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osteoarthritis pathogenesis in osteoarthritis-induced C57BL/6
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Background and Purpose: The discovery of new bromo- and extra-terminal inhibitors
presents new drugs to treat osteoarthritis (OA).

Experimental Approach: The new drug, BBC0403, was identified in the
DNA-encoded library screening system by searching for compounds that target BRD
(bromodomain-containing) proteins. The binding force with BRD proteins was evalu-
ated using time-resolved fluorescence energy transfer (TR-FRET) and binding kinetics
assays. Subsequently, in vitro and ex vivo analyses demonstrated the effects of the
BRD2 inhibitor, BBC0403, on OA. For animal experiments, medial meniscus destabili-
zation was performed to create a 12-week-old male C57BL/6 mouse model, and
intra-articular (i.a.) injections were administered. Histological and immunohistochemi-
cal analyses were then performed. The underlying mechanism was confirmed by gene
set enrichment analysis (GSEA) using RNA-seq.

Key Results: TR-FRET and binding kinetics assays revealed that BBC0403 exhibited
higher binding specificity for BRD2 compared to BRD3 and BRD4. The anti-OA
effects of BBC0403 were tested at concentrations of 5, 10 and 20 uM (no cell toxic-
ity in the range tested). The expression of catabolic factors, prostaglandin E2 (PGE,)
production and extracellular matrix (ECM) degradation was reduced. Additionally, the
i.a. injection of BBC0403 prevented OA cartilage degradation in mice. Finally,
BBC0403 was demonstrated to suppress NF-kB and MAPK signalling pathways.
Conclusion and Implications: This study demonstrated that BBC0403 is a novel
BRD2-specific inhibitor and a potential i.a.-injectable therapeutic agent to treat OA.
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Abbreviations: BBC0403, 2-(3,5-dimethyl-4-(oxetan-3-yloxy)phenyl)-5,7-dimethoxyquinazolin-4(3H)-one; BET, bromo- and extra-terminal; DEL, DNA-encoded chemical library; DMM,
destabilization of the medial meniscus; ET, extra terminal; i.a., intra-articular; OA, osteoarthritis; SBP, subchondral bone plate.
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1 | INTRODUCTION

Bromodomain-containing protein 2 (BRD2), a member of the protein
family with both bromo- and extra-terminal (BET) domains, can be
divided into three domains. These domains are referred to as the bro-
modomain 1 (BD1), bromodomain 2 (BD2) and an extra-terminal
(ET) domain (Modukuri et al., 2022). Tandem bromodomains BD1 and
BD2 are comprised of four alpha helices connected by two loops.
These domains are members of the BET domain family. Both BD1 and
BD2 can bind to acetylated lysine in target proteins and affect epige-
netic regulation (Gilan et al., 2020). The structure of the ET domain
comprises three alpha helices and one loop. The ET domain recruits
effector proteins for regulatory functions (Wang, Shen, et al., 2021b).

BRD2 binds to acetylated histones and regulates gene expression,
cell cycle progression and cell differentiation (Cheung et al., 2017; Shu
et al., 2020; Wang, Wu, et al., 2021a). BRD2 is involved in the regula-
tion of inflammatory gene expression and is implicated in the develop-
ment of inflammatory diseases (Kang et al., 2023). BRD2 is vital for
embryonic development (Shang et al., 2009).

Proteins with a BET domain, like BRD2, are called BET proteins.
In addition to BRD2, the BET proteins include BRD3, BRD4 and
BRDT. BRD3 is involved in the cell cycle and is associated with cancer
(Fu et al., 2015). BRD4 is closely related to transcription control and
cell cycle progression. Similar to BRDS, it is associated with cancer
and is a target for cancer treatment (Dong et al., 2018). BRDT is
specifically expressed in the testes and plays an important role in
spermatogenesis (Kohandani et al., 2022).

JQ1 is a small-molecule, multi-target inhibitor that targets BET
proteins, including BRD2, BRD3, BRD4 and BRDT, which are involved
in the regulation of gene expression (Belkina et al., 2013; Lockwood
et al., 2012; Pinz et al., 2015; Shahbazi et al., 2016). Its function is to
inhibit the binding of BET proteins to chromatin, leading to down-
regulation of target genes. JQ1 has antitumor effects and has been
studied as a potential therapeutic agent for other diseases, owing to
its ability to modulate gene expression (Devaiah et al., 2016; Lovén
et al,, 2013; Ott et al.,, 2012). However, because JQ1 has the disadvan-
tage of having a short half-life, it has not been tested in human clinical
trials for its side effects (Wang, Wu, et al., 2021a; Yang et al., 2021).

Recently, a relationship between BRD3, BRD4 and osteoarthritis
(OA) has been reported (An et al., 2018; Fukui et al., 2021; Jiang
et al., 2017). OA, a degenerative joint disease, is one of the leading
causes of impairment in senior citizens worldwide. Age is one of the
most significant risk factors for developing OA. A sizeable majority of
people may, at some time in their lives, experience discomfort linked
to OA (Li et al., 2022). Cartilage destruction or defects on the articular
cartilage surface can affect the subchondral bone or other tissues
(Liao, Wang, et al., 2020a; Nagira et al, 2020; van der Poel
etal, 2016).

Currently, symptom management is the only available treatment
option for OA as there are no pharmaceuticals available that can pre-
vent or slow the development of OA (Martel-Pelletier et al., 2016).
This constitutes a critical aspect of modern research. One of the most

popular options for relieving the discomfort caused by OA is the use
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What is already known

o For osteoarthritis (OA) there are no available medications
that can prevent or delay its beginning.
e BRD2 plays a major role in controlling the expression of

genes related to inflammation.

What does this study add

e The intra-articular injection of BBC0O403 halted cartilage
of knee joint degradation in mice with osteoarthritis.

e BBC0403 was shown to inhibit the NF-kB and MAPK
signalling pathways.

What is the clinical significance

e BBCO0403, a new specific BRD2 inhibitor is a potential
therapeutic agent for the treatment OA.

of nonsteroidal anti-inflammatory drugs (NSAIDs). However, the sub-
stantial dose-dependent side effects of NSAIDs have led specialists to
advise patients against the recommended daily administration
(da Costa et al., 2017). Indigestion, stomach pain, nausea and diar-
rhoea are possible side effects that may result in stomach ulcers,
anaemia and intestinal bleeding (McGettigan & Henry, 2013).

Direct access to the joint space provided by intra-articular (i.a.)
medication delivery improves the bioavailability of therapeutic medi-
cines at the affected location, decreases systemic exposure and
lowers total cost (Li et al., 2021). Currently, OA is routinely treated
with i.a. injections; however, few treatment options exist for
i.a. treatment. Corticosteroids are mainly used to alleviate OA-related
pain and resolve joint effusion with i.a. injection but not oral adminis-
tration. (Ayhan et al., 2014). Although these treatments may tempo-
rarily improve symptoms, they do not alter disease progression.
Hyaluronic acid, a visco-supplement approved by the Food and Drug
Administration (FDA), is widely used to treat OA. However, there is
no evidence that hyaluronic acid in its current form can prevent or
delay the need for joint replacement (Jgrgensen et al., 2010). An ideal
i.a. drug delivery platform must have a disease-modifying effect on
cartilage regeneration, have no or minimal safety concerns and offer
controlled release of the therapeutic agent with extended bioavailabil-
ity and joint retention. Recent progress in this area has not resulted in
the development of a single i.a. drug-delivery platform that satisfies
all these criteria. However, the specific inhibition of BRD2 is
strongly indicated to satisfy the criteria mentioned above. Animals
are biologically similar to humans. Mice share more than 98% of the

human DNA. Animals can develop cancer, diabetes and heart disease.
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Animal models, which have shorter life cycles than humans, can be
studied throughout their lifespan and through generations, facilitating
the generation of the knowledge essential for understanding disease
processes and how they interact with living biological systems (Kiani
et al., 2022; Leong et al., 2015). Based on the present study we sug-
gest that BBC0403 (2-(3,5-dimethyl-4-(oxetan-3-yloxy)phenyl)-5,7-
dimethoxyquinazolin-4(3H)-one), a specific BRD2 inhibitor, is a strong
candidate for developing i.a. medications in a 12-week-old C57BL/6

male mouse model.

2 | METHODS

21 | Screening of DNA-encoded chemical library
(DEL) with bromodomains from BRD2, BRD3
and BRD4

Novel bromo- and extra-terminal domain inhibitors (BETi) were identi-
fied by screening a DEL (WuXi AppTec, Shanghai, China) with BD1s
and BD2s from BRD2, BRD3 and BRD4 proteins. These proteins were
generated by amplifying the relevant sections of the BRD2- to
BRD4-encoding genes, placing the sections into pET28a vectors
(Novagen, Northumberland, UK), transforming Escherichia coli BL21
(DE3) (Novagen) with each plasmid and inducing protein expression
by treatment with 0.2-mM isopropyl $-D-thiogalactopyranoside for
16 h at 18°C. The bacteria were collected, resuspended in a lysis
buffer (50-mM Tris [pH 8.2] (Thermo Fisher scientific, MA, USA), 300-
mM NaCl (LPS solution, Daejeon, South Korea) and 20-mM imidazole
(Sigma, MO, USA) and sonicated. The lysates were centrifuged at
1550 x g for 1 h at 4 °C, after which the supernatant was loaded onto
a nickel affinity HisTrap HP column (GE Healthcare, Chicago, IL, USA).
After washing the column, BRD2, BRD3 and BRD4 were eluted with
50-mM Tris buffer (pH 8.2) containing 300-mM NaCl and 500-mM

imidazole.

2.2 | Time-resolved fluorescence resonance
energy transfer (TR-FRET) assay

TR-FRET assay kits from BPS Bioscience (BPS Bioscience, CA, USA)
that were specific for BRD2 (BD1 + BD2), BRD3 (BD1 + BD2) and
BRD4 (BD1 + BD2) were used. The BD ligands were diluted with
water. Master mixes consisting of 1x BRD homogeneous assay buffer
and diluted BD ligands were prepared. BRD proteins were thawed on
ice and diluted with 1x BRD homogeneous assay buffer. Subse-
quently, 1.5 pl of the master mix was added to each well of a micro-
plate (Labcyte, CA, USA), and reactions were initiated by adding 5 ul
of diluted BRD protein to each well. The plates were then incubated
at 20°C-22°C for 30-60 min. GSH acceptor beads (Perkin Elmer, MA,
USA) and streptavidin-conjugated donor beads (Perkin Elmer) were
diluted with 1x BRD homogeneous detection buffer 1. Then, 10 pl of
acceptor bead mixture was added to each well. After incubation at
18°C for 30 min, 10 pl of donor bead mixture was added to each well,

followed by incubation at 18°C for 15-30 min. Alpha-particle counts
were determined using an EnVision 2105 multimode plate reader

(Perkin Elmer).

2.3 | Binding kinetics assay

Binding kinetic analysis was performed using the Sartorius Octet® R2
system (Sartorius, Gottingen, Germany). Superstreptavidin biosensors
were loaded with biotinylated BRD2 BD1, BRD2 BD2, BRD3 BD1,
BRD3 BD2 BRD4 BD1, BRD4 BD2 or biotin as a control in
phosphate-buffered saline with Tween 20 buffer (PBST) (PBS (LPS
solution), 0.02% Tween 20 (LPS solution), 5% DMSO (Sigma)) and
dipped into the compound solution for 10 min. The binding of the
compound to proteins was tested by dipping an individual sensor into
a series of protein dilutions for 180 s to measure binding (kon) and
into blank buffer PBST to measure the off rate (koff). Simultaneously,
another compound sensor was dipped into a blank buffer, PBST, to
serve as a control. Competition binding assays were performed by
dipping the compound sensor in a mixture of proteins and testing

chemicals.

2.4 | Pharmacokinetics (PK) analysis of BBC0403
SD-rats (male, 6-week-old) were obtained from Orient Bio (Seoul,
Korea) and housed under pathogen-free conditions. Animal care was
performed following the guidelines of the Animal Care Facility at Bio-
toxtech Co. Ltd. (Chungcheong Buk-Do, Korea). The rats were housed
in standard laboratory cages with 1 rat per cage. They were provided
with standard chow and water ad libitum. The temperature in the
housing facility was maintained at 23°C. The rats were euthanized
using CO2, and to ensure that they were dead, permanent cessation
of circulation was confirmed. Animal studies are reported in compli-
ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with
the recommendations made by the British Journal of Pharmacology
(Lilley et al., 2020).

SD rats were intravenously injected with BBC0403 (5 or
25 mgkg™!) to determine the pharmacokinetics of BBC0403. Blood
sampling was conducted while the subject was under general anaes-
thesia, administered through an intraperitoneal injection of ketamine
(80 mg-kg™1) and xylazine (10 mgkg™1). The anesthesia depth was
monitored continuously by observing vital signs such as heart rate,
respiratory rate, body temperature and the pedal reflex. A local anaes-
thetic cream was also applied to the sampling site 30 min prior to the
procedure. To begin, the sternal area of the rat's collarbone was disin-
fected with alcohol, and a pulse was checked for. Following this, a
25G needle, pointing upwards, was inserted into the collarbone area.
The syringe was gently manipulated to ensure efficient blood draw
into the needle, before proceeding with the blood collection. After-
ward, a piece of cotton was applied to the puncture site to manage
any bleeding. Blood samples were collected from the jugular vein at

various intervals, mixed with 3.8% (w/v) sodium citrate (Sigma) and
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centrifuged at 8000 x g for 30 min to obtain plasma. The rat plasma
samples were then mixed with acetonitrile (33%, v/v) (Sigma), vor-
texed for 5 min and centrifuged at 13,000 x g for 10 min. The con-
centration of BBC0403 in plasma was determined by HPLC
(Shimadzu, Japan) with a UV detector. Pharmacokinetic parameters
were analysed using Microsoft Excel (Sato et al., 1996).

2.5 | Cell and reagent for treatment

According to a previous study (Jeon et al., 2023), primary mouse cells
that were used for the in vitro tests were primary mouse chondro-
cytes, and they were taken from ICR mice that were 5 days old (DBL,
Chungbuk, South Korea).

The Institutional Animal Care and Use Committee (IACUC) of
Sungkyunkwan University approved the planned animal experiments.
We created several experimental conditions to observe the anti-
catabolic effects of BBC0O403 on chondrocytes. First, chondrocytes
were treated with BBD0403 at concentrations of 5, 10 and 20 uM for
12 h, with 1 ng-ml~! IL-1p recombinant protein as a negative control
and JQ1 (thienotriazolodiazepine, a potent inhibitor of the BET family)
(Sigma) as a positive control. Second, BBCO403 was treated at the
above concentrations for 12 h in a medium containing interleukin (IL)-
1B, and a portion was harvested. Additionally, only cells treated with
high concentrations of BBC0403 were replaced with IL-1p-only
medium and cultured for an additional 12 h. Finally, after culturing for
12 h in a medium containing IL-1f, BBC0403 was added at various
concentrations without changing the medium. Control samples were
treated with PBS (LPS solution; Daejeon, South Korea).

2.6 | LDH assay

Cartilage explants were taken from the knee joints of 5-day-old mice
to isolate chondrocytes. A 96-well plate was used to grow the cells
(1 x 10* cells per well). After 12 h, cell survival was determined using
a LDH colorimetric assay kit (BioVision, MA, USA) as described previ-
ously (Lee et al., 2020). Samples with 100% and 0% viability after
treatment with Triton X-100 were used for normalization. The super-
natants of chondrocytes incubated with BBC0403 at various doses
for 12 h were analysed. The percentage of viable cells was determined
using the following equation: % of viable cells = 100 — (sample
LDH — negative control)/(max LDH — negative control) x 100. All
signals were read at 495 nm using a SYNERGY H1 microplate reader
(BioTek, Vermont, USA).

2.7 | RT-PCR and quantitative RT-PCR (qRT-PCR)

As described previously, total RNA was extracted from mouse articu-
lar chondrocytes, and reverse transcription was used to generate
cDNA. Primers utilized in the PCR were as follows: mouse Mmp3
(5'-TCCTGATGTTGGTGGCTTCAG-3' and 5'-TGTCTTGGCAAATCC
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GGTGTA-3'); mouse Mmp13 (5-TGATGGACCTTCTGGTCTTCTGG-
3 and 5-CATCCACATGGTTGGGAAGTTCT-3); mouse Cox2 (5'-
GGTCTGGTGCCTGGTCTGATGAT-3' and 5'-GTCCTTTCAAGGAGA-
ATGGTGC-3'); mouse -6 (5-ACCACTCCCAACAGACCTGTCTATA
CC-3 and 5-CTCCTTCTGTGACTCCAGCTTATCTGTTAG-3'). The
mouse glyceraldehyde quantification of gene transcript levels was
accomplished by gRT-PCR using SYBR premix ExTaq (Takara Bio,
Shiga, Japan), normalized to Gapdh level.

2.8 | Protein isolation and western blotting

As previously described (Jeon et al., 2023), chondrocyte proteins
were extracted using a lysis buffer (150-mM NaMCI, 1% NP-40
(Millipore, MA, USA), 50-mM Tris, 0.2% sodium dodecyl sulphate
and 5-mM NaF) containing protease and phosphatase inhibitors.
COX-2 and ERK were isolated from chondrocytes. MMP3 and
MMP13 were isolated from the media. Trichloroacetic acid (TCA)
precipitation isolates secreted MMP3 and MMP13 TCA-precipitated
proteins from the conditioned media. In addition, TCA (Sigma) was
removed from the protein pellet by centrifugation of the superna-
tant and adding 1-ml acetone in the tube. Anti-MMP3 (ab52915;
Abcam, Cambridge, UK, RRID:AB_881243), anti-MMP13 (ab39012;
Abcam, RRID:AB_776416), anti-COX2 (ab52237; Abcam, RRID:AB_
869240), anti-ERK1/2 (sc-514302; Santa Cruz Biotechnology, Santa
Cruz, TX, USA, RRID:AB_2571739) and anti-pERK, JNK, pJNK, p38,
pp38, p6é5 and ppb5 (9101S, 92525, 925185, 9212S, 9215S, 82428,
3033S; Cell Signaling Technology, Beverly, WA, USA) antibodies
were employed after western blot. Anti-ERK1/2 antibodies were
used to measure the protein levels (Cho et al., 2023; Jeon
et al., 2023). Densitometric analysis (AlphaEase FC 4.0; Alpha Inno-
tech, San Leandro, CA, USA) was used to adjust the band intensities
according to ERK intensity.

2.9 | Destabilization of the medial meniscus
(DMM) surgery and i.a. injection

Male C57BL/6 mice (12 weeks old) weighing 18-20 g were obtained
from DBL (Chungbuk, South Korea) and maintained under regulated
environmental conditions. The mice were housed in groups of four
per cage, maintained at a temperature of 23°C and subjected to a
12-h light/dark cycle. Unrestricted amounts of food and water were
provided.

The IACUC of Sungkyunkwan University approved all the experi-
ments. C57BL/6 male mice (12-week-old) were used to establish the
OA mouse model. C57BL/6 male mice are commonly used because of
the ease of breeding and availability of congenic strains; their robust-
ness and OA are affected by sex hormones. When DMM surgery was
performed, male mice showed higher OA severity than female mice.
Ovariectomized female mice also showed higher OA severity than
control females (Ma et al., 2007). Before DMM surgery, all animals

were anaesthetized using 100 mg-kg~* ketamine (Yuhan Corporation,
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Seoul, South Korea) and 5 mgkg™?!

xylazine (Elanco, Ansan, South
Korea) administered intraperitoneally following the Cold Spring Har-
bor Protocols. Mice were allowed to breathe spontaneously and were
placed on blanket to maintain body temperature. Medial meniscal
instability is achieved via the transection of the medial meniscotibial
ligament during DMM. As reported previously (Jeon et al., 2023), car-
tilage destruction in the femur can be detected 12 weeks after DMM
surgery. In this study, we induced OA during DMM surgery for
10 weeks. The DMM usually damages the cartilage's medial side by
cutting the medial meniscotibial ligament (Glasson et al., 2007). Ten-
week-old C57BL/6 male mice were subjected to DMM following a
previously described method (Jeon et al., 2023). Four weeks after sur-
gery, BBC0O403 was injected i.a. once per week. The sham group did
not undergo the DMM surgery. The control group underwent DMM
surgery with PBS. Ten weeks after the DMM surgery, the mice were

killed for histopathological analysis.

210 | Explant culture and alcian blue staining
Cartilages isolated from ICR mice (5 days old) were cultured in DMEM
for 24 h and were treated with IL-18 and BBC0403 for 24 h. Cartilage
was fixed in 4% paraformaldehyde and dehydrated using a gradient of
ethanol and xylene. Finally, the cartilage samples were transferred to
a paraffin block. Paraffin blocks were sectioned with a thickness of
5 um. Paraffin was substituted with xylene, and cartilage sections
were dehydrated using a gradient ethanol. Alcian blue 1% solution
(pH 2.5) was made using 0.1-N HCI and alcian blue 8GX (A9186-10G;
MiliporeSigma, MA, USA); sections were stained with alcian blue solu-
tion for 10 min at 25°C. The sections were de-stained using 0.1-N
HCL and washed with deionized water.

211 | Safranin O staining and
immunohistochemistry (IHC)

As previously described, the histopathological examination involved
Safranin O (Sigma) staining (Cho et al., 2023). Knee joints isolated
from sacrificed mice were fixed in paraformaldehyde and decalcified
with EDTA for 2 weeks. Knee joints were placed in paraffin blocks
and dehydrated using an ethanol and xylene gradient. Paraffin blocks
were serially cut into 5-um-thick sections using a microtome. Sections
were deparaffinized using xylene substitution and an ethanol gradient
and hydrated before staining with Safranin O. The stained knee joint
slices were examined using the Osteoarthritis Research Society Inter-
national (OARSI) grading system; subchondral bone plate (SBP) thick-
ness was measured to determine the extent of cartilage damage (Jeon
et al., 2023). Specially, SBP thickness was measured as the average
length obtained from three different sections to assess subchondral
bone sclerosis using an Aperio Image Scope (Leica Biosystems, IL,
USA) (Nagira et al., 2020). Two investigators scored all the histology
samples in a blinded and independent manner. Immunohistochemistry

was used to determine protein expression in chondrocytes from the

cartilage. The intensity of immunohistochemistry (IHC) staining was
normalized to the number of cells in the field of view. The hydration
process resembled that used in Safranin O staining. Primary anti-
bodies against IgG (#10500C; Invitrogen, MA, USA, RRID:AB_
2532981), 8-Hydroxyguanosine (8-OHdG; GTX41980; GeneTex, CA,
USA), MMP3 (ab52915; Abcam, RRID:AB_881243), MMP13
(ab39012; Abcam, RRID:AB_776416) and COX2 (ab52237; Abcam,
RRID:AB_869240) (Jeon et al., 2023) were applied to the samples.
Finally, the samples were visualized using aminoethyl carbazole before
quantification using ImageJ software. The Immuno-related procedures
used comply with the recommendations made by the British Journal of
Pharmacology (Alexander et al., 2018)

212 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2022). Statistical analyses were con-
ducted by initially employing the Shapiro-Wilk test to assess
normality. Because all data were from three or more groups, one-way
ANOVA using the Bonferroni post hoc test was applied for normally
distributed data, and the Kruskal-Wallis test using Dunn's test was
applied for nonparametric data. Post hoc tests were conducted only if
F in ANOVA achieved P < 0.05. Results are presented as the mean
+ SD. All histological samples were scored blindly and independently
by two investigators. P values < 0.05 are marked with an asterisk (*),
indicating statistical significance. Statistical analysis was performed
using the group size given by the number of independent values. All
experiments used for statistical analysis were performed at least five
times for each group (n = 5, where n refers to the number of indepen-
dent data points). The number of independent values is provided in
the figure legends (biological replicates, not technical replicates), and
statistical analyses were performed using these independent values.
The Statistical Software GraphPad Prism 7 was used for the analysis
(GraphPad, San Diego, CA, USA). This study followed the editorial
guidelines on experimental design andanalysis in pharmacology (Curtis
et al., 2022).

2.13 | Materials

BBC0403 (2-(3,5-dimethyl-4-(oxetan-3-yloxy)phenyl)-5,7-dimethoxy-
quinazolin-4(3H)-one) was synthesised in Benobio Co (Seongnam,
South Korea). (Please contact Siyoung Yang, Department of Biological
Sciences, Sungkyunkwan University, Suwon 16419, South Korea.
Email:yangsy@skku.edu for details of synthesis and supply). Isopropyl
B-D-thiogalactopyranoside was purchase from Sigma, (MO, USA)
while IL-1pand IL-1p recombinant protein was obtained purchased
GenScript Biotech (Piscataway, NJ, USA). Sodium dodecyl protease
and phosphatase inhibitors were purchased from Roche (Basel,
Switzerland), while alcian blue 8GX (A9186-10G;) was purchased from
MiliporeSigma (MA, USA) and LPS solution was purchased from
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Daejeon, (South Korea). Details of other materials and suppliers were

provided in the specific sections

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2023/24 (Alexander,
Fabbro, Kelly et al., 2023a,b)

3 | RESULTS

3.1 | BBC0403 showed specific binding to BRD2
Molecules targeting BD1 and BD2 domains of BRD2-4 were
screened using the WUXI DEL (Figure 1a). BBC0403 was selected as
the small-molecule inhibitor (Figure 1b). It was synthesized and con-
firmed to exhibit high binding specificity to BRD2 compared to BRD3
and BRD4, as demonstrated by its TR-FRET and KD values
(Figure 1c-f). Pharmacokinetic profiles were analysed after intrave-
nous injection of BBC0403; pharmacokinetic parameters, including
Cmax, half-life and AUC, are shown in Figure 1g. The time required to
metabolize and eliminate BBCO403 from the bloodstream increased
in a dose-dependent manner.

The cytotoxicity of BBC0O403 was evaluated in mouse primary
chondrocytes in vitro. The LDH assay results demonstrated that the
cell viability of BBC0403 did not exhibit variations within the range
of 0.5-20 uM, but not 50 uM, when compared to the control group
at O uM (Figure S1A), indicating that within this range, BBC0403
exhibited no adverse effects on cell survival. Therefore, the in vitro
experiments were performed within the 0.5-20 uM concentration
range. Fibroblast-like synoviocytes (FLS) are found in synovial tis-
sues and are the primary cellular constituents of the synovium in
joints. In addition, the cytotoxicity of BBC0403 against fibroblast-
like synoviocytes cells was confirmed using the same concentration
range used for chondrocytes; no effect on cell viability was noted
(Figure S1B).

3.2 | BBC0403 suppressed the expression of OA-
inducing genes in the presence of IL-1p

BBC0403, a new BRD2 inhibitor, was tested for its anti-catabolic
effect at 5, 10 and 20 uM concentrations, at which the chondrocytes
viability did not show any significant differences compared to the con-
trol group with O-uM concentration. IL-1p was co-administered to
mimic OA-like conditions by increasing the expression of Mmp3,
Mmp13, Cox2 and II-6, catabolic factors that degrade cartilage or are
associated with inflammation. In mouse primary chondrocytes treated
with BBC0403 and IL-1p, BBCO403 inhibited the expression of
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catabolic factors. RT-PCR and gRT-PCR confirmed the anti-catabolic
effects of BBC0O403 on mRNA levels; its effects on protein levels were
confirmed by western blotting (Figure 2a-d).

As previously reported, Cox2 tissue-specific knockout mice do
not produce prostaglandin E, (PGE,). PGE, production involves Cox2
and is activated in OA cartilage (Akhtar & Haqqi, 2012). In the culture
medium where chondrocytes were cultured, BBC0403 reduced PGE,
production that induced IL-1p (Figure 2e). The levels of pro-
inflammatory cytokines were measured. Various pro-inflammatory
cytokines are secreted under OA conditions (Kapoor et al., 2011). The
level of IL-6 was evaluated by ELISA in culture supernatant obtained
after cotreating IL-1f and BBC0403. The level of IL-6 protein was also
decreased by BBC0403 treatment compared with the group treated
with IL-1p only (Figure 2f).

We further confirmed that the anti-catabolic effects of BBC0403
were sustained. The chondrocytes were co-treated with
BBC0403 and IL-1p for 12 h and then incubated for another 12 h
with IL-1p (Figure S2A). Although these chondrocytes were stimulated
with IL-1 for the last 12 h without BBC0403, catabolic factors were
decreased by pretreatment with BBC0403 (Figure S2B). These data
suggest that the anti-catabolic effect of BBC0403 was sustained.

Gene set enrichment analysis was conducted on OA-related
genes to analyse the RNA-seq data for BBC0403. A list of 269 OA-
related genes was obtained using Ingenuity Pathways Analysis (IPA).
Down-regulated genes in OA are associated with matrix degradation,
inflammation and ROS production. According to the gene set enrich-
ment analysis results (Figure 2g), BBC0403 down-regulated Mmp3,
Mmp13, Cox2, lI-6 and ROS production associated with OA's cartilage
destruction.

The anti-extracellular matrix (ECM) degradation effects of
BBC0403 were confirmed in ex vivo experiments using cartilage
explants. When cartilage explants were stained by alcian blue, a
cationic dye binding to sulfated glycosaminoglycans, cartilage explant
co-treated with BBC0403 with IL-1p was dyed dark compared to
IL-1p (Figure 2h).

Before checking the in vivo effect of BBC0403, we first checked
the in vitro OA mimic conditions with IL-1f treatment for 24 h. Chon-
drocytes were treated with BBCO403 for 12 h after IL-1f pretreat-
ment for 12 h (Figure S2D) to make in vitro mimic OA conditions.
Although IL-1p increased catabolic factor expression, BBC0403 could
inhibit IL-1p induced catabolic factor expression (Figure S2E,F). Thus,
BBC0403 may be a strong therapeutic agent for suppressing the
expression of catabolic factors and inhibiting cartilage destruction

in vivo.

3.3 | Intra-articular (i.a) injection of BBC0403
prevented OA cartilage degradation

As previously stated, BBCO403 decreased IL-1p-induced expression
of catabolic factors in mouse primary chondrocytes. In vivo experi-
ments were conducted using 12-week-old C57BL/6 male mice to
determine whether the anti-OA effects of BBC0403 would be
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FIGURE 1 BBC0403 is bound to BRD2 more strongly than BRD3 and 4. (a) Scheme of DNA-encoded chemical library (DEL) screening.
Purified target proteins and the DEL standard library were needed for DEL screening. The DNA was amplified after selecting a DNA-encoded
chemical compound that binds to the target protein by mixing the two. Next-generation sequencing was conducted to find a candidate chemical
for inhibition. (b) BBC0403 (2-(3,5-dimethyl-4-(oxetan-3-yloxy)phenyl)-5,7-dimethoxyquinazolin-4(3H)-one) structure. (c, d) Scheme and value of
TR-FRET assay. Among the BRD proteins, the stronger the binding force with BBC0403, the lower the TR-FRET value because it cannot bind to
the BD ligand. (e, f) Scheme and value of binding kinetics assay. A binding kinetics assay using a biosensor was performed to compare the binding
force of BBC0403 with the domains of each protein. The KD value is a dissociation constant value, the smaller the value, the stronger the
coupling force. (g) Concentration in plasma was measured after i.v. injection of 5 and 25 mg-kg ™! to evaluate long-term biocompatibility. The
pharmacokinetic parameter of BBC0403 following i.v. injection in normal rats. Cmax is the maximum observed plasma concentration.
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FIGURE 2 BBCO0403 decreased catabolic factors in osteoarthritis (OA) mimic condition and inhibited extracellular matrix (ECM) degradation.
(a-f) BBC0403 at various concentrations and IL-1p (1 ng-ml~%) were applied for 12 h to mouse articular chondrocytes to show the anti-catabolic
effect of BBC0403 in vitro. The levels of Mmp3, Mmp13, Cox2 and II-6 were evaluated by PCR (a), gRT-PCR (b), western blotting (c) and
densitometry (n = 5) (d). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ERK concentrations were used to normalize each gene and
protein level. (e) The level of PGE, in the culture media was analysed by ELISA (n = 5). (f) The protein level of IL-6 in the culture supernatant was
analysed by ELISA (n = 5). (g) Gene set enrichment analysis (GSEA) was conducted using RNA-seq data gained from chondrocytes. (h) The alcian
blue solution-stained cartilage explants. Each explant acquired from a 5-day-old mouse was treated with BBC0403 and IL-1 (1 ng-ml~) for 72 h.
The explant was imaged under the microscope at 400x. Scale bar = 100 um. Values are presented as means + SD and were assessed using one-
way ANOVA with Bonferroni's test (e) and Kruskal-Wallis test using Dunn's test (b, d, f). *P < 0.05. Control: The group treated with PBS was the
control.

confirmed in a mouse model. The DMM surgery, which destabilizes therapeutic agents were used onset of or after cartilage destruction
the medial meniscus by transecting the medial meniscotibial ligament, (Zhang et al., 2019). The time point of OA development should be
is a representative method for creating an OA mouse model. We selected to determine the exact therapeutic effect of BBC0403. One

performed DMM surgery on C57BL/6 mice. Furthermore, all OA advantage of the DMM model is that it makes it possible to monitor
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the onset of cartilage destruction; cartilage destruction begins to
increase gradually 4 weeks after DMM surgery (Jeon et al., 2023).

For 4-10 weeks after DMM surgery, BBC0403 was injected by
i.a. once a week. The mice were euthanized 10 weeks after the DMM
surgery (Figure 3a), and tissues were analysed. When 10 pg-kg™!
BBC0403 was injected after DMM surgery, cartilage destruction was
prevented, compared to the PBS control where cartilage destruction
occurred (Figure 3b). lLa. injection of BBCO0403 inhibited DMM-
induced OA manifestations in an injection time-dependent manner
(Figure S3). We applied the Osteoarthritis Research Society Interna-
tional grading system to evaluate the severity of OA, particularly in
the knees (Glasson et al., 2010). subchondral bone plate (SBP) thick-
ness is related to the bone structure beneath the articular cartilage of
the joints. Changes in SBP thickness are associated with OA. The cor-
relation between the Osteoarthritis Research Society International
grade and SBP thickness lies in its correlation with OA progression
and severity. In OA, changes occur not only in the cartilage but also in
the underlying bone. The subchondral bone undergoes remodelling
and becomes capable of affecting SBP thickness. The relationship
between Osteoarthritis Research Society International grade and SBP
thickness can provide insights into the extent of joint degeneration
and the pathological changes occurring in OA (Nagira et al., 2020). We
next checked the Osteoarthritis Research Society International grade
and SBP thickness and found that they were also decreased by
i.a. injection of BBC0O403 (Figure 3c,d). These results indicate that
BBCO0403 inhibits cartilage degradation and OA progression. Addition-
ally, immunohistochemistry was conducted on a section of the mouse
knee joint to confirm protein changes. When BBC0403 was injected
into the knee joint of a mouse undergoing DMM surgery, the protein
levels of Mmp3, Mmp13 and Cox2 decreased. The expression level of
8-hydroxyguanosine (8-OHdG), a biomarker used to assess ROS gen-
eration, was measured in mouse cartilage. This effect originates from
the oxidation of DNA by ROS. Immunohistochemistry demonstrated
that BBC0403 prevented ROS generation in the cartilage of mice
injected with BBC0403-i.a. after DMM surgery (Figure 3e,f). Further-
more, we did not detect any organ cytotoxicity, such as in the liver,
lungs or synovium (Figure S4). Based on these findings, BBC0403
appears to be a viable therapeutic agent for treating OA via
i.a. injection without any in vivo cytotoxicity.

In addition to DMM surgery, monoiodoacetate (MIA) injection is
used to create acute OA animal models and to induce rapid cartilage
destruction. Owing to its short induction period, it cannot accurately
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determine the time point at which OA breaks out (Miyamoto
et al., 2016; Sampath et al., 2021). The onset of OA symptoms, such
as the time point of cartilage destruction or pain induction, should be
considered for the development of therapeutic agents. It is difficult to
induce OA symptoms in the monoiodoacetate (MIA) mouse model but
not in the DMM-induced model (Cho et al., 2022; Jeon et al., 2023).
We performed an MIA mimic in vitro analysis to prove that the BRD2
inhibitor BBC0403 is suitable for inhibiting the development of acute
OA. MIA inhibits Krebs cycle, resulting in cell death (Kuyinu
et al,, 2016). H,O, treatment showed similar molecular mechanisms
in vitro (Yoo et al., 2022). We performed an LDH assay after treating
chondrocytes with H,O, and assessed chondrocyte death. The results
demonstrated that BBC0403, a specific BRD2 inhibitor, suppressed
H,0,-induced cell death (Figure S5), indicating that BBC0O403 pro-

tects against the development of acute OA.

3.4 | BBC0403 prevented OA by inhibiting NF-kB
and MAPK signalling

We focused on the changes in gene expression associated with NF-
kB and MAPK signalling to elucidate how BBC0403 prevents OA. In
general, lists of genes can be analysed using IPA. We obtained the
representative signalling of OA using RNA-seq data of chondrocytes
co-treated with BBC0403 and IL-1f and treated only with IL-1p as
control. When BBC0403 and IL-1p were co-administered, many NF-
kB and MAPK signalling genes were down-regulated, compared to
using IL-1p alone (Figure 4a). These changes in gene expression are
shown in heat maps (Figure 4b). Heatmaps of IL-1B-up-regulated
genes showed that BBC0O403 suppressed the expression of many
genes related to each signalling pathway. Additionally, doughnut
graphs showed that most of the IL-1p-up-regulated genes in each sig-
nalling were down-regulated (Figure 4c). Many genes related to the
two signalling pathways were up-regulated by IL-1p compared with
the control, but BBC0O403 down-regulated many genes that IL-1p had
increased. Specifically, 40 of 57 genes that IL-1p up-regulated were
down-regulated by BBC0403 in p38 signalling; 61 of 99 genes in NF-
KB, 34 of 64 in JNK and 64 of 110 in ERK signalling were down-
regulated by BBC0403 compared with IL-1f as control.

Alterations in signalling induced by BBC0403 were confirmed
in vitro. BBCO403 in various concentrations was used to treat mouse
articular chondrocytes for 12 h, and IL-1p (1 ng-ml~%) was applied for

FIGURE 3 BBC0403 inhibited DMM surgery-induced expression of catabolic factors, preventing cartilage degradation. (a) This is an in vivo
experimental scheme to evaluate the effect of BBC0403 on osteoarthritis (OA). DMM surgery was conducted on 12-week-old mice to make an
OA mouse model. After 4 weeks after surgery, BBC0403 was intra-articular (i.a.) injected once a week for 7 weeks. (b) BBC0403 was injected
with 5 and 10 pg-kg ™1, and the histopathology of the knee joint was analysed by safranin O staining. Orange lines indicate tidemarks. (c, d) The
histopathology assessments for the anti-OA effect of BBC0O403 were presented using Osteoarthritis Research Society International scoring

(c) and subchondral bone plate (SBP) thickness (d) (n = 5). (e, f) In the knee joint, the change of expression of catabolic factors after injecting
BBC0403 (10 pg-kg~1) was analysed by immunohistochemistry (e) and quantified by ImageJ (f) (n = 5). Values are presented as means + SD,
assessed using one-way ANOVA with Bonferroni's test (d, f) and Kruskal-Wallis test using Dunn's (c). *P < 0.05. Sham: The group without
surgery; Control: the DMM-induced group with i.a. injection of PBS was the control. The cartilage and each tissue were captured under the

microscope at 40x, 100x and 400x. Scale bar = 100 pum.
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FIGURE 4 The anti-OA effect of BBC0403 is associated with inhibiting NF-kB and MAPK signalling activated by IL-1p. (a-c) RNA-seq silico
analysis was performed with RNA samples isolated from three groups (control, IL-1, IL-18 + BBC0403 20 uM). Gene set enrichment analysis
(GSEA) was conducted to analyse the association with each signalling (a), and heatmaps and doughnut graphs were used to show changes in IL-

1p-up-regulated gene expression caused by BBC0403 (b, c). (d, e) Mouse articular chondrocytes were treated with BBC0403 at various
concentrations for 12 h, and IL-14 (1 ng-ml~1) was added 10 min before harvest. Western blotting was conducted (d) to evaluate the level of each
signalling and was verified by densitometry (e) (n = 5). Values were assessed using Kruskal-Wallis and Dunn's tests and are presented as means

+ SD. *P < 0.05. FDR, false discovery rate; NES, normalized enrichment score. Control: The group treated with PBS was the control.

10 min before harvest. BBC0403 decreased the level of pp65 protein
and increased the level of plkB protein (Figure 4d,e). This indicates
that BBC0O403 suppresses IL-1p-induced NF-kB signalling. In addition,
BBCO0403 decreased the protein levels of pJNK, pERK and pp38 com-
pared to those in the control group (Figure 4d,e), showing that
BBC0403 suppressed MAPK signalling induced by IL-1p. BBC0403
was identified to suppress OA progression via MAPK and NF-kB sig-
nalling (Figure 5).

4 | DISCUSSION AND CONCLUSION

Articular cartilage deterioration is the primary symptom of OA, a
degenerative condition causing discomfort (Yao et al., 2023). OA can
only be managed and delayed at the disease management level, with
no existing medication preventing or postponing its onset (Martel-

Pelletier et al., 2016). l.a. injection is a cost-effective treatment for

OA, but no evidence exists that hyaluronic acid and corticoids provide
complete relief for OA (Jargensen et al., 2010). Therefore, the devel-
opment of novel i.a. injection drugs is necessary.

This study suggests that BBC0O403 regulates MAPK and NF-kB
signalling. When BBC0403 was administered with IL-1p, IL-16-
induced ERK, p38 and JNK signalling decreased. MAPK signalling
affects chondrocyte alteration, such as NF-kB signalling. p38 is a
member of the MAPK superfamily, and its signalling pathway is acti-
vated by phosphorylation. Moreover, p38 signalling is associated with
many age-related diseases (Barnes et al., 2019; Grootaert et al., 2021;
He et al., 2020). Specifically, in OA, activation of the p38 signalling
pathway up-regulates the expression of MMPs, which in turn
degrades type Il collagen, a component of cartilage (Liao, Zhang,
et al., 2020b).

Similarly, the active forms of JNK and ERK are phosphorylated to
activate active protein-1 (Park et al., 2013). Many studies have shown
that JNK and ERK signalling activation is associated with OA
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FIGURE 5 BBC0403 acquired from DNA-encoded chemical library (DEL) screening for BRD proteins showed stronger binding affinity to

BRD2 than BRD3 and BRD4. In chondrocytes, BBCO403 suppressed IL-1f-induced NF-kB, ERK, JNK and p38 signalling by down-regulating the
corresponding genes and decreasing the expression of Mmp3, Mmp13, Cox2 and Il-6. BBC0403 was intra-articular (i.a.) injected into the mouse
knee joint after DMM surgery attenuated cartilage degradation and OA progress.

progression (Cho et al., 2023; Lin et al., 2021; Tong et al., 2019),
including cell proliferation, development and other pathological pro-
cesses. Yang et al. showed that chemokines, such as CXCL8 and
CXCL11, are increased in the synovial fluid of patients with OA and
that CXCL8 and CXCL11 trigger the JNK signalling pathway, which in
turn promotes apoptosis and inhibits chondrocyte proliferation (Yang
et al., 2016).

ROS production significantly contributes to the onset and pro-
gression of OA. ROS are generated due to oxidative stress during cel-
lular metabolism and can potentially harm cartilage (Deng et al., 2022;
Kang et al., 2022). The 8-hydroxyguanosine (8-OHdG) biomarker is
particularly noteworthy, as it signifies DNA damage and oxidative
stress manifestation (Guo et al., 2016). The level of 8-OHdG is indica-
tive of certain pathological states such as ageing, cancer and chronic
kidney disease (Cavallini et al., 2007; Kondo et al., 2000; Sanchez
et al., 2018). Several studies have suggested that increased levels of
oxidative stress can potentially cause disturbances in the metabolic
processes of chondrocytes (Kang et al., 2022). Furthermore, some
studies indicated that OA pathogenesis is associated with increased
8-OHdG levels (Jeon et al., 2023; Renaudin et al., 2023).

The therapeutic potential of bromo- and extra-terminal domain
inhibitors (BETis) is due to their ability to transform epigenomic DNA
into small molecules. BETi binds to the bromodomains (BD1 and BD2)
of BET proteins (BRD2, BRD3, BRD4 and BRDT) and inhibits their
interactions with acetylated lysine residues on histone tails and tran-
scription factors (Kulikowski et al., 2021). Although pan-BETi binds to
all three BET proteins with equal affinity, selective BETi shows greater
affinity for one BRD protein than the other. For example, pan-BETi
JQ1 can prevent the inflammation-induced redistribution of BRD4 on
chromatin, suppress the expression of inflammatory and adhesion
molecules in endothelial cells induced by tumour necrosis factor-
alpha, significantly reduce monocyte (THP-1 cell) adhesion to human
umbilical vein endothelial cells (HUVECs) and inhibit atherogenesis in
hypercholesterolaemic mice (Brown et al., 2014). However, multiple
uses of pan-BET are limited by toxic effects (Doroshow et al., 2017).
Therefore, it is crucial to determine whether selective BETi can main-
tain anti-inflammatory properties without causing toxicity. Such BETis
would serve as anti-inflammatory agents in OA.

Previous research has shown that mice with low levels of BRD2

(brd2 low mice) are protected against obesity-induced inflammation
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(Wang et al., 2009), indicating that BRD2 plays a critical role in regu-
lating inflammation in response to various pro-inflammatory stimuli.
Additionally, BRD2 is vital in regulating pro-inflammatory cytokines
by facilitating NF-kB-regulated transcription (Belkina et al., 2013).

As previously reported, in cells treated with JQ1, the multi-target
BETi, the IL-1p-induced expression of MMPs and inflammatory cyto-
kines was reduced, and cartilage destruction was suppressed in the
anterior cruciate ligament transection (ACLT) mouse model by down-
regulating NF-kB signalling. However, because JQ1 has a short half-
life, it has not yet been evaluated in human clinical trials.

In this study, DMM surgery was chosen rather than anterior cru-
ciate ligament transection to test the OA effects of BBC0403 in an
OA C57BL/6 male mouse model. DMM surgery destabilizes the
medial meniscus by transecting the medial meniscotibial ligament
because of the high level of surgical expertise required and the subse-
guent severe OA, which may involve subchondral bone erosion, ante-
rior cruciate ligament transection is not recommended for use in mice.
DMM-induced lesions were similar in degree and location to those
observed in older spontaneous mouse models of OA (Jeon
et al., 2020). DMM surgery affects the chondrocyte column disar-
rangement of the growth plate, which does not affect cartilage
destruction (Lamuedra et al., 2020). Cartilage destruction was reduced
when BBC0403 was i.a. injected after DMM surgery, but chondrocyte
column disarrangement was not reduced (Figure S6). A potent and
specific small molecule, BETi, BBC0403, showed anti-OA effects at
cellular and animal levels without organ cytotoxicity in the liver, lungs
and synovium.

The classification of OA cartilage degeneration is complex
because patients have various histories, symptoms and morphological
changes. Common to all, however, are symptoms of pain or limitation
in joint movement associated with structural joint (cartilage) damage
(Aigner et al., 2015). As previously reported, increased cartilage
destruction may be increasing the pain (Dai et al., 2018, 2019; Kang
et al., 2022). Although we did not perform pain analysis, we speculate
that BBC0O403 reduced knee pain because of the inhibition of carti-
lage destruction. Although we demonstrated no cytotoxicity after
i.a. injection, BBC0O403 translation to systemic diseases still has limita-
tions because we did not administer BBC0403 orally. Should oral
administration of BBC0403 affect OA, it can be used for universal OA
therapy as well as for obesity-induced inflammation regulated by
BRD2 (Wang et al., 2009).

In conclusion, this study evaluated the potential of a newly devel-
oped BRD2-specific inhibitor, BBC0403, for treating OA. BBC0403
selectively targets BET proteins with a high affinity for BRD2. This
selectivity enhances its efficacy while minimizing the adverse effects
of OA. BBC0403 also exhibited anti-OA effects, such as suppressing
catabolic factors and preventing OA cartilage degradation. Therefore,
BBCO0403 is a promising candidate for injectable drug therapy, specifi-
cally as a BRD2-specific inhibitor, in the treatment of OA.
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