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Aims
cAMP response element binding protein (CREB1) is involved in the progression of osteoar-
thritis (OA). However, available findings about the role of CREB1 in OA are inconsistent.
666-15 is a potent and selective CREB1 inhibitor, but its role in OA is unclear. This study
aimed to investigate the precise role of CREB1 in OA, and whether 666-15 exerts an anti-OA
effect.

Methods

CREBT1 activity and expression of a disintegrin and metalloproteinase with thrombospondin
motifs 4 (ADAMTS4) in cells and tissues were measured by immunoblotting and immuno-
histochemical (IHC) staining. The effect of 666-15 on chondrocyte viability and apoptosis
was examined by cell counting kit-8 (CCK-8) assay, JC-10, and terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labelling (TUNEL) staining. The effect of 666-15 on
the microstructure of subchondral bone, and the synthesis and catabolism of cartilage,
in anterior cruciate ligament transection mice were detected by micro-CT, safranin O and
fast green (S/F), immunohistochemical staining, and enzyme-linked immunosorbent assay
(ELISA).

Results

CREB1 was hyperactive in osteoarthritic articular cartilage, interleukin (IL)-1p-treated
cartilage explants, and IL-1B- or carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-treated
chondrocytes. 666-15 enhanced cell viability of OA-like chondrocytes and alleviated IL-1p-
or CCCP-induced chondrocyte injury through inhibition of mitochondrial dysfunction-associ-
ated apoptosis. Moreover, inhibition of CREB1 by 666-15 suppressed expression of ADAMTSA4.
Additionally, 666-15 alleviated joint degeneration in an ACLT mouse model.

Conclusion

Hyperactive CREB1 played a critical role in OA development, and 666-15 exerted anti-IL-1p or
anti-CCCP effects in vitro as well as joint-protective effects in vivo. 666-15 may therefore be
used as a promising anti-OA drug.
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Article focus

e Studies on the role of CREB1 in the pathogenesis of
osteoarthritis (OA) yield inconsistent results. Hence, the
exact role of CREB1 in OA needs to be further explored.

° 666-15 is a potent and selective CREB1 inhibitor that exerts
anti-tumour effects. However, the role of 666-15 in OA
remains unclear.

Key messages

* CREB1 was hyperactive in osteoarthritic articular cartilage
in vivo, cartilage explant ex vivo, and chondrocytes in vitro.

* CREB1 inhibition by 666-15 enhanced viability of OA-like
chondrocytes, and alleviated IL-13- or carbonyl cyanide 3-
chlorophenylhydrazone (CCCP)-induced chondrocyte injury
through inhibition of mitochondrial dysfunction-associated
apoptosis.

° 666-15 alleviated joint degeneration in an anterior cruciate
ligament transection mouse model.

Strengths and limitations

e To our knowledge, this is the first time that the therapeutic
potential of 666-15 in diminishing OA deterioration has
been highlighted. These findings unveiled 666-15 as a
promising anti-OA drug.

* It is unfortunate that we were unable to verify the thera-
peutic effect of 666-15 in human OA.

Introduction

Osteoarthritis (OA) is the most common degenerative
joint disorder, affecting largely the knees and hips, and
is characterized by increasing loss of cartilage, subchon-
dral bone remodelling, and inflammation in the synovial
membrane.! To date, the pathogenesis of OA remains
enigmatic, and identification of the principal molecular
mechanisms underlying the initiation and progression of
OA is urgently needed. Depending on the stage of the
disease, current treatment strategies constitute chronic
pain relief and joint mobility preservation by viscosupple-
mentation injection or physiotherapy for early-stage OA/
as well as total joint replacement surgery for end-stage
OA’ However, there is still a lack of disease-modifying
OA drugs or agents that may improve joint homeostasis.”
A substantial amount of time and effort is required to
investigate potential therapeutic drugs that may alter the
degenerated joint phenotype in OA.

Although OA affects all anatomical components of the
joint, the degradation of articular cartilage is the pathological
hallmark of OA. Articular cartilage is a type of highly organized
avascular fibrous connective tissue that functions as a shock
absorber with low-friction and low-wear properties, as well
as providing smooth articulation at the joint surfaces.*” It
is composed of a complex extracellular matrix (ECM) largely
comprising type Il collagen and aggrecan, a large aggregating
chondroitin-sulfate proteoglycan, as well as sparse specialized
cells called chondrocytes.® As the sole cell population in
cartilage, chondrocytes play a significant role in the devel-
opment and maintenance of ECM, which is in a dynamic
state of equilibrium between synthesis and degradation.”®
Matrix metalloproteinase 13 (MMP13) and a disintegrin and
metalloproteinase with thrombospondin motifs 4 (ADAMTS4)
are considered the most critical ECM catabolic enzymes

associated with the degradation of collagen and aggrecan,
respectively, in OA.*'"° Dysregulation of these ECM-degrading
enzymes can disturb the balance between synthesis and
degradation of ECM, and can lead to progressively pathologi-
cal destruction in cartilage."’

cAMP response element binding protein (CREB1) is a
nuclear transcription factor that regulates cell survival and
cell death.'” Activation of CREB1, dependent on phosphoryla-
tion at Ser133 by several kinases,” is implicated in various
pathologies."* ™ The role of CREB1 in the pathogenesis of
OA has drawn more attention in recent years. Using bioin-
formatics tools, CREB1 has been identified as one of the
crucial transcriptional factors in the regulatory network of
OA."” CREB1 induces MMP13 expression following a specific
CpG demethylation in osteoarthritic cartilage.'® Activation of
the p38/CREB/MMP13 axis has also been reported in hip
OA."” However, CREB1 appears to have the ability to promote
chondrocyte proliferation, as downregulation of CREB1 results
in inhibition of chondrocyte proliferation.”” Thus, the effects
of CREB1 on cartilage remain inconclusive, and whether
targeting CREB1 is a promising therapeutic strategy for OA
needs to be determined.

666-15 is a potent and selective CREB1 inhibitor
that decreases CREB1 activation.”’” It has been repor-
ted that 666-15 shows efficacious antitumour activity in
vivo.”?* However, whether 666-15 promotes chondroprotec-
tive activities and anti-osteoarthritic effects is uncertain.

In the present study, we aimed to address: 1) whether
CREB1 in cartilage from osteoarthritic animal or cell models is
hyperactive; and 2) whether 666-15, a potent CREB1 inhibitor,
maintains cartilage homeostasis and mitigates OA progres-
sion.

Methods

Reagents and antibodies

666-15 was procured from AbMole Bioscience (USA). Human
and mouse IL-1p were obtained from Novoprotein (China).
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was from
Solarbio (China). Hoechst 33,258 was from Biorigin (China).
DMEM-low glucose (LG) and fetal bovine serum (FBS) were
from HyClone (USA). Anti-p-CREB1 was purchased from Cell
Signaling Technology (USA). Antibodies against aggrecan,
ADAMTS4, and B-actin were obtained from Abcam (USA).
Antibodies against collagen Il and MMP13 were purchased
from Proteintech (USA). Horseradish peroxidase (HRP)-labelled
goat anti-mouse and HRP-labelled goat anti-rabbit antibodies
were from Applygen (China) and Cell Signaling Technology
(USA).

Animals

Both Hartley guinea pigs (n = 18, one-month-old, female) and
C57BL/6 N mice (n = 37, six-week-old, male) were housed at
22°C (£ 2°C) with a relative humidity of 55% (+ 10%) and
12-hour light-dark cycle. The animals were given ad libitum
access to water and standard rodent chow. All procedures
of the animal experiments were approved and performed in
accordance with the institutional guidelines for care and use
of animals. All efforts were made to minimize the number
of animals killed in the experiment and their discomfort.
Moreover, we have adhered to the ARRIVE guidelines and have
supplied the relevant checklist.
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Fig. 1

cAMP response element binding protein (CREB1) was activated in the degenerative cartilage in both spontaneous and instability-induced
osteoarthritis (OA) models in vivo. a) Safranin O and fast green (S/F) staining of articular cartilage in sagittal sections of the tibia from guinea
pigs of different ages (left panel, scale bars = 1 mm; right panel, scale bars = 250 pm). b) The Osteoarthritis Research Society International (OARSI)
scores of histological sections of the tibia from guinea pigs of different ages (n = 3 in each group). c) Levels of p-CREB1 in the articular cartilage
increased gradually with age. Representative images are shown of immunohistochemistry (IHC) with antibody against p-CREB1 in the articular
cartilage of guinea pigs of different ages (left panel, scale bars = 250 um; right panel, scale bars = 50 um). d) Quantitative analysis of the percentages
of p-CREB1-positive chondrocytes in articular cartilage tissue sections in each group (n = 3 in each group). e) Levels of phosphorylation of CREB1
in primary chondrocytes derived from guinea pigs of different ages were determined by immunoblotting. f) to h) S/F staining and IHC staining of
p-CREB1 in tibial cartilage of sham or anterior cruciate ligament transection (ACLT) mice (scale bars = 100 um), with f) representative images, g) OARSI
scores, and h) quantification of p-CREB1-positive chondrocytes of the tibial cartilage shown (n = 3 in each group). For b) and d), one-way analysis of
variance was used to compare means among groups, and the Fisher’s least significant difference test was performed for the multiple comparisons.
For g) and h), the independent-samples t-test was used for comparisons between two groups. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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cAMP response element binding protein (CREB1) was activated in osteoarthritic cartilage explants ex vivo and chondrocytes in vitro. a) Safranin O and
fast green (S/F) staining (top panel, scale bars = 500 um) and immunohistochemical (IHC) staining of p-CREB1 (bottom panel, scale bars = 100 pm)
in cartilage of mouse femoral head treated with or without interleukin-1f (IL-18) (10 ng/ml) for 72 hours. b) Quantification of IHC data (n = 3 in
each group). The independent-samples t-test was used for comparisons between two groups; ***p < 0.001. ¢) to d) Human chondrocytes (HCs) of
passage 3 (P3) were treated with c) IL-1B (10 ng/ml) or d) carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (50 uM) for the indicated durations, and

phosphorylation of CREB1 was determined by immunoblotting.

Spontaneous OA model

Guinea pigs were killed by cervical dislocation under anaesthe-
sia using 3% sodium pentobarbital (30 mg/kg) via intraperito-
neal injection at one, three, or five months of age (n = 3/group).
Left knee joint specimens were collected and subjected to
histological analysis.

Induction of knee post-traumatic OA

The anterior cruciate ligament transection (ACLT)-induced
OA of the left knee was established according to previous
research.”>? In brief, after two weeks of acclimatization, ACLT
was performed on the left knee joints of mice that had
been anaesthetized with dexmedetomidine (0.25 mg/kg) and
ketamine (25 mg/kg) by intramuscular injection. A sham
operation was done on the left knee joints of mice without
ACLT.

Experimental design for the established post-traumatic OA
model

In this study, we performed two experiments for different
purposes. In the first experiment, six mice were randomly
assigned to the sham and ACLT groups (n = 3/group).
The animals were killed six weeks after surgery, and knee
joint samples were collected for histological examination of
changes in degeneration and CREB1 activity in the knee joint
cartilage. In the second experiment, a total of 25 mice were
randomly assigned to normal, sham, ACLT + vehicle, ACLT +

666-15 low, and ACLT + 666-15 high groups (n = 5/group). Two
weeks after surgery, the ACLT mice were injected intraperito-
neally with either vehicle, 666-15 at 5 mg/kg, or 666-15 at
10 mg/kg once a week, and the treatment lasted for six weeks.
666-15 was dissolved in 10% dimethyl sulfoxide (DMSO), 40%
polyethylene glycol (PEG 300), and 5% Tween-80 in saline. The
666-15 treatments were freshly prepared weekly. Both normal
and sham group animals did not receive an injection. All
mice were killed eight weeks post-surgery under anaesthesia
with 0.25 mg/kg dexmedetomidine and 25 mg/kg ketamine
by intramuscular injection. Blood samples and left knee
joint specimens were harvested for subsequent experiments,
including micro-CT analysis, histological analysis, immunohis-
tochemistry (IHC) assessment, and enzyme-linked immuno-
sorbent assay (ELISA).

Cartilage, chondrocytes, and drug treatment

Femoral heads from six-week-old, male C57BL/6 N mice
were dissected and used as explants for ex vitro
studies. Briefly, after stabilization in Dulbecco’s Modi-
fied Eagle Medium Low Glucose (DMEM-LG) complete
medium (DMEM-LG supplemented with 10% FBS, 100 U/ml
penicillin, 100 pg/ml streptomycin, and 250 ng/ml
Amphotericin B) for 24 hours, femoral head explants
were maintained in DMEM-LG complete medium with
or without 10 ng/ml IL-1B (n = 3/group) for another
72 hours. Afterward, femoral head explants with or
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666-15 suppressed cAMP response element binding protein (CREB1) activity and enhanced cell viability of aged chondrocytes in vitro. a) Chemical
structure of 666-15. b) Viability of chondrocytes declined gradually with age. Cell viability of articular chondrocytes obtained from the knees of
guinea pigs of different ages (1 m, 1 months; 3 m, 3 months; and 6 m, 6 months) (n = 3 in each group) was determined by cell counting kit-8
(CCK-8) assay. For each time point detected, one-way analysis of variance (ANOVA) was used to compare means among groups and the Fisher’s least
significant difference (LSD) test was performed for the multiple comparisons. #p < 0.05, 3 m vs 1 m; *p < 0.05, 6 m vs 1T m. c) to d) Chondrocytes
obtained from six-month-old guinea pigs (GPCs (6 m)) were treated with different concentrations of 666-15 for 24 hours. Cell lysates were collected
and ¢) subjected to immunoblotting to detect the phosphorylation level of CREB1, and d) CCK-8 assay was applied to detect cell viability (n = 3 in
each group), one-way ANOVA was used to compare means among groups, and the Fisher’s LSD test was performed for the multiple comparisons.
*p < 0.05, vs vehicle group. e) to f) Human chondrocytes (HCs) of P8 were treated with different concentrations of 666-15 for 24 hours. e) Cells were
harvested for protein extraction and immunoblotting, and f) cell viability was assessed by CCK-8 assay (n = 3 in each group), one-way ANOVA was
used to compare means among groups, and the Fisher’s LSD test was performed for the multiple comparisons. *p < 0.05, vs vehicle group. HCI,

hydrogen chloride.

without OA-like defects were collected for histological
analysis and IHC assessment. Human primary chondrocytes
and their culture system were obtained from BeNa culture
collection (BNCC, China). Different passages of human
primary chondrocytes were used for different purposes
in the study. To obtain the primary chondrocytes from
animals of different ages at the same time, one-month-
old guinea pigs were purchased and were maintained for
zero, two, or five months, respectively. Knee joint articular
cartilage from animals aged one, three, or six months (n
= 3/group) were harvested and subjected to sequential
enzymatic digestion with trypsin and collagenase Il under
sterile conditions. Thereafter, isolated chondrocytes were
collected and resuspended in DMEM-LG complete medium.
Guinea pig chondrocytes between passages 2 and 5 were

used for experiments. All cartilage explants and cells were
incubated in a humidified atmosphere of 5% CO, at 37°C.
To induce OA-like changes in chondrocytes, cells were
stimulated with 10 ng/ml IL-1B or 50 uM CCCP at the
designated time. To inhibit CREB1 activity, chondrocytes
were treated with different concentrations of 666-15 for
indicated time.

Micro-CT analysis of subchondral bone

Micro-CT analysis was performed as previously described.’
Briefly, the microarchitecture of the knee joint samples was
acquired on a SkyScan 1172 pCT system (Bruker Corpora-
tion, USA) operating at a source voltage of 49 kV and
current of 139 pA with an image pixel size of 7.97 um. For
analysis of the subchondral bone, the compartment of the

Bone & Joint Research  Volume 13, No. 1 January 2024
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666-15 alleviated IL-1B3- or carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-induced chondrocyte injury through inhibition of mitochondrial
dysfunction-associated apoptosis. a) Chondrocytes obtained from one-month-old guinea pigs (GPCs (1 m)) (n = 3 in each group) were treated with
different concentrations of 666-15 for two hours prior to IL-18 (10 ng/ml) treatment for 24 hours. Cell counting kit-8 (CCK-8) assay was performed to
assess cell viability. b) to ) Human chondrocytes (HCs) of P3 (n = 3 in each group) were treated with different concentrations of 666-15 for two hours
prior to b) IL-18 (10 ng/ml) or ¢) CCCP (50 puM) treatment for 24 hours. Cell viability was assessed using the CCK-8 assay. One-way analysis of variance
was used to compare means among groups, and the Fisher’s least significance difference test was used for multiple comparisons. *p < 0.05, ***p <

0.001.

medial tibial subchondral bone was defined as the region of
interest. Images were binarized using the following grey-level
thresholds in Hounsfield units: 80 to 255. The binarized
images were then used to calculate morphological parame-
ters using CTAn version 1.14.4 (Bruker Corporation), including
bone mineral density (BMD, g/cm®), bone volume fraction
(BV/TV, %), trabecular number (Tb.N, 1/mm), structure model
index (SMI), trabecular bone pattern factor (Tb.Pf, 1/mm), and
trabecular separation (Th.Sp, mm).

Histological analysis and IHC assessment

Femoral head explants and left knee joint specimens without
muscles were fixed in 4% paraformaldehyde at 4°C for
48 hours, and decalcified with 30% formic acid at room
temperature for 24 to 72 hours. After being decalcified, the
left joint tissues of guinea pigs, cut at half of the medial
tibia plateau, were embedded in paraffin in the sagittal plane.
For mice, the left joint tissues were embedded using par-
affin in the coronal plane. After being roughly cut for to
approximately 0.5 to 1 mm until the tissues were completely
exposed, 25 to 35 sections, each with a thickness of 5 um,
were prepared for histological examination and IHC assess-
ment. Every fifth section was used for the safranin O and
fast green (S/F) staining using the S/F solution (Applygen
Technologies). The histological characteristics of cartilage were
determined by two blinded observers using the Osteoarthri-
tis Research Society International (OARSI) modified Mankin’s
score system for guinea pigs”’ and mice,*® respectively. For
IHC assessment, the sections were incubated with antibodies
against p-CREB1 (Cell Signaling Technology; cat no. 9198;
1:500 dilution), aggrecan (Abcam; cat no. ab216965; 1:100
dilution), ADAMTS4 (Abcam; cat no. ab219548; 1:100 dilution),
collagen Il (Proteintech; cat no. 28459 to 1-AP; 1:50 dilution),
and MMP13 (Proteintech; cat no. 18165 to 1-AP; 1:100 dilution)
at 4°C overnight and followed by incubation with secondary
antibody (Applygen; cat no. C1309; 1:1,000 dilution) for two
hours at room temperature. The number of positively stained
chondrocytes on the articular surface of each femoral head
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or medial tibia plateau was counted and the percentage of
positive cells was calculated.

ELISA

Cartilage oligomeric matrix protein (COMP) and C-terminal
telopeptide of type Il collagen (CTX-Il) in serum were detected
using the ELISA kit (Cloud-Clone, China) according to the
manufacturer’s instruction.

Immunoblotting

Immunoblotting analysis was performed as previously
described." In brief, cells were rinsed with cold phosphate-buf-
fered saline (PBS), lysed on ice in lysis buffer, and boiled for
ten minutes. Total cell lysates (about 30 pg per lane) were
then subjected to immunoblotting using primary antibodies
against p-CREB1 (Cell Signaling Technology; cat no. 9198;
1:1,000 dilution) and ADAMTS4 (Abcam; cat no. ab185722;
1:1,000 dilution) at 4°C overnight, followed by incubation
with secondary antibodies (Cell Signaling Technology, cat no.
7076, anti-mouse, HRP-linked antibody, 1:2,000 dilution; Cell
Signaling Technology, cat no. 7074, anti-rabbit, HRP-linked
antibody, 1:2,000 dilution) for two hours at room temperature.
B-actin (Abcam; cat no. ab8226; 1:1,000) was used as the
internal control.

Cell counting kit-8 assay

Cell viability was determined using the cell counting
kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Japan)
according to the manufacturer’s instruction. After incubation
of human or guinea pig chondrocytes with or without drugs
for indicated time, CCK-8 reagent was added to each well and
then determined at a wavelength of 450 nm.

Determination of mitochondrial membrane potential by
JC-10 dye staining

Mitochondrial membrane potential in human chondrocytes
was determined by Mitochondrial Membrane Potential Kit
(JC-10 assay; Solarbio, China) according to the instruction
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nuclei. c) Representative images are shown (scale bars = 50 um). d) Quantification of TUNEL-positive nuclei. One-way analysis of variance was used to
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of the manufacturer. Briefly, human chondrocytes pretreated
with or without 666-15 (125 nM) for two hours were stained
with JC-10 staining solution at 37°C for 20 minutes followed
by CCCP (50 uM) treatment for indicated time. Images were
captured at indicated time using an Olympus IX-71 micro-
scope (Japan).

Terminal deoxynucleotidyl transferase-mediated dUTP nick

end-labelling

Human chondrocytes pretreated with or without 666-15
(125 nM) for two hours were incubated with CCCP (50 uM) for
24 hours followed by TUNEL staining using a TUNEL detection
kit (Applygen Technologies) according to the manufacturer’s
instruction. Nuclei were counterstained with Hoechst 33,258.
Fluorescence staining was examined using an Olympus IX-71
microscope.

Statistical analysis

All data were presented as mean and standard deviation
(SD). One-way analysis of variance (ANOVA) was used to
compare means among groups. Additionally, the Fisher’s least
significant difference (LSD) multiple comparisons test was
performed for the multiple comparisons. Prior to ANOVA,
data were checked for normality using the Shapiro-Wilk test
and for homogeneity of variance by Bartlett’s test. Compari-

sons between two groups were analyzed using the independ-
ent-samples t-test. A p-value < 0.05 was considered to be
statistically significant. The statistical analysis was performed
using GraphPad Prism version 8.0 (GraphPad, USA).

Results

CREB1 is activated in osteoarthritic articular cartilage in vivo
To determine the exact role of CREB1 in OA, we first evaluated
CREB1 activity in two different in vivo osteoarthritic animal
models of OA: a spontaneous guinea pig model (Figure 1a
to 1e) and an ACLT mouse model (Figure 1f to Th). During
early and progressive stages of spontaneous OA (from one
to five months), a continual decrease in proteoglycan content
was observed in the superficial and interterritorial region of
the cartilage (Figure 1a). Obvious erosions were observed in
the superficial zone of the cartilage at five months of age
(Figure T1a). The OARSI score continually increased with age
during the study period (Figure 1b). At the early stage of
spontaneous OA (three months old), p-CREB1 expression was
found in all zones, though predominantly in the superficial
and middle zones of the cartilage (Figure 1c). During OA
progression, we found a continual increase in the percentage
of p-CREB1-positive chondrocytes in the articular cartilage
from three to five months (Figure 1c to 1d). We also showed
that CREB1 phosphorylation detected by immunoblotting
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Fig. 6

666-15 was an inhibitor of a disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAMTS4) with anti-catabolic activity in vitro.
a) ADAMTS4 expression in the articular cartilage increased gradually with age. Representative images of immunohistochemical (IHC) staining of
ADAMTS4 (left panel, scale bars = 250 pm; right panel, scale bars = 100 um) in the articular cartilage of guinea pigs of different ages. b) Quantification
of the ADAMTS4 IHC staining (n = 3 in each group). One-way analysis of variance was used to compare means among groups, and the Fisher’s
least significant difference test was used for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001. ¢) ADAMTS4 expressions in primary
chondrocytes derived from guinea pigs (GPCs) of different ages were determined by immunoblotting. d) 666-15 inhibited ADAMTS4 expression in a
dose-dependent manner. e) Interleukin-1p (IL-1B) induced upregulation of ADAMTS4 was suppressed by 666-15. p-CREB1, cAMP response element

binding protein.

continually increased in chondrocytes with age (Figure 1e),
which is consistent with the IHC staining of p-CREB1 in
cartilage.

As expected, a similar phenomenon occurs in an OA
mouse model. As can be seen from Figure 1f, sham-oper-
ated mice did not exhibit degenerative changes in articular
cartilage, whereas six-week post-ACLT mice revealed heter-
ogeneously distributed matrix with a severe loss of proteo-
glycan content in the superficial and middle zones of the
tibial cartilage. Histological observations were quantitatively
confirmed by the OARSI score as presented in Figure 1g.
Furthermore, our IHC staining showed a significant increase
in the percentage of p-CREB1-positive chondrocytes in the
superficial and middle zones of the cartilage in ACLT mice,
compared to that in sham-operated mice (Figure 1h). Our
finding of drastically elevated cartilage CREB1 activity in
both animal models indicates that increased cartilage CREB1

activity is a general feature during early and middle phases of
OA.

CREBI1 is activated in osteoarthritic cartilage explants ex
vivo and chondrocytes in vitro

Interleukin-1B (IL-1B) is a key proinflammatory cytokine
that promotes cartilage degradation and is involved in the
pathogenesis of OA. Hence, IL-1f is usually used as a media-
tor of OA progression.””?° To investigate CREB1 activity in an
IL-1B-induced OA model, mouse femoral head explants were
prepared and treated with IL-1f for 72 hours, followed by the
evaluation of p-CREB1 expression by IHC staining. As shown
in Figure 2a, a severe loss of matrix was observed in the
superficial zone of cartilage in IL-1B-treated cartilage explants.
Moreover, p-CREB1 expression was significantly upregulated in
IL-1B-treated cartilage explants, as evidenced by a significant
increase in the percentage of p-CREB1-positive chondrocytes
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666-15 improved deteriorated subchondral bone in an osteoarthritis mouse model with anterior cruciate ligament transection (ACLT). a) Schematic
of the in vivo study design employed to investigate the effects of 666-15 on joint degeneration in ACLT mice. b) Representative uCT images of the

medial part of subchondral bone.

in the degenerative cartilage (Figures 2a to 2b). We next
evaluated activation of CREB1 in IL-1B-induced OA-like primary
chondrocytes. We found that human primary chondrocytes
treated with IL-1B exhibited activation of CREB1 in a timely and
pulsatile manner (Figure 2c).

CCCP is a widely used inducer of mitochondrial
dysfunction. It has been recently reported that mitochondrial
dysfunction induced by CCCP treatment was associated with
increased apoptosis and enhanced expression of catabolic
genes in chondrocytes in OA.’' Thus, CCCP can also be used
as a potential mediator of OA progression. Here, we assessed
CREBT1 activity in CCCP-treated human primary chondrocytes.
As shown in Figure 2d, CREB1 was activated by CCCP in a
manner similar to that by IL-1p. Taken together, these results
indicate that CREB1 activation could be involved in IL-13- or
CCCP-mediated OA pathogenesis.

Inhibition of CREB1 by 666-15 enhances cell viability of
OA-like chondrocytes in vitro

We next investigated the effect of CREB1 inhibition by 666-15
(Figure 3a) on viability of OA-like chondrocytes. We first
performed a comparison of collagen Il expression as well as
cell viability among chondrocytes obtained from the knees
of guinea pigs of different ages. Our results showed that
chondrocytes became less active and gradually lost their
cartilage phenotype with age, as evidenced by the declined
cell viability and collagen Il expression with age (Figure 3b
and Supplementary Figure a). Moreover, in comparison to
the control group (666-15 concentration was 0 nM), concen-
trations of 666-15 from 62.5 to 500 nM drastically decreased
protein level of p-CREB1 and significantly improved cell
viability of aged guinea pig chondrocytes (Figure 3c to 3d).
It has been reported that articular chondrocytes tend to
lose their cartilage phenotype after successive subcultures on
regular plastic dishes.*”** As expected, treatment of succes-
sively passaged human chondrocytes with various concentra-
tions of 666-15 also inhibited CREB1 activity and significantly
enhanced cell viability (Figure 3e to 3f). Taken together,
these results suggested that hyperactivated CREBT might be
responsible for the decreased cell viability of OA-like chondro-
cytes.

666-15 alleviates IL-1p- or CCCP-induced chondrocyte injury
through inhibition of mitochondrial dysfunction-associated
apoptosis

We further investigated the effect of 666-15 on IL-1B- or
CCCP-induced chondrocyte injury. As can be seen from Figure
4, 666-15 in various concentrations significantly alleviated
IL-1B- or CCCP-induced chondrocyte injury (p < 0.05). Since
both IL-1p and CCCP can induce mitochondrial dysfunction
that accounts for increased apoptosis in chondrocytes,’
we next determined the effect of 666-15 on mitochondrial
dysfunction-associated apoptosis induced by CCCP. Indeed, we
found a significant loss of mitochondrial membrane poten-
tial in chondrocytes upon CCCP stimulation, as evidenced
by a rapid decrease in the red fluorescence and increase in
green fluorescence of JC-10 dye within five minutes of CCCP
(50 uM) treatment (Figure 5). However, pretreatment with
666-15 considerably inhibited CCCP-induced mitochondrial
dysfunction. Moreover, the application of 666-15 prior to CCCP
stimulation significantly suppressed CCCP-induced apoptosis.
These results indicated that 666-15 suppressed mitochondrial
dysfunction-associated apoptosis, thereby alleviating IL-1B- or
CCCP-induced chondrocyte injury.

Inhibition of CREB1 by 666-15 suppresses ADAMTS4
expression

Since MMP13 and ADAMTS4 are two of the most critical
matrix-degrading enzymes in OA, and CREB1 has been
suggested to induce MMP13 in osteoarthritic cartilage,”® we
hypothesized that ADAMTS4 might also be regulated by
CREB1 in OA. Similar to the expression pattern of CREBIT,
there is a continual increase in the IHC staining of ADAMTS4
in the articular cartilage with age (Figure 6ab). Consis-
tently, expression of ADAMTS4 measured by immunoblotting
continually increased in chondrocytes with age (Figure 6c¢).
To investigate the role of inhibition of CREB1 on ADAMTS4
expression, we inhibited CREB1 activity by 666-15. As shown
in Figure 6d and Supplementary Figure b, a decrease in
ADAMTS4 protein levels was observed in aged guinea pig
chondrocytes cultured in the presence of 666-15 in vari-
ous concentrations compared to the control group. More-
over, pretreatment of chondrocytes with 666-15 significantly
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a) to f) Quantitative uCT analysis of subchondral bone. (n = 5 in each group). One-way analysis of variance was used to compare means among
groups and the Fisher’s least significant difference test was used for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001. ACLT, anterior cruciate
ligament transection; BMD, bone mineral density; BV/TV, bone volume fraction; SMI, structure model index; Th.N, trabecular number; Th.Pf, trabecular

bone pattern factor; Th.Sp, trabecular separation.

suppressed IL-1B-induced ADAMTS4 protein increase (Figure
6e and Supplementary Figure b). Taken together, ADAMTS4
expression can be suppressed through inhibition of CREB1 by
666-15.

666-15 alleviates OA in an ACLT mouse model

Next, we evaluated whether 666-15 could maintain the
microstructure of subchondral bone and cartilage in an ACLT
mouse model. A schematic of the in vivo study design
employed to investigate the effects of 666-15 on joint
degeneration in ACLT mice is depicted in Figure 7a. The
micro-CT findings showed severe bone loss in ACLT mice
(Figure 7b), as verified by reductions in BMD, BV/TV, and
Th.N, and increases in SMI, Th.Pf, and Tb.Sp in subchondral
trabecular bone, compared with either the normal group or
the sham group (Figure 8). 666-15 administration significantly
improved bone microstructure evidenced by dose-independ-
ently reversing the decreases in BMD, BV/TV, and Th.N, as
well as the increases in SMI, Tb.Pf, and Tb.Sp in mice with
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ACLT. S/F staining revealed a severe loss of cartilage matrix
in mice with ACLT compared to either the normal group or
the sham group (Figure 9a). The OARSI score of the vehi-
cle group was significantly higher than that of either the
normal group or the sham group (Figure 9b). 666-15 admin-
istrations significantly prevented cartilage degeneration as
depicted in Figures 9 and 10. In addition, the effects of 666-15
on CREB1 activity as well as expression of anabolic (aggre-
can and collagen Il) proteins and catabolic (ADAMTS4 and
MMP13) enzymes in cartilage tissues were examined by IHC
staining (Figure 10). Inhibition of CREB1 by 666-15 signifi-
cantly enhanced the expression of anabolic proteins while
suppressing the expression of catabolic enzymes, indicating
that 666-15 was able to diminish cartilage degeneration in
ACLT mice. Furthermore, analysis of serum markers of cartilage
turnover, which serve as predictors of cartilage loss, confirmed
that 666-15 at doses of 5 mg/kg and 10 mg/kg consider-
ably decreased the cartilage collagen degradation-related
markers cartilage oligomeric matrix protein (COMP) and type Il

13
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666-15 alleviated anterior cruciate ligament transection (ACLT)-induced articular cartilage degeneration. Representative micrographs of S/F staining
of the cartilage of each group (scale bars = 250 pm) and IHC staining of cCAMP response element binding protein (p-CREB1), aggrecan, a disintegrin
and metalloproteinase with thrombospondin motifs 4 (ADAMTS4), collagen I, and matrix metalloproteinase 13 (MMP13) in the cartilage of each

group (scale bars = 100 um).

collagen telopeptides (CTX-Il) compared to the vehicle group.
Moreover, we have also conducted a study on the effect
of 666-15 on synovitis in ACLT-induced OA mice. We found
that ACLT resulted in the synovial hyperplasia, while 666-15
administration was able to alleviate ACLT-induced lesions in
synovial membrane as evidenced by decreased synovitis score
(Supplementary Figure c), suggesting a protective effect of
666-15 on synovial membrane.

To assess the safety of intraperitoneally supplement-
ing high doses of 666-15 the mice had their weight
monitored for the duration of the study. The initial and
final body weights did not vary among the different
experimental groups (Supplementary Figure d), suggesting
no adverse effects of 666-15, which is consistent with the
findings of a previous study.”

Discussion

The major objectives of OA management are to achieve
symptomatic relief, functional recovery, and/or joint structure
modification. Despite the high prevalence of OA, therapeutic
options remain limited. The standard pharmacological therapy
for OA mainly involves analgesics and non-steroidal anti-
inflammatory drugs. However, there is still a lack of regulatory
agency-approved disease-modifying drugs for OA that may
arrest disease progression by ameliorating symptoms (pain

relief and/or physical function improvement) and delaying
joint structure change.

The present study is the first to evaluate the effect
of the CREB1 inhibitor 666-15 in OA. We demonstrated
that CREB1 is hyperactive in osteoarthritic articular cartilage
and chondrocytes. Inhibition of CREB1 by 666-15 enhan-
ces viability of OA-like chondrocytes and alleviates IL-1p-
or CCCP-induced chondrocyte injury through inhibition of
mitochondrial dysfunction-associated apoptosis. Moreover,
666-15 administration alleviates the joint degeneration in an
ACLT mouse model.

CREB1 is frequently dysregulated in various patholo-
gies."*'° Previous studies demonstrated that CREB1 activity
is positively associated with hip OA."” Moreover, CREB1 was
identified to be potentially one of the critical transcriptional
factors that are involved in the regulation of OA."” However, it
has also been reported that downregulation of CREB1 inhibits
cell proliferation and aggravates inflammation.”” Together,
these data support the idea that abnormal activation of CREB1
is involved in OA by functioning as either a promoter or a
suppressor. In this study, we confirmed that CREB1 is hyperac-
tivated in osteoarthritic articular cartilage in vivo, cartilage
explant ex vivo, and chondrocytes in vitro, suggesting its
potential promoter-like role in OA, as evidenced by CCK-8
assay, JC-10 staining assay, and TUNEL staining assay.

Bone & Joint Research  Volume 13, No. 1 January 2024
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a) Osteoarthritis Research Society International (OARSI) score of coronal sections of the medial tibia plateau of the mice described in Figure 9 (n =5
in each group). Quantifications of IHC staining of: b) p-CREB1; c) aggrecan; d) ADAMTS4; e) collagen II; and f) MMP13 (n = 5 in each group). Serum
levels of g) cartilage oligomeric matrix protein (COMP) and h) C-terminal telopeptide of type Il collagen (CTX-l) in each group were measured using
enzyme-linked immunosorbent assay (ELISA) (n = 5 in each group). Analysis of variance was used to compare means among groups and the Fisher’s
least significant difference test was used for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

OA is characterized by progressive destruction of
articular cartilage that is primarily due to the loss of chondro-
cytes, which are the single cell population in cartilage and
are responsible for maintaining a homeostatic equilibrium
between production and degradation of cartilage ECM. Under
the stimulation of inflammatory cytokines, the remaining
chondrocytes exhibit an abnormal catabolic phenotype that
leads to an imbalance between degradation and synthesis
of ECM. Besides the well-characterized matrix metalloproteina-
ses (MMPs), ADAMTSs are the principal proteases expressed
in cartilage. ADAMTS4 in particular is the main protease
that displays significantly altered expression in OA and is
thus a potential therapeutic target for OA treatment. It has
been reported that CREB1 regulates MMP13 expression in
osteoarthritic cartilage.'”® However, its impact on cartilage
catabolism driven by other ADAMTSs is not fully understood.
In the present study, we found that ADAMTS4 is upregula-
ted in osteoarthritic articular cartilage in vivo, and is posi-
tively regulated by CREB1. We demonstrated that the CREB1/
ADAMTS4 axis is activated in OA, and that agents targeting the
CREB1/ADAMTS4 axis might be effective in maintaining ECM
homeostasis to attenuate the progression of OA.

Chondrocyte viability is a vital feature crucial for the
maintenance of cartilage structure and integrity. As a potent
and specific CREB1 inhibitor, 666-15 inhibits CREB1 activation
in several types of cells. It also exerts efficacious antitumour
effects without overt toxicity in the MDA-MB-468 or syno-
vial sarcoma cells xenograft model.>** Nevertheless, whether
666-15 protects against cartilage degeneration remains poorly
understood. In our study, we demonstrated that 666-15
administrations considerably counteract in vitro IL-1- or

CCCP-dependent chondrocyte injury and catabolic events.
Moreover, we also showed that 666-15 exhibits a chondropro-
tective effect, evidenced by reduced OARSI scores concomi-
tant with a reduction in catabolic enzyme expressions, and
an increase in anabolic protein contents in a murine post-trau-
matic OA model.

CREB1 plays a core role in mediating cellular respon-
ses to stress.”** It has been reported that CREB1 can elevate
an oxidative stress-induced senescence in granulosa cells by
reducing the mitochondrial function.* Mechanistically, it was
shown that the biogenesis of ageing granulosa cells is subject
to CREB1 binding to the upstream promoters of protein
kinase AMP-activated catalytic subunit alpha 1 (PRKAA1) and
2 (PRKAA2), the key effectors of mitochondrial biogenesis.*
A recent study demonstrated that CREB1 is an important
transcription factor that promotes oxidative stress-induced
apoptosis by suppressing expression of B-crystallin, a strong
anti-apoptotic regulator, in both rat lens organ culture and
mouse lens epithelial cells.’” In the present study, we observed
that CREB1 plays an important role in CCCP- or IL-1f- induced
stress response in chondrocytes. Both CCCP and IL-1B have
been identified as inducers of mitochondrial dysfunction in
chondrocytes, as evidenced by loss of mitochondrial mem-
brane potential and apoptosis.’’ We found that treatment of
chondrocytes with CCCP or IL-1f could stimulate activation of
CREB1 in a timely and pulsative manner. Moreover, inhibition
of CREB1 by 666-15 was able to alleviate CCCP- or IL-1p-
induced chondrocyte injury and inhibit apoptosis associated
with mitochondrial dysfunction. Since CREB1 plays the key
role of mitochondria biogenesis and apoptosis,**** we strongly
believe that inhibition of CREB1 activation may protect against
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CCCP- or IL-1B-induced chondrocyte death by regulating the
expression of genes involved in mitochondrial biogenesis and
apoptosis, which requires further investigation.

Accumulating evidence reveals that OA is a multifacto-
rial joint disease,**?’ affecting not only the articular cartilage
but also the subchondral bone. It has been well established
that abnormal mechanical loading during ACLT-induced OA
onset results in overactivated osteoclastogenesis and bone
resorption in the subchondral bone.** Consistent with multiple
previous studies,”**" ACLT mice in our study also exhibited
subchondral bone loss. Previous studies have reported that
CREB1 is a crucial mediator of signal-dependent transcription
that regulates differentiation processes in osteoclastogene-
sis, and activation of CREB1 signalling promotes osteoclasto-
genesis.**** Other research groups have also reported that
ACLT-induced subchondral bone loss has been proved to
be primarily achieved by osteoclastogenesis induced by
receptor activator of nuclear factor-kappa B ligand (RANKL),
a direct target of CREB1.“** Based on the above literature
review, we suggest that inhibition of CREB1 activity may
potentially impede ACLT-induced overactivated osteoclasto-
genesis. Besides the anti-cartilage degeneration effect, we
have also demonstrated in our study that CREB1 inhibitor
666-15 helped maintain the microstructure of subchondral
bone, as evidenced by a rescue in BMD, BV/TV, Tb.N, SMI,
Th.Pf, and Th.Sp in subchondral trabecular bone after ACLT
surgery when compared with either the normal group or
the sham group. Previous studies have shown that mitochon-
drial dysfunction impairs osteogenesis and is associated with
accelerated bone loss during the ageing process.”® However,
it is not clear whether mitochondrial dysfunction is involved
in ACLT-induced subchondral bone loss. Due to the multifac-
eted crosstalk among the bone remodelling associated cells
(including osteoclasts, osteoblasts, and osteocytes), however,
the exact mechanism underlying the inhibitory effect of
666-15 on aberrant joint subchondral bone remodelling has
yet to be explored further. Moreover, additional studies are
needed to fully understand the role of CREB1 activation and
mitochondrial dysfunction in the subchondral bone compart-
ment, and their contribution to the development of OA.

It is frequently acknowledged that OA is a heteroge-
neous disease that exhibits multiple phenotypes, such as
post-traumatic, pain, ageing, metabolic, and genetic.’ In our
study, we highlighted the therapeutic potential of 666-15
in diminishing OA deterioration in a mouse post-traumatic
OA model where we used the ACLT method to induce joint
instability and pathological changes. Given these complicated
phenotypes of OA, the anti-OA effect of 666-15 needs to
be further investigated in additional OA animal models of
different OA phenotypes.

In summary, our work demonstrated that hyperactive
CREB1 plays a critical role in the development of OA. Fur-
thermore, our study is the first to apply CREB1 inhibitor
666-15 to the treatment of OA. We demonstrated that 666-15
exerts in vitro anti-IL-1B or -CCCP effects in chondrocytes,
and drastically diminishes the severity of post-traumatic OA
in mice. Together these findings unveiled 666-15 as a very
promising anti-OA drug.

There are several limitations to our study. First, we did
not evaluate whether CREB1 inhibitor 666-15 could reduce
osteoarthritic knee pain, the dominant clinical symptom,

in our animal study. Second, it is unfortunate that we
were unable to define the therapeutic effect of 666-15 in
OA patients. Third, ADAMTS5, another important enzyme
responsible for aggrecan loss, was not detected in the present
study. Fourth, the sample size of animals used in our study
is based on the literature, and we acknowledge that this
may have its limitations. Fifth, 666-15 was intraperitoneally
supplemented in our study, however we were unfortunately
unable to detect the quantity of 666-15 in the synovial fluid of
the knee joint in our study. The amount of drug that rea-
ches the specific organs after intraperitoneal injection mainly
depends on liver metabolism, tissue retention and distribu-
tion, and excretion. Instead, we used IHC analysis to detect
CREB1 activity, an indicator of the effectiveness of 666-15.
Additionally, an intraperitoneal injection might have systemic
effects. To rule out the possible side-effects, we assessed
the safety of intraperitoneally supplementing high doses of
666-15 through monitoring the changes of the weights of
the mice during the study duration. Based on the body
weights monitored, it showed that there are no adverse effects
of 666-15, which is consistent with the findings of a previ-
ous study.”” Moreover, we recommend that caution should
obviously be exercised in extrapolating these findings from in
vitro experiments and animal studies to clinical settings. As
our understanding of the various signalling pathways involved
in the pathogenesis of OA has quickly and greatly evolved in
recent years, a surge of candidate targets and pathways for
the development of new therapeutic strategies has emerged.
The question then arises as to how to determine the most
effective candidate for the treatment of OA. We believe that
the choice of candidate for OA drug development should be
based on the evidence that it is involved in the regulation
of a broad range of important pathophysiological processes
of this disease. These processes include imbalanced cartilage
remodelling through dysregulated anabolic and catabolic
processes, as well as aberrant subchondral bone remodelling
via regulation of bone cells, including osteoclasts, osteoblasts,
and osteocytes. Drug development for OA needs to meet
both clinical symptom relief and joint structure improvement.
However, as OA is a heterogeneous condition with complex
and variable clinical phenotypes and molecular endotypes in
varying degrees at different stages of this disease, using a
single therapeutic agent targeting a sole target or pathway
might be unlikely to succeed in managing OA in a clinical
setting. Therefore, the strategy of employing a combination of
drugs targeting different processes of OA should be consid-
ered as analogous to the approach used in cancer treatment.*
The selection or combination of the factor(s) that would
provide the best protection against OA also remains to be
demonstrated.

Supplementary material

Figures showing collagen Il expression among chondrocytes
obtained from the knees of guinea pigs of different ages,
densitometry analysis of the immunoblotting data of p-cAMP
response element binding protein regulation of a disintegrin

and metalloproteinase with thrombospondin motifs 4 expression,
the effect of 666-15 on synovitis in anterior cruciate ligament
transection-induced osteoarthritic mice, as well as the monitoring
of body weights after the administration of 666-15.
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