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ABSTRACT

In this study, we using the in vivo destabilization of the medial meniscus (DMM) mouse model to investigate
the role of bone morphogenetic protein 5 (BMP5) in osteoarthritis (OA) progression mediated via chondrocyte
senescence and apoptosis. BMP5 expression was significantly higher in knee articular cartilage tissues of OA
patients and DMM model mice than the corresponding controls. The Osteoarthritis Research Society
International scores based on histological staining of knee articular cartilage sections were lower in DMM mice
where BMP5 was knocked down in chondrocytes than the corresponding controls 4 weeks after DMM surgery.
DMM mice with BMP5-deficient chondrocytes showed reduced levels of matrix-degrading enzymes such as
MMP13 and ADAMTS5 as well as reduced cartilage destruction. BMP5 knockdown also decreased chondrocyte
apoptosis and senescence by suppressing the activation of p38 and ERK MAP kinases. These findings
demonstrate that BMP5 silencing inhibits chondrocyte senescence and apoptosis as well as OA progression by
downregulating activity in the p38/ERK signaling pathway.

INTRODUCTION

Osteoarthritis (OA) is a progressive degenerative joint
disease that involves cartilage destruction, synovitis,
osteophyte formation, and subchondral bone remodeling
[1, 2]. Progressive degeneration and loss of articular
cartilage is a key feature of OA [3]. Chondrocytes
maintain  cartilage  homeostasis by  secreting
extracellular matrix (ECM) components [2]. OA is
associated  with increased breakdown of the
extracellular matrix by the matrix-degrading enzymes
such as matrix metalloproteinase 3 (MMP3), MMP13,
and ADAMTS5 [4-6]. Moreover, articular cartilage
degradation is associated with higher levels of

inflammatory cytokines and reactive oxygen species
(ROS), which promote oxidative stress and induce
aberrant  chondrocyte  proliferation, hypertrophy,
autophagy, apoptosis, and senescence [7, 8].

Several studies have reported that chondrocyte
senescence regulates OA progression [9-13]. Cellular
senescence is a stress response resulting in an
irreversible arrest of proliferation, and is commonly
observed in degenerative and hyperplastic age-related
pathologies. OA-related chondrocytes exhibit increased
levels of senescence-associated beta-galactosidase (SA-
B-Gal) activity, telomere shortening, and accumulation
of pl6i"k4a [14]. Intra-articular injection of senescent
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chondrocytes impairs the ability of the mesenchymal
stem cells (MSCs) to regenerate cartilage [15].
Moreover, local clearance of senescent cells in the
articular cartilage attenuates joint degeneration in the
mouse OA model [10]. These data strongly suggest that
chondrocyte senescence is a key checkpoint for OA
progression and plays a critical role in the whole joint
degeneration during aging. However, the mechanism of
chondrocyte senescence during OA is not fully
understood.

Chondrocyte apoptosis positively correlates with the
severity of cartilage destruction and matrix depletion
in human osteoarthritic cartilage tissues [16]. IL-1pB
induces in vitro apoptosis of human or mouse
chondrocytes, thereby suggesting a link between
inflammation and chondrocyte apoptosis [17].
However, the relationship between chondrocyte
apoptosis and senescence during OA is controversial.
Few studies suggest that chondrocyte apoptosis occurs
in response to higher levels of stress, whereas,
senescence is a consequence of lower levels of
damage in the cartilage tissues of OA patients [18,
19]. Song et al demonstrated that doxorubicin
promotes senescence at low doses and apoptosis at
high doses in MCF7 breast cancer cells [20]. Chen et
al demonstrated that high H0, doses induced
apoptosis, whereas, low H;0O, doses induced
senescence in F65 and IMR90 human diploid
fibroblasts [21]. Munoz-Espin et al reported that the
switch from senescence to apoptosis in the embryonic
stages of the p21 knockdown mice resulted in
detectable developmental abnormalities [22].

Bone morphogenetic proteins (BMPs) are members of
the transforming growth factor beta (TGF-pB)
superfamily, and play an important role in bone and
cartilage formation [23]. BMP-7 and BMP-9 are the
most widely studied BMPs that have been identified
so far [24]. The G allele variant of the BMP5 gene is
significantly associated with knee OA susceptibility in
the Chinese Han population [25, 26]. BMP5
overexpression  increases the  expression  of
hypertrophy markers in mice, thereby suggesting an
important role of BMP5 in OA [27]. Furthermore,
BMP5 inhibits growth and induces apoptosis in
human myeloma cells [28]. This suggests that BMP5
may regulate cell cycle progression and cellular
senescence. However, the regulatory role of BMP5 in
OA progression has not yet been established. Hence,
we investigated the role of BMP5 in chondrocyte
senescence and apoptosis, and its subsequent effects
on OA progression using the destabilization of the
medial meniscus (DMM) mouse model of OA as well
as in vitro experiments using IL-1B-induced murine
chondrocytes.

RESULTS

BMPS5 is overexpressed in the chondrocytes from the
knee articular cartilage of patients with OA and
DMM-OA model mice

We investigated the potential role of BMP5 in OA by
analyzing knee articular cartilage tissues samples and
joint fluid from OA patients that underwent total knee
arthroplasty surgery and healthy patients that underwent
amputation due to trauma. Immunohistochemistry
(IHC) and western blotting analyses showed that BMP5
protein levels were significantly higher in the knee
articular cartilage tissues from OA patients compared to
those from the healthy subjects (Figure 1A-1C, 1E).
ELISA results showed that the levels of BMP5 were
higher in the synovial fluid of OA patients compared to
those from healthy subjects (Figure 1F).

Next, we analyzed the levels of BMP5 in knee joint
sections from DMM-2W (2 weeks after DMM surgery),
DMM-4W (4 weeks after DMM surgery), and sham
groups of mice. IHC analysis showed that BMP5
protein levels were higher in the knee cartilage sections
from the DMM-4W and DMM-2W group mice
compared to the sham-operated mice; moreover, BMP5
protein levels were higher in the DMM-4W mice
compared to the DMM-2W mice (Figure 1D, 1G).
Furthermore, BMP5 expression was significantly higher
in the knee cartilage tissues from aged mice compared
to those from young mice (Supplementary Figure 1A,
1B). These findings suggest that BMP5 overexpression
may be involved in chondrocyte dysfunction and knee
articular cartilage-related OA.

BMP5 silencing delays OA progression in the DMM
model mice

To determine the potential role of BMP5 in OA
development, we injected lentiviral-si-BMP5 (LV-si-
BMP5) and LV-si-NC at 7 and 14 days after DMM
surgery. We confirmed lentiviral transduction efficiency
in the murine articular cartilage tissues by RT-PCR at 2
weeks after intra-articular injections (Figure 2B). BMP5
mRNA and protein levels were significantly reduced in
the chondrocytes from the DMM + LV-siBMP5 group
mice at four weeks after intra-articular lentiviral injections
compared to those from the DMM + LV-si-NC group
(Figure 2B and Supplementary Figure 2A, 2B).

Histological staining analysis of the knee -cartilage
specimens from DMM + LV-siBMP5 and DMM + LV-si-
NC group mice is shown in Figure 2A, and the results of
the OARSI scoring is shown in Figure 2D. At 4 weeks
after DMM surgery, we observed reduced hyaline
cartilage/calcified cartilage (HC/CC) ratio and the
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Figure 1. Bmpb is overexpressed in knee articular cartilage tissues of OA patients. (A) Representative images show Safranin O-Fast
Green staining and BMP5 immunohistochemical staining in the knee articular cartilage tissues from healthy subjects and OA patients (n=6
each). Scale bar: 10 um. (B) OARSI scores based on the histochemical staining and corresponding BMP5 immunohistochemical staining of
human knee articular cartilage tissue sections from healthy and osteoarthritis patients. (C) Representative western blots show BMP5 protein
expression in the knee articular cartilage samples from healthy individuals and OA patients. (D) Representative images show Safranin O-Fast
Green staining and BMP5 immunohistochemical staining in the knee articular cartilage sections from sham, DMM-2W and DMM-4W model
mice (n=5 each). Scale bars: 10 um (first line) and 5 um (others). (E) Representative western blots show the levels of BMP5 protein in the
knee articular cartilage sections from sham, DMM-2W and DMM-4W model mice. (F) ELISA assay results show joint fluid BMP5 levels in the

healthy and OA patients. (G) BMP5 immunohistochemical staining scores and OARSI scores of the DMM-2W, DMM-4W, and sham model
mice are shown. All data are represented as means + SD.
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proportions of chondrocytes in the knee joint cartilage
tissue and induced cartilage degradation, severe cartilage
erosion, synovitis, and thickening of the subchondral bone
plate (Figure 2A). However, compared to the DMM +
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cartilage degradation (Figure 2A), lower OARSI grades
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Figure 2. Deletion of BMP5 attenuates osteoarthritis in the in vivo DMM model mice. (A) Representative images show
hematoxylin and eosin (H&E) staining, toluidine staining and Safranin O-Fast Green staining of knee cartilage tissue sections from LV-siBMP5
and LV-siNC group mice (n=5 per group). (B) RT-PCR results show BMP5 mRNA levels in LV-siBMP5 and LV-siNC group mice at 2 weeks post-
DMM surgery (n =5 per group). (C) Representative images show synovitis and SBP thickness in the sham-operated, DMM plus LV-siNC, and
DMM plus LV-siBMP5 groups of mice at 4 weeks post-DMM operation. (D) OARSI scores and hyaline cartilage/calcified cartilage ratios in
sham-operated, DMM plus LV-siNC, and DMM plus LV-siBMP5 groups of mice at 4 weeks post-DMM operation. (E) Quantitative analysis
shows the status of synovitis and SBP thickness in the sham-operated, DMM plus LV-siNC, and DMM plus LV-siBMP5 groups of mice at 4
weeks post-DMM operation. All data are represented as the means * SD (n=5 per group); scale bars: 5 um.
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at 2 and 4 weeks after DMM surgery (Figure 2C, 2E).
Both LV-siNC and LV-siBMP5 groups showed similar
levels of synovitis at 2 weeks and 4 weeks post-DMM
surgery (Figure 2C, 2E). These results suggest that BMP5
promotes OA progression in the DMM model mice.

BMPS5 silencing reduces OA-related pathology in both
in vivo and in vitro OA models by decreasing the
expression of catabolic factors in the chondrocytes

Next, we investigated if BMP5 silencing affects the
expression levels of matrix-degrading enzymes and
aggrecanase in chondrocytes in order to determine the
mechanisms through which BMP5 promotes cartilage
destruction in OA. We transfected chondrocytes with
multiple siRNAs against BMP5 (BMP5-siRNA1,
BMP5-siRNA2, and BMP5-siRNA3) and observed that
BMP5-siRNAL significantly reduced BMP5 mRNA and
protein levels in the chondrocytes compared to SiRNA2-
BMP5, siRNA3-BMP5 and si-NC (Supplementary
Figure 3A, 3B). Hence we selected BMP5-siRNA1 for
subsequent experiments.

Previous studies in mice demonstrated that pro-
inflammatory cytokines (TNF-o. and IL-1p), anabolic
factors (type Il collagen and SOX9), and catabolic factors
(MMP13 and ADAMTS-5) played critical roles in OA
progression [29]. Therefore, we analyzed these factors in
the chondrocytes from both in vitro and in vitro OA
models. IL-1pB-treated BMP-silenced chondrocytes
showed significant reduction in the mRNA and protein
levels of ADAMTS5 and MMP13, but there is no change
in SOX9 mRNA compared to the IL-1p control group
chondrocytes (Figure 3A, 3B). Moreover, we observed
significant reduction in MMP13 levels and increased
expression of Col2a and TIMP2 in the chondrocytes from
the LV-siBMP5 group mice compared to those from the
LV-si-NC group mice (Figure 3C, 3D). These results
suggest that BMPS5 silencing in the knee articular cartilage
chondrocytes reduces pathological changes related to OA
in the DMM-induced model mice by decreasing the
expression of matrix catabolic factors.

Silencing of BMP5 inhibits chondrocyte senescence
in both in vivo and in vitro OA models

We then performed SA-B-gal staining assay to
determine the role of BMP5 in OA-related chondrocyte
senescence. IL-1p-treated BMP5 knockdown chondro-
cytes showed significantly lower SA-B-gal activity than
the corresponding controls (Figure 4A).

Furthermore, we assessed the protein levels of cyclin-
dependent kinase inhibitors, pl6, p21, p53, and
HMGB1, which play a role in DNA damage-induced
senescence [10, 21]. Western blotting analysis showed

that pl16, p21, HMGB1, and p53 protein levels were
significantly reduced in the IL-1p-treated BMP5-
silenced chondrocytes compared to the corresponding
controls (Figure 4B).

Next, we analyzed yH2AX staining to determine if
BMP5 knockdown reduced premature senescence of the
chondrocytes. We observed that the relative area of
YH2AX staining was significantly lower in the IL-1f3-
treated BMP5-depleted chondrocytes compared to the
IL-1p-treated control chondrocytes (Figure 4C). We
also demonstrated that p16 and p21 protein levels were
significantly lower in the knee joint cartilage tissues
from the DMM+LV-siBMP5 group mice compared to
those from the DDM+LV-siNC group mice (Figure 4E,
4F). These data implied that BMP5 silencing reduced
premature senescence of the chondrocytes in both in
vivo and in vitro OA models.

Depletion of BMP5 suppresses chondrocyte
apoptosis in both in vivo and in vitro OA models

Chondrocyte apoptosis plays a significant role in articular
cartilage destruction and matrix degradation in OA, an
age-related degenerative human disease [16]. Therefore,
we analyzed if BMP5 modulated the expression of anti-
apoptotic or pro-apoptotic proteins in IL-1p-stimulated
control or BMP5-silenced murine chondrocytes using
western blotting, TUNEL staining, and flow cytometry
assays. The numbers of TUNEL-positive cells were
significantly reduced in the IL-1p-stimulated BMP5-
silenced murine chondrocytes compared to the
corresponding controls (Figure 5A, 5B). Furthermore,
western blotting analysis showed that cleaved caspase-3
levels were significantly reduced and Bcl-2 levels were
significantly increased in the IL-1p-stimulated BMP5-
silenced murine chondrocytes compared to the
corresponding controls (Figure 5C). Flow cytometry
analysis confirmed that BMP-5 silencing reduced
apoptosis in IL-1p-stimulated BMP5-silenced murine
chondrocytes compared to the corresponding controls
(Supplementary Figure 4A, 4B). The numbers of
TUNEL-positive chondrocytes were significantly reduced
in the LV-siBMP5 group compared to the LV-siNC group
(Figure 5D, 5E). Conversely, BCI2 expression was
significantly higher in the chondrocytes from the LV-
siBMP5 group compared to those from the LV-siNC
group (Figure 5D, 5E). These results demonstrate that
BMP5 silencing reduced IL-1B-induced and DMM-
induced chondrocyte apoptosis.

BMP5 regulates chondrocyte senescence via
p38/ERK signaling pathway

Next, we investigated the molecular mechanisms
underlying BMP5 that regulate OA progression in the

WWWw.aging-us.com 9650

AGING



articular cartilage tissues. ERK1/2 signaling pathway
plays a crucial role in promoting cellular senescence [30].
Therefore, we analyzed the status of the p38/ERK
signaling pathway in control and BMP5-silenced
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chondrocytes subjected to IL-1B treatment by western
blotting. The levels of total and phosphorylated p38 and
ERK1/2 proteins were significantly higher in the IL-1p-
treated control chondrocytes compared to the IL-1B-
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Figure 3. BMP5 regulates in vivo and in vitro chondrocyte catabolism. (A) QRT-PCR assay results show mRNA expression levels of
pro-inflammatory cytokines (TNF-a, IL-1f), anabolic factors (type Il collagen and SOX9), and catabolic factors (MMP13 and ADAMTS-5) in
control and BMP-knockdown murine chondrocytes, treated with IL-1B or not. (B) Representative western blots show expression levels of
MMP13, Runx2, and Col2 proteins in control and BMP-knockdown murine chondrocytes. (C) Representative immunohistochemical images
and (D) quantitative analyses of the IHC results show MMP13, Col2a, and TIMP2 expression in the knee articular cartilage sections from
sham-operated, DMM plus LV-siNC, and DMM plus LV-siBMP5 groups of mice at 4 weeks post-DMM operation. All data are represented as

means + SD (n=5 per group).
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treated BMP5-silenced chondrocytes (Figure 6A). Hill, NJ, USA, 120-39.), rhBMP5 (Figure 6B).

Moreover, the levels of p38 and ERK1/2 proteins were Furthermore, IL-1p treatment of murine chondrocytes that
significantly increased in a dose-dependent manner by were pre-incubated with 100ng/ml thBMP5 and 10 uM
incubating chondrocytes with recombinant BMP5(Rocky PD98059 (inhibitor of ERK) showed reduced levels of
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Figure 4. BMP5 knockdown inhibits in vitro and in vivo chondrocyte senescence in the in vitro and in vivo OA models. (A) The
SA-B gal staining assay results in IL-1B-treated control and BMP5 knockdown murine chondrocytes. (B) Representative western blots show
the levels of HMGB1, p53, p16, and p21 proteins in IL-1B-treated control and BMP5 knockdown murine chondrocytes. (C) Representative
immunofluorescence images show yH2AX (red) staining in control and BMP5 knockdown murine chondrocytes treated with IL-1B. The
chondrocytes were counterstained with DAPI (blue), a DNA binding dye. (D) Quantitative analyses show SA-f gal staining assay and YH2AX
(red) staining in treated as above. (E, F) Representative immunohistochemical staining and quantitative analysis of p16 and p21 expression in
the knee articular cartilage tissues from sham-operated, DMM plus LV-siNC, and DMM plus LV-siBMP5 groups of mice at 4 weeks post-DMM
operation. All data are represented as the means = SD (n=5); scale bars: 5 um; **P<0.01; ***P<0.001.
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total and phosphorylated p38 and ERK1/2 proteins,
cleaved caspase-3, and pl6 proteins compared to their
corresponding controls (Figure 6C). These results
demonstrate that BMP5 promotes chondrocyte senescence
and apoptosis via p38/ERK signaling pathway.

DISCUSSION
The role of BMP5 in OA is largely unknown. Snelling

et al reported that BMP5 promotes chondrocyte
hypertrophy [27]. Shih et al demonstrated that BMP5
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was highly expressed in the neural crest progenitor cells
and regulated cellular survival and proliferation via
Smad and ERK signaling pathways, respectively;
moreover, knockdown of BMP5 caused craniofacial
malformation, but did not affect skeletal development
[31]. Hence, in the present study, we investigated the
role of BMP5 in OA progression using the DMM model
mice.

The chondrocytes play a key role in cartilage
metabolism. Functionally mature chondrocytes secrete
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Figure 5. BMP5 silencing protects against chondrocyte apoptosis in both in vivo and in vitro OA models. (A) Representative
images show TUNEL staining assay in control and BMP5 knockdown murine chondrocytes treated with IL-1f. Scale bar: 5pum. (B) Quantitative
analysis shows the total numbers of TUNEL-positive control and BMP5 knockdown chondrocytes treated with IL-1B. (C) Representative
western blot images show BCL2 and cleaved-caspase3 protein levels in control and BMP5 knockdown chondrocytes treated with IL-13. (D)
Representative images and (E) quantitative analyses show TUNEL staining and BCI-2 immunohistochemical staining results in the knee
articular cartilage tissues from sham-operated, DMM plus LV-siNC, and DMM plus LV-siBMP5 groups of mice at 4 weeks post-DMM
operation. Scale bar: 5um. All data are represented as the means + SD (n=5); Scale bars: 5um.
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collagen 1l (COL2) and glycosaminoglycans (GAGS) to
maintain stable cartilage structure and function, and
their dysfunction is associated with damaged cartilage
during OA [3]. The cartilage-resident progenitor cells
participate in cartilage repair by undergoing
chondrogenic differentiation, whereas, the differentiated
chondrocytes secrete the extracellular matrix (ECM)
components and hence play a critical role in ECM
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anabolism [32]. Cartilage alterations in OA are mainly
caused by imbalances in tissue remodeling because
of changes in chondrocyte behavior [33]. During
OA, ECM-degrading enzymes such as matrix
metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin (ADAMTS) are
overexpressed in the chondrocytes [4, 6]. In particular,
collagen Il (COL2) is a major target of MMP-13,
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Figure 6. BMP5 regulates osteoarthritis progression via p38/ERK signaling pathway. (A) Representative western blots show the
expression levels of total ERK, p-ERK, total p38, and p-38 proteins in control and BMP5 knockdown chondrocytes mouse chondrocytes
treated with IL-1pB. (B, D) Representative western blots and quantification show the expression levels of total ERK, p-ERK, total p38, and p-p38
in mouse chondrocytes only treated with different concentrations of rhBMP5(50,100,300ng/ml). (C) Western blot analysis shows the levels of
total ERK, p-ERK, total p38, p-p38, p16, cleaved-caspase3, and MMP13 proteins in mouse chondrocytes treated with 100ng/ml rhBMP5, 10
UM PD98059 (MAPK inhibitor) or co-treatment with rhBMP5 and 10 uM PD98059. (E) A schematic working model shows the potential role of

BmpS5 in regulating senescence and apoptosis of chondrocytes.
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whereas, ADAMTS is involved in aggrecan degradation
[33]. Increased secretion of these ECM-degrading
enzymes correlates with the matte appearance of the
cartilage surface and exposure of the subchondral bone
[34]. Moreover, inhibition of MMP-13 and ADAMTS
attenuates progression of OA by decreasing the
degradation of COL2 and aggrecan, thereby main-
taining ECM homeostasis and structural integrity of the
cartilage tissue [4, 6].

This study showed that BMP5 expression was
significantly increased in the degenerative knee
cartilage tissues of human OA patients and DMM-OA
model mice. To further explore the role of BMP5 in
OA, we knocked down BMP5 in chondrocytes using
BMP5-siRNA transfections in vitro and intra-articular
(1A) injections with lentiviruses carrying BMP5-siRNA
in vivo. Histological staining results showed that the
structure of the knee articular cartilage was more
organized and stable in the LV-siBMP5 group mice
compared to the LV-NC group mice. Immuno-
histochemical staining results showed that the levels of
the main ECM degradation enzymes (ADAMTS5 and
MMP13) in the knee articular cartilage tissue sections
were significantly lower in the LV-siBMP5 group
compared to the LV-NC group. Previous studies have
shown that IL-1p promotes chondrocyte hypertrophy by
activating the TGF/BMP signaling pathway, probably
by inducing BMP5 expression [35, 36]. We observed
that ADAMTS5 and MMP13 mRNA and protein
expression levels were significantly reduced, but SOX9
MRNA and protein levels remained unchanged in IL-
1B-treated BMP5-knockdown chondrocytes.
Furthermore, in vivo BMP5 knockdown in the chondro-
cytes increased the levels of tissue inhibitor of
metalloproteinase 2 (TIMP2) and decreased MMP13
expression.

We postulate that BMP5 knockdown probably decrease
collagen degradation by inhibit MMPs, and increasing
collagen 11 synthesis in the knee cartilage tissues of the
LV-siBMP5 group mice compared to the LV-siNC
group mice. Moreover, the activity of ADAMTSS,
which regulates aggrecan degradation, is usually
controlled post-translationally. We also observed that in
vivo BMP5 silencing did not reduce ADAMTS5 mRNA
levels in the chondrocytes. However, we observed
significant differences in the aggrecan levels in the knee
cartilage tissues from DMM plus LV-siNC and DMM
plus LV-siBMP5 groups. Overall, these results showed
that BMP5 silencing in the chondrocytes alleviates
cartilage destruction by decreasing ECM degradation
and increasing ECM synthesis.

The pathophysiology of OA involves multiple factors
such as inflammation, mechanical stress, and metabolic

alterations, all of which contribute to chondrocyte
senescence [2, 7, 37]. Recent studies have reported that
mesenchymal stem cells (MSCs) can be used to
alleviate senescence and apoptosis of chondrocytes in
osteoarthritis [38, 39]. We treated murine chondrocytes
with IL-1pB to stimulate hypertrophy and senescence in
vitro and observed increased expression of YH2AX and
pl6INK4a as well as SA-p-gal levels, thereby
demonstrating IL-1p-induced DNA damage, but these
effects were abrogated by silencing BMP5. This
suggests that BMP5 silencing protects chondrocytes
from inflammation-induced senescence.

Chondrocyte senescence is associated with OA
pathogenesis [13]. Previous studies showed that BMP5
overexpression inhibited cancer cell growth and arrested
cells in the G1-phase of the cell cycle, thereby implying
that BMP5 induced senescence by inhibiting the cell
cycle [40, 41]. However, the role of BMP5 in
chondrocyte senescence is not reported previously. In
the present study, IL-1p-treated BMP5-silenced
chondrocytes showed reduced SA-B-gal staining and
lower levels of cellular aging-related proteins, p16 and
p21. Moreover, the levels of the DNA damage and
cellular senescence-related marker, yH2AX, is reduced
in the BMP5-silenced chondrocytes, treated with IL-1p.
These results suggest that BMP5 regulates subculture-
induced chondrocyte senescence, which may be
associated with OA pathogenesis.

Senescent chondrocytes show features of growth arrest
as well as the senescence-associated secretory
phenotype (SASP), which includes production of
elevated levels of pro-inflammatory cytokines such as
IL-6 and TNF-a as well as matrix-degrading enzymes
such as MMP13 and MMP3, all of which play a
significant role in OA [29, 42] Our study demonstrates
that BMP silencing in the chondrocytes reduces the
senescence-associated secretory phenotype (Figure 3A)
inside the knee joint.

Previous studies have shown that chondrocytes undergo
apoptosis because of increased levels of ROS and
oxidative stress during OA [7, 43]. Excessive
accumulation of ROS promotes release of activated
mitochondrial apoptotic proteins and mitochondrial
outer membrane permeabilization (MOMP), thereby
activating cellular apoptosis [44]. In certain situations,
mechanisms related to both senescence and apoptosis
may co-operate to determine cell fate [45]. Repeated
exposure to sub-cytotoxic levels of UVB rays [46] or
treatment with low doses of H»O, [21] induces
senescence in human diploid fibroblasts. P53 is a
critical senescent protein that activates intermediary
caspase-2, which subsequently triggers executioner
caspases-3, -6, and -9 [47]. We observed significantly

WWWw.aging-us.com 9655

AGING



reduced numbers of TUNEL-positive staining and
cleaved caspase 3 levels in the BMP5-silenced
chondrocytes treated with IL-1B. We also observed
reduced TUNEL positive staining and increased BCL2
(anti-apoptotic protein) levels in the knee articular
cartilage sections from the LV-siBMP5 group mice
compared to those from the LV-NC group mice. These
data suggest that BMP5 mediates chondrocyte
senescence and apoptosis in the knee articular cartilage
tissues during OA progression.

The p38/ERK1/2 signaling pathway regulates activation
of chondrocyte-maturation genes and matrix degradation
[48]. Therefore, we analyzed the relationship between
BMP5 and the p38/ERK1/2 signaling pathway during
OA. We observed that treatment of murine chondrocytes
with rhBMP5 induced significantly higher levels of total
and phosphorylated ERK1/2 and p38 protein levels. These
effects were suppressed by pre-treatment with the MAPK
inhibitor, PD98059. These results strongly suggest that
BMP5 promotes OA via ERK/p38 signaling pathway.

In conclusion, our study shows that BMP5 is a novel
and important regulator of chondrocyte senescence and
OA progression via the ERK/p38 signaling pathway.
Therefore, BMP5 is a potential treatment target for
alleviating OA.

MATERIALS AND METHODS
Human knee cartilage samples

We obtained healthy human knee cartilage samples
from patients undergoing amputation due to trauma
(n=6) and OA cartilage specimens (n=6) from OA
patients undergoing total knee joint arthroplasty at our
hospital. The joint fluid was harvest from human
osteoarthritic (n=5) and healthy (n = 5). This study was
approved by the Ethics Committee of the third
Affiliated Hospital of Southern Medical University. We
also obtained informed consent from all patients before
obtaining the cartilage samples.

Cell lines, primary chondrocyte cultures, and siRNA
interference

We isolated primary chondrocytes from the rib
cartilage of newborn mice as previously described
[49]. The primary chondrocytes were cultured in
maintenance medium consisting of DMEM and
nutrient  mixture F12 (DMEM:F12;  Gibco,
Gaithersburg, MD, USA) supplemented with 20%
fetal bovine serum (Gibco), 100 U/mL penicillin, and
100 mg/mL streptomycin (Gibco) in a humidified
incubator maintained at 5% CO and 37° C. Primary
chondrocytes were transfected with siRNA against

BMP5 (BMP5-siRNA 1, 2 or 3) and control siRNA
(si-NC) using Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) according to the
manufacturer's instructions. The medium was changed
at 6 h after transfection. The BMP5 siRNA sequences
were as follows:

siRNA1 forward primer: 5'-
CCAGCCUACAUGAUACCAATT-3
siRNA1 reverse primer: 5'-
UUGGUAUCAUGUAGGCUGGTT-3"
siRNA2 forward primer: 5'-
GCUGGGUUCAAGUGGGUUATT-3';
siRNA2 reverse primer: 5'-
UAACCCACUUGAACCCAGCTT-3';
siRNA3 forward primer: 5'-
CCAGGGAAACAAGCAUCUUTT-3"
siRNA3 reverse primer: 5'-
AAGAUGCUUGUUUCCCUGGTT-3";

Establishment of the DMM-OA model mice

We purchased thirty 12-week-old male C57BL/6J mice
from the Experimental Animal Centre of Southern
Medical University (Guangzhou, China). All mice were
anesthetized by injecting chloral hydrate
intraperitoneally followed by surgical destabilization of
the medial meniscus (DMM) on the right knees to
induce knee joint instability and posttraumatic
osteoarthritis (PTOA) as previously described [50].
Sham surgery was performed by cutting the skin
without exposing the knee joint capsule on the right
knees of the control mice. DMM surgery was confirmed
by using a stereo microscope to determine complete
transection of the medial meniscotibial ligament
(MMTL) and destabilization of the medial meniscus.
The mice were randomly separated into three groups.
The group 1 (n=5) animals included those that
underwent sham operation and received intra-articular
injection of phosphate-buffered saline; group 2 (n=5)
animals included those that underwent DMM surgery
and received intra-articular injection (6 pL) of 108
TU/mL lentivirus-siNC (5’-3> TTCTCCGAACGTGT
CACGT); group 3 (n=5) animals included those that
underwent DMM surgery and received intra-articular
injection (6 pL) of 108 TU/mL of lentivirus-
siBMP5 (5-3° CCAGCCTACATGATACCAA). The
lentiviruses carrying si-NC and si-BMP5 were obtained
from GenePharma (Shanghai, China).

Histological analysis

The mice were sacrificed at 2 or 4 weeks after DMM
surgery. Knee joints were harvested, decalcified with
0.5 M EDTA (pH 7.4) for 4 weeks, and embedded in
paraffin. Then, 4 um thick knee joint tissue sections
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were cut in a sagittal orientation and subjected to
hematoxylin and eosin (H&E), Toluidine Blue Staining
Kit (Leagene, Beijing, China) and Safranin O-Fast
Green staining. Briefly, sections were deparaffinized,
rehydrated, and incubated with Weigert’s iron
hematoxylin solution for 3 min. Then, the stained slides
were rinsed in distilled water and incubated with 1%
acid-70%alcohol for 15s. The slides were then
incubated with 0.02% aqueous Fast Green solution for
5Smin followed by 1% acetic acid for 30s. Then, the
slides were rinsed with distilled water and incubated
with 1% Safranin-O solution for 10 min. Subsequently,
the slides were dehydrated, cleared, and mounted. The
severity of cartilage degeneration was assessed using
the OARSI osteoarthritis cartilage histopathology
assessment system [51] as shown in Table 1.

Immunohistochemistry

The de-paraffinized knee joint sections from DMM
and sham mice were incubated overnight at 4° C with
primary antibodies against BMP5 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Runx2, Col2a,
MMP13, Adamts5 (Abcam, Cambridge, UK), as well
as pl6é and p2l1 (Proteintech, Rosemont, IL, USA).
The slides were then incubated with the secondary
antibody ((Jackson ImmunoResearch Laboratories,
Baltimore Pike, USA, 1:200)) in blocking solution for
1 h at room temperature, and developed with 3,3'-
diamino-benzidine (DAB, ZSGB-Bio, Beijing,
China).

Immunofluorescence staining

The knee joint sections from DMM and sham mice
were incubated overnight at 4° C with primary
antibodies against YH2AX (Cell Signaling Technology,
Danvers, MA, 1:100) and Col2al(Abcam, Cambridge,
UK). Then, the sections were incubated with species-
matched Alexa-488 or Alexa-594-labeled secondary
antibodies (Life Technologies, Grand Island, NY,
USA). Subsequently, the sections were mounted with
PBS containing DAPI (Thermo Fisher Scientific), and
photographed using a FluoView FV1000 confocal
microscope (Olympus, Tokyo, Japan). The proportions
of positively stained cells relative to the total number of
cells were determined for each sample.

Quantitative real-time PCR analysis

Total RNA was isolated from 90% confluent cells
grown in 12-well plates using the TRIzol reagent (Life
Technologies, Grand Island, NY. Equal amounts of
RNA samples were reverse transcribed to generate
cDNA using the Reverse transcription kit (Vazyme
Biotech, Nanjing, China). The quantitative PCR (qPCR)

assays were performed to determine the levels of Bmp5,
TNF-a, IL-1B, SOX9, COL2A, MMP13, and ADAMTS
MRNAs relative to GAPDH mRNA (internal loading
control) using the Real-Time PCR Mix (Vazyme
Biotech) in a Light Cycler (Roche Molecular
Biochemicals, Indianapolis, IN, USA). The following
primers were used for g-PCR:

BMPS5 forward primer: 5'-
CCACGTACCAAAACCTTGCT-3;
BMPS5 reverse primer: 5'-
CAATGCTGTTAAGGCGAACA-3';
TNF-a forward primer: 5'-
ATGAGCACAGAAAGCATGA-3;
TNF-o reverse primer: 5'-
AGTAGACAGAAGAGCGTGGT-3";
IL-1B forward primer: 5'-
GCACTACAGGCTCCGAGATGAAC-3"
IL-1pB reverse primer: 5'-
TTGTCGTTGCTTGGTTCTCCTTGT-3";
SOX9 forward primer: 5'-
AGTACCCGCATCTGCACAAC-3';
SOXO9 reverse primer: 5'-
ACGAAGGGTCTCTTCTCGCT-3;
ACAN forward primer: 5'-
GGCAACCTCCTGGGTGTAAG-3";
ACAN reverse primer: 5'-
TGGGGTTCGTGGGCTCACAA-3';
Col2al forward primer: 5'-
CACACTGGTAAGTGGGGCAAGACCG-3';
Col2al reverse primer: 5'-
GGATTGTGTTGTTTCAGGGTTCGGG-3';
MMP-13 forward primer: 5'-
GCTGCGGTTCACTTTGAGAA-3';
MMP-13 reverse primer, 5'-
GGCGGGGATAATCTTTGTCCA-3";
GAPDH forward primer: 5'-
AAATGGTGAAGGTCGGTGTGAAC-3';
GAPDH reverse primer, 5'-
CAACAATCTCCACTTTGCCACTG-3'".

Western blotting

Total protein was extracted from chondrocytes by
incubating them for 5 min at 95° C in lysis buffer
[62.5 mM Tris-HCI (pH 6.8), 10% glycerol, 2% SDS,
50 Mm DTT, and 0.01% bromophenol blue]. Equal
amounts of protein lysates were separated by SDS-
PAGE and transferred onto a nitrocellulose (NC)
membrane (Bio-Rad, Hercules, CA, USA). The blots
were incubated overnight at 4° C with primary
antibodies against BMP5 (ABclonal, Woburn, MA,
USA), RUNX2 (ABclonal), MMP13 (Proteintech),
pl6é  (Proteintech), p53  (Proteintech), p21
(Proteintech), ERK (Cell Signaling Technology,
Danvers, MA, USA), p-ERK (Cell Signaling
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Table 1. The recommended semi-quantitative scoring system.

Grade Osteoarthritis damage

0 normal structure

0.5 Only loss of Safranin-O staining

1 small fibrillation without loss of normal structure

2 Vertical down to the layer below the superficial layer and some loss of surface cell

3 Vertical erosion to the calcified cartilage extending to <25% of the articular surface

4 Vertical erosion to the calcified cartilage extending to 25%-50% of the articular surface
5 Vertical erosion to the calcified cartilage extending to 50%-75% of the articular surface
6 Vertical erosion to the calcified cartilage extending to >75% of the articular surface

Technology), p38 (Cell Signaling Technology),
and p-p38 (Cell Signaling Technology). Then, the
blots were incubated at room temperature for 30 min
with  the corresponding HRP-labeled secondary
antibodies (Jackson ImmunoResearch Laboratories,
Baltimore Pike, USA). The blots were then developed
with the Enhanced chemiluminescence kit (Millipore,
Burlington, MA, USA) and visualized using the Image J
software.

Senescence-associated p-galactosidase (SA-p-Gal)
assay

The chondrocytes were stained with the SA-p-Gal
staining kit (Biovision, Milpitas, CA, USA) according
to the manufacturer's protocol. SA-B-Gal-positive cells
were counted in four randomly selected fields per
treatment (n=5) in each sample.

TUNEL staining

DNA damage was detected by TUNEL staining in
primary chondrocytes or knee cartilage sections using
the In situ cell death detection kit (Roche, Basel,
Switzerland) according to the manufacturer’s
instructions. The fixed cells or sections were stained for
30 min at 37° C and the nuclei were stained with DAPI.
The slides were observed under an Olympus
fluorescence microscope (Olympus). We randomly
selected twenty-five fields in each slide and counted the
numbers of TUNEL-positive cells relative to total
number of cells in a field.

Apoptotic flow cytometry assay

Chondrocytes were seeded into 6-well plates at a
density of 1 x 10° cells per well. Flow cytometry was
performed to detect the apoptosis rates of chondrocytes
using the Annexin V/PI apoptosis detection kit (BD
Biosciences, Franklin Lakes, NJ, USA). Chondrocytes
were washed twice cold PBS, and then resuspended in
binding buffer and incubated with Sul FITC-Annexin V

and 5pl PI at room temperature for 15 min in the dark.
Next, cell suspensions were determined by using the
FACScan flow cytometry system (Becton Dickinson,
San Diego, CA, USA).

Statistical analysis

Statistical analysis was performed using the SPSS
statistical software for Windows, version 20.0 (SPSS,
Chicago, IL, USA). All data were expressed as means +
SD. All experiments were performed in triplicate. The
differences between groups were analyzed using one-
way analysis of variance (ANOVA). P<0.05 was
considered statistically significant.
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. BMP5 expression is elevated in chondrocytes from the aged mice. (A) Representative images show
Safranin O-Fast Green staining and BMP5 immunohistochemical staining in the knee cartilage tissues from young and aged mouse OAA
model. Scale bars: 10 um (first line) and 5 um (others). (B) Quantitative analysis of BMP5 expression and OARSI scores in the DMM mouse
model and aged mice are shown. All data are represented as the means = SD (n =5 per group). scale bars: 5 um; **P<0.01.
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Supplementary Figure 2. Quantitative analysis of lentivirus-mediated BMP5 silencing in DMM model mice. (A, B)
Representative immunohistochemical (IHC) images and quantitative analysis shows BMP5 expression in the knee articular cartilage tissue
sections from sham-operated, DMM plus LV-siNC, and DMM plus LV-siBMP5 groups of mice at 4 weeks post-DMM operation. All data are
represented as the means + SD (n=5 per group); scale bar: 5 um; ***P<0.01; ****P<0.0001.
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Supplementary Figure 3. Analysis of BMP5 knockdown efficiency of BMP5-targeting siRNAs. (A) QRT-PCR (left) and (B) western
blotting (right) analyses show BMP5 mRNA and protein levels in murine chondrocytes transfected with siNC, BMP5-siRNA1, BMP5-siRNA2,
and BMP5-siRNA3, respectively. As shown, the highest knockdown of BMP5 was achieved with BMP5-siRNA1 compared to the siNC control.
Note: ns, no significance;"P<0.05; ***P<0.001.
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Supplementary Figure 4. BMP5 silencing inhibits IL-1B-induced chondrocyte apoptosis. (A, B) Flow cytometry assay results show
the percentage of apoptotic cells in the siNC- and siBMP5-transfected murine chondrocytes treated with IL-18 and their corresponding
controls. Note: ns, no significance; ***P<0.001.
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