelial
cells. In addition, BRD4 staining was also more intense in BRD3 high-
expression regions (Figure 4E).

These results indicate that not only BRD4 but also BRD3 is over-
expressed in CRC cells, and BRD3 expression is correlated most
strongly with BRD4 expression among the BET family genes.

3.5 | scRNA-seq analysis of CRC tissues
We evaluated BRD3 expression in CRC tissues using public CRC
scRNA-seq data (3 patients, 44,020 cells).?? Six cell types were
annotated with marker genes (Figures 5A and S5A). Among
these cells, cell groups from carcinoma cells were extracted
(Figures 5B and S5A). BRD3 was particularly highly expressed
in epithelial cells, as were BRD2 and BRD4 (Figures 5C,D and
S5B). We divided the carcinoma epithelial cells into two groups
at the median value of BRD3 mRNA expression (p<0.001, log,
fold change =29.7) (Figure 5E). BRD2 and BRD4 were expressed
in both two groups (Figure S5C). In the BRD3-high-expression
group, cell cycle and cell cycle checkpoints-related pathways
were enriched in Reactome pathway and gene ontology biologi-
cal process (Figures 5F and S5D).

This analysis indicates that BRD3 is expressed in epithelial cells
in tumor tissues and BRD3 high expressed cells are associated with

cell cycle-related pathways in CRC.

3.6 | Spatial transcriptomic analyses of CRC tissues
To examine the relationship between spatial BRD3 expression
and BRD4/p21 expression in CRC tissues, we performed spatial
transcriptomic analysis using previously published CRC data®®
(Figure 6A). First, the spatial expression of BRD3, BRD4 and p21 was
confirmed (Figure 6B). We divided the spots into two groups based
on the median BRD3 mRNA level (p <0.001, log, fold change=30.2)
(Figure 6C). BRD4 expression was not significantly different be-
tween the high and low BRD3 expression groups, but p21 expression
was significantly higher in the high BRD3 expression group (p <0.05,
log, fold change=0.17) (Figure 6D). Conversely, when the spots
were divided according to the median BRD4 mRNA level (p <0.001,
log, fold change=23.4), there was no significant difference in BRD3
or p21 expression (Figure Sé). Gene set enrichment analysis showed
that cell cycle checkpoint pathways were enriched in the high BRD3
expression group (Figure 6E). Furthermore, in the publicly available
CRC scRNA-seq data described above, p21 expression was signifi-
cantly higher in the cells with high BRD3 expression (p <0.001, log,
fold change=0.18) (Figure 6F).

These analyses of CRC indicate that BRD3 expression is posi-
tively correlated with p21 expression and is significantly associated
with cell cycle checkpoint pathways. These results are consistent
with our findings in CRC cells.
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3.7 | BRD3 overexpression inhibits the growth.'3* To investigate whether BRD3 overexpression is a poten-
proliferation of BRD4-knockdown CRC cells tial therapeutic target, we evaluated the proliferation of CRC cells

with BRD3 stable overexpression and control CRC cells after BRD4
BRD4 is reported to be a driver gene that contributes to tumor knockdown. Significant downregulation of BRD4 mRNA and pro-
cell growth,®® and the inhibition of BRD4 could suppress tumor tein expression was observed in BRD4-knockdown cells (Figure 7A).
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Colony formation assays showed that the proliferation of CRC cell
lines was inhibited by BRD4 knockdown, as reported elsewhere!'3*
(Figure 7B). Notably, BRD3 overexpression had an additive inhibi-
tory effect on the cell growth under BRD4 knockdown (Figure 7C).

These results suggest that overexpression of BRD3 as well as in-
hibition of BRD4 could be a potential therapeutic approach in CRC,
and combining BRD3 activation with BRD4 inhibition may be an ef-
fective strategy for CRC patients.

4 | DISCUSSION

In this study, we examined the association of the epigenetic regula-
tor BRD3 with tumor progression using in vitro and in vivo analyses
with CRC cells and scRNA-seq and spatial transcriptomics in CRC
tumor tissues. To the best of our knowledge, this report is the first to
describe the tumor suppressive function of BRD3 possibly via pro-
motion of p21 expression in CRC.



5 3
© z3
- ko&\
40
£
* A
> Q,
w . 2, s
.| xo&u
ot 1 %
W o o o o o
o o o o
< (2} N -
$3]U0|02 JO JaqWINN ® ™
o} a
® o 2 2
) g Lo o R o @ N
SR L g g
- |ouodIs L# yAYg!sS ¢# vadals W * 5 m 5
K- 8 | £ 2 £
S S
]
a o o (= o o o
o
m S S ° g 8 & =
(1-] $31U0J0D JO JaqUINN $31U0J0D JO JaqUINN
(L] :
] [se}
i 2
Ll =
- - o o
3 *, + B
3 _ g o 3§
& s B s il 5
b = - L]
21 o E o £ é s
£ S o 9 S 3
O = o
o = v B4
3 ) G S
—_ O o o o o o o - ©
m o o o o o o o o (@)}
- © < 13 © < 3% 25 | <
$91U0J02 JO JaquinN $31U0J02 O JaquinN mm ’
o O
(L=
Cx 5, -
= Q,
VQQ Q| Y/ Q@.\@
/ Q\@ MU_u %V
. %vo ? Q&@
N &\Q\ [e) & ,
/0, s (@] \0.\\
Uy, (7
m (%) o o z N\ N
H 99 3
m 0 o 0 o < £ </ <
Q - - a s o a2 e
O ] [ x :
uoissaidxa YNHW yayg X © o & i m@
0 o @ ; B x
=7
2 - - |
W%v Q&@ ** hy 2
Q& V4 s < =\ 2 0
/ s o | HKp o & o -
£3 N Q N4 .
* 2 7 i b52) . 5 N m
3 (¥ = Srs o 1 ; ; o 2.
3 x s, T e} / g % 2@,
= * ) /0 o [ v =
& \O.AN 2, I 38 7 =
ol o o, % 5 o S 2 <
=} a =
o A < ~ =] < £ 5 x 3 an
2 I uoissaidxa YNYW $ayg m m o m O
T
2 < oA g 5
T




HASHIMOTO e AL.

LARRWATS 2 Cancer SCience

FIGURE 7 Tumor growth inhibited by BRD3 overexpression in BRD4-knockdown colorectal cancer (CRC) cells. (A) BRD4 mRNA
expression normalized to 18S expression according to reverse-transcription quantitative PCR (RT-qPCR) (upper) and protein expression
according to western blot analysis (WB) (lower) in BRD4-knockdown and control CRC cells. *p <0.05; **p <0.01. (B) Colony formation assays
using BRD4-knockdown cells. *p <0.05. **p <0.01. (C) Colony formation assays after BRD4 knockdown in CRC cells with BRD3 stable
overexpression and control CRC cells. *p <0.05; **p <0.01; ***p <0.001. (D) Summary of the results. BRD3 inhibits proliferation of CRC cells
by suppressing cell cycle progression possibly via promoting p21 expression.

Our cellular analyses using BRD3-overexpressing or BRD3-
knockdown CRC cells and expression analyses using scRNA-seq and
spatial transcriptomics in CRC tissues showed that BRD3 suppressed
cell proliferation by inhibiting cell cycle progression. Furthermore,
BRD3 inhibited G1/S transition by inducing expression of p21, a cell
cycle checkpoint protein (Figure 7D). However, how BRD3 regulates
p21 expression remains unknown. BRD4 has been reported to sup-
press p21 expression via FOXO1 or miR-106b.2”3° BRD3 expression
reduces BRD4 occupancy at the transcriptional start site of genes,
where BRD4 binds to and depletes ribosomal RNA. Moreover, high
levels of BRD3 antagonize BRD4 by inhibiting the binding of other
BETs to BDs and competing for binding to common loci.*® We also
showed BRD3 and BRD4 occupancy at common loci near the TSS
of p21 in ChlP-seq data analysis in a human multiple myeloma cell.
These findings suggest that BRD3 could antagonize BRD4 subse-
quent to upregulation of p21 expression, leading to inhibition of
tumor proliferation. Further investigation is required to clarify the
molecular mechanism underlying the tumor-suppressive role of
BRD3 in CRC.

Pan-BET inhibitors are currently in clinical trials worldwide
for clinical use.®> Pan-BET inhibitors inhibit the interaction be-
tween BET proteins and chromatin by displacing BET proteins
from acetylated lysine residues on histones by binding to the BDs
of BET proteins, failing to activate proteins involved in transcrip-
tional regulation of driver genes such as MYC, BCL2, and CDK6.%¢
Models of many other cancers, including acute myeloid leukemia,
medulloblastoma, breast cancer, lung cancer and CRC, showed
an anti-tumorigenic response to the pan-BET inhibitor JQ1.3¢-%
However, drug resistance to pan-BET inhibitors has been reported
in various cancers.®4"*? The lack of selectivity of pan-BET inhibi-
tors is considered to influence the antitumor effect of, and drug
resistance to, BET inhibitors. Thus, selective inhibition of individ-
ual BET genes, such as via BRD-degrading proteolysis-targeting
chimera, is a potential approach to targeting specific BET fam-
ily proteins.*® In CRC, the selective BRD4 degrader A1874 is
more effective than known pan-BET inhibitors, including JQ1.44
However, selective inhibitors or activators of other BET family
members have not been developed. Here, we demonstrated that
BRD3 overexpression under BRD4 inhibition strongly inhibited
tumor proliferation. These results suggest that BRD3 inhibition
may cause pan-BET inhibitor resistance. Thus, combining a BRD3
analog with selective BRD4 inhibitors might be a promising thera-
peutic approach for CRC.

Interestingly, our clinical analysis showed that BRDS3, as
well as BRD4, was highly expressed in tumor tissues compared
with normal tissues, even though BRD3 was found to have a

tumor-suppressive role in CRC. This discrepancy may be due to
the compensatory upregulation of BRD3 against driver genes, sim-
ilar to tumor suppressor genes such as p73 and p16, as described
elsewhere. ™ As expected, BRD3 expression was positively cor-
related with BRD4 expression in CRC tissues. Thus, high expres-
sion of BRD3 in tumor tissues could be the result of compensatory
upregulation against driver genes such as BRD4. Further study
will be required to elucidate the regulatory mechanism of BRD3
expression in CRC.

In this study, we demonstrated that BRD3, a BET family gene,
has a tumor-suppressive role by preventing tumor growth, possibly
via cell cycle inhibition by regulating p21 expression. Activation of
BRD3 may be a potential therapeutic approach targeting epigenetic
regulators in CRC.
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