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ARTICLE INFO ABSTRACT

Aging drives the accumulation of senescent cells (SnCs) by secreting factors that cause the senescence-associated
secretory phenotype (SASP), including stem cells in the bone marrow, which contribute to aging-related bone
1APs degradation. Osteoarthritis (OA) is a serious chronic injury disease, and increasing age is a major risk factor. The
AT-406 accumulation of SnCs may accelerate the development of OA, and the accumulation of SnCs may benefit from its
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Osmoart.hrms resistance to apoptotic stimuli. Therefore, local elimination of SnCs could be a promising treatment for OA.
Apoptosis e e peps . . . . . . . .
Autophagy Apoptosis inhibitor protein (IAP) is an important antiapoptotic protein in vivo. AT-406 is a small molecule

inhibitor of the IAP genes and also regulates the transcription of several genes. Here, we show that SnCs up-
regulate the antiapoptotic proteins c-IAP1, c-IAP2 and XIAP.The combined inhibition of c-IAP1, c-IAP2 and XIAP
using siRNA or AT-406 specifically induce the apoptosis of SnCs.In addition, XIAP and STX17 bind to each other
to regulate the fusion of autophagosomes and lysosomes in SnCs, which in turn, affects the fate of SnCs. It is
worth noting that the clearance of SnCs attenuated the secretion of SASP and created a proregenerative en-
vironment. Most importantly, local clearance of SnCs significantly attenuated the progression of osteoarthritis in
rats without significant toxic effects. Thus, local elimination of SnCs may be a potential treatment for OA. This is
the first report of inhibition of IAPs for clearing SnCs and suggests that eradication of SnCs may be a new strategy
for the treatment of age-related diseases.

1. Introduction

Cellular senescence is a stable state of cell cycle arrest, and pro-
liferation potential can be limited by a variety of cell responses to stress
[1]. Although cellular senescence is one of the mechanisms that can
prevent premalignant lesions from continuing to worsen, the long-
standing presence of senescent cells in tissues appears to be detrimental
[2]. Senescent cells accumulate in many vertebrate tissues with age,
and these tissues may lead to the secretion of senescence-associated
secretory phenotype (SASP) factors, leading to age-related diseases [3].

Osteoarthritis (OA) is a chronic degenerative disease characterized

by pain and activity disorders that are caused by degeneration of ar-
ticular cartilage, which prevalence was increases with age [4]. More
importantly, very similar characteristics of inflammation and catabolic
media were observed during the pathogenesis of OA and “classic” se-
nescent cells. [5]. As a seed cell for tissue engineering, bone marrow
mesenchymal stem cells (BMSCs) have osteogenic and chondrogenic
differentiation potential and play important roles in bone metabolism
and bone tissue repair. During OA, various aging markers in BMSCs
performed more prominently, such as cell cycle arrest, SASP secretion,
and reduced differentiation [6]. Therefore, senescent cells in tissues
may play a pathological role in the etiology of OA. It has been reported
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that injecting senescent cells into normal mice can cause aging of or-
gans in mice and various physiological dysfunctions [7]. The clearance
of senescent cells in a premature aging mouse was shown restoration of
physiological function and reduction of tissue aging [8]. Therefore, the
removal of senescent cells may effectively delay the progression of age-
related diseases and prolong healthy life [9].

It is reported that senescent cells are resistant to exogenous and
endogenous pro-apoptotic stimuli [10]. Although the mechanisms that
drive aging have been well studied, an understanding of the mechan-
isms that confer increased survivability of these cells is limited [11].
IAP genes play a central role in the regulation of cell death through a
variety of mechanisms, including apoptosis and autophagy [12]. The
IAP family of genes includes antiapoptotic proteins c-IAP1, c-IAP2,
XIAP, BRUCE, Livin and Survivin, etc., which have been intensively
studied as targets for cancer drug intervention [13]. We evaluated the
individual contributions of these IAP family members to senescence cell
viability, and we studied the mechanisms by which the expression of
key members, c-IAP1, c-IAP2 and XIAP, is increased in senescent cells to
inhibit apoptosis. We show that the inhibitors targeting c-IAP1, c-IAP2
and XIAP proteins (AT-406) preferentially clear senescent cells in vitro
and in vivo and restore the differentiation ability of BMSCs to delay the
progression of OA. Collectively, these findings support the use of SnCs
as a therapeutic target for the treatment of OA.

2. Results
2.1. The proteins of IAP family upregulated in senescent cells

To examine resistance to apoptotic pathways in senescent cells, we
induced mesenchymal stem cell (MSC) aging by three different
methods: treatment with a suitable concentration of D-gal (DS); treat-
ment with a suitable concentration of H,O, (HS); and replicative ex-
haustion for replicative senescence (RS). We treated MSCs with dif-
ferent doses of D-gal and H,0, at various time points and measured cell
viability via a CCK8 assay. We found that cell viability was inhibited by
D-gal and H,0, in a time- and dose-dependent manner. According to
the ICso value and the obvious downward trend (Supplementary Fig. 1A
and B), induction by 10 g/LL D-gal and 100 mM H,O, for 48 h was used
in the subsequent experiments. For replication failure, we chose se-
venth generation cells as the RS group. To confirm whether the cells in
the three different treatment states were senescent cells, we evaluated
the cell cycle state and the apoptosis state of the three groups of cells.
The results showed that the GO-G1 phase of the three groups of cells
were blocked to different degrees (DS: 64.2%, HS: 57.8%, RS: 61.4%,
Supplementary Fig. 1C) and almost no apoptosis was observed (DS:
5.1%, HS: 6.3%, RS: 3.9%, Supplementary Fig. 1D) compared with the
control group. Then, we performed SA-b-gal staining and found that the
aging group had a significantly increased proportion of SA-b-gal-posi-
tive cells compared with the control group (DS: 65.7%, HS: 71.3%, RS:
58.6%, Supplementary Fig. 1E). We detected the level of gammaH2AX
as markers of DNA damage levels by immunofluorescence in the three
groups of senescent cells (Supplementary Fig. 1F). The results showed
that the damaged DNA was accumulated in the nucleus of senescent
cells, compared with the control group.

After determining that the three groups of treated cells were in an
aging state, senescent and control MSCs were treated with tumor ne-
crosis factor-a (TNF-a) and cycloheximide (CHX) to induce the apop-
totic pathway. After TNF-a treatment, the survival rate of the three
groups of aging cells was significantly higher than that of the control
group (68.9%, 66.7% or 71.2% versus 38.9% for DS, HS or RS cells
versus growing cells (G); Fig. 1A). The reduction of cleavage of the
three markers to confirm a decrease in apoptosis in senescent cells,
including: poly-ADP-ribose polymerase (PARP), caspase-9 and caspase-
3 (Fig. 1B). Finally, we have determined the direct effects of TNF-
< alpha > and CHX on the level of c-IAP1, c-IAP2 and XIAP. The re-
sults showed that there was no significant difference in the expression
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level of c-IAP1, c-IAP2 and XIAP after the treatment of TNF-a, and CHX
could reduce their expression levels (Supplementary Fig. 2A). These
findings confirm that senescent cells are more resistant to pro-apoptotic
stimuli compare with non-senescent cells.

We hypothesized that an increase in the level of anti-apoptotic
proteins is responsible for the resistance of senescent cells to apoptosis.
The inhibitor of apoptosis (IAP) is a widely known anti-apoptotic pro-
tein with highly conserved properties [14]. We tested the levels of the
anti-apoptotic proteins c-IAP1, c-IAP2 and XIAP in senescent and con-
trol (G) cells. The expression levels of c-IAP1, c-IAP2 and XIAP were
increased in the senescent MSCs of the three different treatment groups
(Fig. 1C). Subsequently, we performed immunofluorescence (Fig. 1D)
and qPCR (Supplementary Fig. 2B) analyses of the three IAP family
members to further explain the above conclusions.

In light of the consistent upregulation of c-IAP1, c-IAP2 and XIAP
observed in senescent cells of all tested types, we used AT-406, a potent
small-molecule inhibitor of c-IAP1, c-IAP2 and XIAP, to inhibit these
genes and observe the effects on cell viability, as shown in
Supplementary Fig. 2C. All three types of senescent cells were sig-
nificantly more sensitive to AT-406 treatment than control cells
(Fig. 1E). We then verified that AT-406 inhibits the expression of c-
IAP1, c-IAP2 and XIAP at the ICso concentration (Fig. 1F). In order to
determine if AT-406-treated senescent cells experienced apoptosis, the
AT-406 treatment of senescent cells with or without the pan-caspase
inhibitor z-VAD-fmk (Fig. 1G). This inhibitor almost completely pre-
vented the reduction of senescent cells viability by AT-406 and elimi-
nated the increased cleavage of PARP, caspase-9 and caspase-3 in se-
nescent cells (Fig. 1H). We obtained the same result using flow
cytometry (Supplementary Fig. 2D). These findings indicate that these
IAP family genes confer resistance of senescent cells to apoptosis and
promote senescent cell survival.

2.2. cIAP1, cIAP2 and XIAP maintain the viability of senescent cells

To determine whether extensive inhibition of IAP family members
by different inhibitors also resulted in reduced viability of senescent
cells, we treated BMSCs with AZD5582, an inhibitor of c-IAP1, c-IAP2
and XIAP. Similarly, AZD5582 caused significantly higher death rates in
aging cells than in control cells (62% of remaining adherent growing
cells versus 31% of DS cells; versus 26% of HS cells; and versus 39% of
RS cells; Fig. 2A). Therefore, death of senescent cells can be specifically
induced by AZD5582. Next, we investigated the individual contribu-
tions of cIAP1, cIAP2 and XIAP to the resistance of senescent cells to
apoptosis. No specific inhibitor can inhibit only one of the three, but c-
IAP1 and XIAP can be specifically inhibited by BV6. Interestingly, de-
spite a dose-dependent decrease in cell viability after senescent cells
were treated with BV6, the degree of reduction was far less significant
than the response to AZD5582 treatment (Fig. 2B).

To further investigate the contribution of c-IAP1, c-IAP2 and XIAP
to senescence-resistant apoptosis in senescent cells, we used siRNA to
silence the three genes individually or together. Combinational silen-
cing of the three genes effectively reduced their protein levels, but si-
lencing these genes, alone or in combination, resulted in a slight de-
crease in aging cell viability in the DS group (Fig. 2C&D). In contrast,
the combined knockdown of c-IAP1, c-IAP2 and XIAP had a synergistic
effect, resulting in a significant decrease in DS cell viability (42%)
comparable to that induced by AT-406 treatment (Fig. 2D). These re-
sults suggest that at least one of c-IAP1, c-IAP2 and XIAP may be re-
quired for senescent cell survival.

2.3. Regulation of the expression of IAP genes and increased apoptosis
resistance in senescent cells

After determining the contribution of the IAP genes to aging cell
apoptosis resistance, we next investigated the causes of elevated IAP
genes in senescent cells and the reasons for their inhibition of apoptosis.
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Fig. 1. The proteins of IAP family upregulated in senescent cells and provide resistance to apoptosis. (A) Rat BMSCs that were induced to senescence either through
D-gal induction (DS), H,O, induction (HS) or replicative exhaustion (RS) and control proliferating cells (growing, G) were treated with TNF-a (TNF-a) or vehicle
(DMSO) for 10 h. Determination of survival relative to vehicle-treated cells by quantifying remaining adherent cells. The histograms represent the percentage of
senescent (DS, HS, and RS) cells that survived compared to the G controls. (B) The cleavage of PARP, caspase-9 and caspase-3 protein expression by senescent cells
and control cells was analyzed by Western blot, indicating the level of apoptosis after treatment with TNF-a and CHX. (C) Western blot analysis of IAP family
members (c-IAP1, c-IAP2 and XIAP) and senescence effector proteins (p16, p21, p53) expression in senescence (DS, HS and RS) and control (G) BMSC. (D)
Immunofluorescence staining showing c-IAP1, c-IAP2 and XIAP distributions in control cells and in the three groups of senescent cells; nuclei were stained by DAPI
(blue). Scale bar = 50 um. (E) Percent survival of senescent and control cells (as in A) after 48 h of treatment with the indicated concentrations of AT-406 (inhibitors
of c-IAP1, c-IAP2 and XIAP). (F) Related proteins in the three groups of senescent cells with or without AT-406 treatment. The protein levels of c-IAP1, c-IAP2 and
XIAP were analyzed by Western blot. (G) Percentage of senescence and control cells treated with AT-406 (10 uM) for 48 h with pan-caspase inhibitor z-VAD-fmk
(100 uM), with or without pretreatment for 6 h. (H) Western blot analysis of cleaved PARP, caspase-9 and caspase-3 in the samples described in G. The results shown
here are representative of three independent experiments. The histograms represented the mean * SD of three independent experiments. *P < 0.05, **P < 0.01,
***p < 0.001.
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In recent years, the NF-xB pathway has been confirmed to be closely
related to cellular senescence [15]. Although it has been previously
reported that IAPs are downstream of the NF-kB pathway, it is still
unknown whether this relationship exists in senescent cells [16].
First, we examined activation of the NF-kB pathway in three groups
of senescent cells. BMSCs were treated with D-gal and H,O, for 6, 12,
24 and 48h, and the 6th, 7th, 8th, 9th or 10th generation of BMSCs
were used. The expression levels of p65, p-p65, p-IkBa and IkBa were
detected using Western blot. The results showed that the ratio of p-p65
to p65 and p-IkBa to IkBa increased with time (Fig. 3A). Next, we
performed immunofluorescence microscopy and nuclear-cytoplasmic
extraction, and the results further support the nuclear translocation of
p65 in senescent cells (Fig. 3B&C). To determine the effects of NF-xkB
pathway activation on c-IAP1, c-IAP2 and XIAP in senescent cells, se-
nescent cells were treated with IMD-0354, an inhibitor of the NF-xB
pathway, and the expression levels of c-IAP1, c-IAP2 and XIAP were
assessed using Western blotting. As shown in Fig. 3D, the expression
levels of c-IAP1, c-IAP2 and XIAP were reduced after IMD-0354 treat-
ment. In contrast, we used the IAP inhibitor AT-406 to treat senescent
cells for 6, 12, 24 and 48 h and evaluated the expression levels of p65,
p-p65, p-IkBa and IkBa. The NF-kB pathway was also blocked by AT-
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Fig. 2. cIAP1, cIAP2 and XIAP maintain
the viability of senescent cells. (A) Rat
BMSCs (DS, HS and RS cells and control
G cells) were treated with the indicated
concentrations of AZD5582 or vehicle
(DMSO) for 48 h. Determination of sur-
vival relative to vehicle-treated cells by
quantifying remaining adherent cells.
The histograms represent the percentage
of senescent (DS, HS, and RS) cells that
survived compared to the G controls. (B)
The percentage survival of cells de-
scribed in A treated with the indicated
concentration of BV6 for the next 48h.
(C) Western blot analysis of c-IAP1, c-
IAP2 and XIAP following siRNA treat-
ment of the DS group. (D) Percent sur-
vival of DS group cells transduced with
siRNA targeting c-IAP1, c-IAP2 and XIAP
or a combination thereof. The results
shown here are representative of three
independent experiments. The histo-
grams represented the mean = SD of
three independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001.

406 (Supplementary Fig. 3A). Our results are consistent with previous
reports: although NF-kB can induce the expression of IAPs, inhibition of
IAP can attenuate NF-kB signaling [14,17-19].

Next, we confirmed in greater detail that inhibition of the IAP gene
can induce apoptosis of senescent cells. Three groups of senescent cells
were treated with AT-406 for 6, 12, 24 and 48h, and the expression
levels of cleaved PARP, caspase-9 and caspase-3 were detected. As ex-
pected, the expression levels of cleaved PARP, caspase-9 and caspase-3
increased with AT-406 treatment time (Fig. 3E). Since it was previously
reported that the IAP genes inhibit apoptosis through the MAPK sig-
naling pathway, we detected whether the relationship between IAP
genes and the MAPK signaling pathway still exists in senescent cells
[20,21]. We treated three groups of senescent cells with AT-406 at 6,
12, 24 and 48 h and detected the expression levels of JNK, p-JNK, p38,
p-p38, ERK, p-ERK and p-c-Jun. Western blot analysis showed that the
ratio of p-JNK to JNK and the expression level of p-c-Jun increased with
time, but the ratio of p-p38 to p38 and p-ERK to ERK did not change
significantly (Fig. 3G). These results indicate that inhibition of IAPs
activates the JNK pathway and promotes apoptosis in senescent cells.

The above findings illustrate that activation of the NF-kB pathway
leads to increased expression of IAPs, which in turn inhibits the JNK
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Fig. 3. IAP family members are elevated by activation of the NF-kB pathway and inhibit the JNK pathway to resist apoptosis in senescent cells. (A) The activity of NF-
kB signaling pathways in rat BMSCs was detected by Western blot assays. (B) Inmunofluorescence and nuclear-cytoplasmic extraction assays were used to determine
the expression and nuclear translocation of NF-kB p65 in BMSCs. Scale bar = 50 um. (C) The expression levels of P65 protein in the nucleus and cytoplasm were
detected by Western blot assays. (D) Related proteins in the three groups of senescent cells with or without IMD-0354 treatment. The protein levels of c-IAP1, c-IAP2
and XIAP were analyzed by Western blot. (E) The expression levels of cleaved PARP, caspase-9 and caspase-3 in the samples were analyzed by Western blot. (F)
MAPK signaling pathway activity in rat BMSCs was detected by Western blot assays. The results shown here are representative of three independent experiments.

pathway to confer apoptosis resistance.

2.4. XIAP regulates autophagosome-lysosome fusion in senescent cells

In our previous experiments, aging cell death was not completely
inhibited after inhibition of the apoptotic pathway (Fig. 1G and Sup-
plementary Fig. 2C). Therefore, cell fate could be influenced in other
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ways. In recent reports, it has been shown that the IAP family of genes
are involved in autophagosome-lysosome fusion, and the imbalance of
this process is often associated with cell death [22,23].

To validate our hypothesis, BMSCs were transiently transfected with
GFP-mRFP-LC3B followed by treatment with D-gal or AT-406. In the
tandem autophagosome reporter gene, GFP is pH sensitive and mRFP is
resistant, so the GFP is quenched in the acidic environment of the
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Fig. 4. XIAP interacts with STX17 to regulate the fusion of autophagosome-lysosomes in senescent cells. (A) Control cells, Rapa-treated control cells and AT-406 or
CQ-treated DS group cells stably expressing GFP-mRFP-LC3B for confocal microscopy. Scale bar = 20 um. (B) Transfected control or senescent cells treated with AT-
406 alone, 3MA alone or AT-406/3MA in combination. (C) Transfected control or senescent cells treated with AT-406 alone, CQ alone or AT-406,/CQ in combination.
Cell viability in B&C was determined by quantifying the remaining adherent cells. (D) Western blot detected the expression levels of LC3B, SQSTM1 and BECLIN1 in
the samples described in B. (E) Western blot detected the expression levels of LC3B, SQSTM1 and BECLIN1 in the samples described in C. (F) The cell lysate of the DS
group cells was immunoprecipitated by anti-XIAP antibodies, anti-STX17 antibodies or the normal rabbit immunoglobulin G (IgG, as control antibodies). Western
blotting was performed with anti-STX17 or anti-XIAP antibodies. (G) The DS group cells were treated with different concentrations of AT-406, followed by co-
immunoprecipitation assays. (H) HEK293T cells were transfected with STX17-His and XIAP-Flag, and then immunoprecipitated using anti-His antibody, anti-Flag
antibody or IgG. The immunoblotting was used to analyze the immunocomplexes. The results shown here are representative of three independent experiments. The
histograms represented the mean * SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

lysosome [24]. Thus, the fusion of autophagosomes with lysosomes
only shows red puncta and yellow puncta are missing. An autophagy
inducer-rapamycin (Rapa) and an autophagy inhibitor-chloroquine
(CQ) were added after transfection. As shown by the results, the
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majority of red spots indicated fusion of autophagosomes with lyso-
somes, whereas only a small fraction of the LC3B-positive puncta was
yellow in rapamycin-treated cells. Conversely, most of the LC3B-posi-
tive spots were yellow due to blockade of the autophagy process in CQ-
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Fig. 5. Clearance of senescent cells reduces inflammatory factor secretion and creates a proregenerative environment. (A) The effect of AT-406 on the expression of
MMP-2, -3, -9, -13, IL-1a, -1, -6 and TNF-a genes in three groups of senescent cells were determined by qPCR. (B) The protein levels of IL-6, IL-1a, IL-1 and TNF-a
in the supernatant were assessed by ELISA. (C) The expression levels of MMP-2, MMP-3, MMP-9 and MMP-13 were assessed by Western blot. (D) Alizarin red staining
for osteogenic differentiation of BMSCs with or without conditioned medium treatment. Scale bar = 200 um. (E) Alcian blue staining for chondrogenic differentiation
of BMSCs with or without conditioned medium treatment. Scale bar = 100 pm. The histograms represented the mean + SD of three independent experiments.

*P < 0.05, **P < 0.01, ***P < 0.001.

treated cells. In the control group, LC3B diffused in the cytoplasm
without aggregation, while in the DS group, LC3B-positive puncta ag-
gregation also occurred, but fewer red spots were observed than in the
rapamycin-treated group. This may be related to the induction of ROS
production by D-gal treatment. In agreement with the results of the AT-
406 treatment group, we found that the yellow spots increased and
mixed with the red spots, but fewer yellow spots were observed than in
the CQ treatment group (Fig. 4A). Similarly, we observed the same
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outcome in the HS group (Supplementary Fig. 4A). These phenomena
suggest that inhibition of IAPs can block the fusion of autophagosomes
with lysosomes.

Next, to determine whether blocking the process can increase the
death of senescent cells, we used another autophagy inhibitor, 3-me-
thyladenine (3MA), which can block the production of autophagic
phagosomes. We treated the control and DS groups with 3MA or CQ in
the presence or absence of AT-406 treatment, and we tested the survival
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of cells in each treatment group. The results showed that the survival
rate of senescent cells treated with AT-406 and 3MA was higher than
that of cells treated with AT-406 in the DS group (68% versus 52%,
Fig. 4B). In contrast, the survival rate of senescent cells treated with AT-
406 and CQ was lower than that of cells treated with AT-406 in the DS
group (29% versus 58%, Fig. 4C). As shown in Fig. 4C, in the presence
of AT-406, the fusion of autophagosomes with lysosomes was blocked,
causing excessive autophagy to damage cells, and thus, 3MA treatment
can attenuate excessive autophagy to reduce senescent cell death. In
contrast, CQ treatment can aggravate this phenomenon. We further
tested the expression levels of LC3B, STSQM1 and BECLIN1 as markers
of autophagy levels by Western blot in the above samples. The results
showed that the LC3B-II and STSQM1 levels in the DS group were
higher than those in the control group and increased with AT-406
treatment in both groups. However, after the addition of 3MA, the
expression levels of LC3B-II and STSQM1 were reduced with or without
AT-406 treatment in both groups. The expression of BECLIN1 followed
the changes in LC3B-II expression (Fig. 4D). In contrast, after the ad-
dition of CQ, the expression levels of LC3B-II and STSQM1 further in-
creased (Fig. 4E), indicating that the presence of AT-406 leads to the
accumulation of autophagic phagosomes and autophagy-degrading
substrates, which can be alleviated by the addition of 3MA. The above
results indicate that inhibition of IAP genes can abolish the fusion of
autophagosomes and lysosomes, causing death of senescent cells.

Subsequent experiments were performed to explore the mechanism
of the IAP family of genes in regulating the fusion of autophagosomes
with lysosomes. A previous study showed that STX17, an important
member of the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE), mediates the fusion of autophagosomes and
lysosomes [25]. To test whether endogenous IAP genes interacts with
stx17, coimmunoprecipitation experiments were performed using the
control and DS groups. Indeed, endogenous XIAP and stx17 interact
with each other (Fig. 4F). Similarly, we obtained the same results for
the HS group (Supplementary Fig. 4B). Furthermore, coimmunopreci-
pitation experiments were performed using the DS groups treated with
different concentrations of AT-406. The results showed that the ex-
pression of XIAP decreased with AT-406 treatment in a concentration-
dependent manner, while AT-406 had no effect on the expression of
STX17 (Fig. 4G). Furthermore, the interaction between exogenous XIAP
and STX17 was demonstrated by coimmunoprecipitation assays in
HEK293T cells (Fig. 4H). Therefore, AT-406 attenuates the interaction
with STX17 by inhibiting the expression of XIAP, thereby inhibiting the
fusion of autophagosomes with lysosomes.

2.5. IAP inhibition in senescent cells attenuates the secretion of SASP and
creates a proregenerative environment

Given that inhibition of IAPs could clear senescent cells in our study,
we further explored whether the elimination of senescent cells atte-
nuated secretion of senescence-associated secretory phenotype (SASP)
factors. Three groups of senescent cells were stimulated with AT-406
and detected the expression levels of inflammatory cytokines and
catabolic genes, including TNF-a, interleukin(-1a, -1f, -6) and matrix
metalloproteinase(-2, -3, -9, -13). Quantitative Real-time PCR showed
that cellular senescence increased the transcription level of these genes,
while pretreatment with AT-406 reversed this process by removing
senescent cells (Fig. 5A). To further confirm the above results, we
evaluated the effects of treatment with AT-406 on the secretion of IL-6,
TNF-q, IL-1a and IL-1f in the supernatant by ELISA (Fig. 5B) and on the
expression of MMP-2, MMP-3, MMP9 and MMP13 by Western blot
(Fig. 5C).

Next, we explored whether the clearance of senescent cells could
create a proregenerative environment. Conditioned medium (CM) was
collected from senescent cell culture in the absence or presence of AT-
406 over 48 h. The CM of senescent cells and the CM of senescent cells
treated with AT-406 were added to normal cells, which were treated
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with osteogenic differentiation medium. The results showed that the
osteogenic differentiation ability of cells treated with senescent CM was
reduced compared with that of cells treated with normal CM and was
increased after treatment with AT-406 CM (Fig. 5D). Similarly, we used
CM to detect cartilage differentiation and got the same result (Fig. 5E).

2.6. AT-406 treatment rescues cartilage degeneration of post-traumatic
osteoarthritis in rats in vivo

To explore whether the potential protective effects of articular
cartilage in vivo by clearance of senescent cells, we first used H&E and
Safranin O/Fast green staining to perform a histological analysis.
Phosphate buffered saline (PBS)-treated ACLT rats exhibited a severe
total erosion of cartilage, which was not observed in sham control rats,
while AT-406-treated animals showed less severe destruction, as evi-
denced by reduced Safranin O staining and less surface regularity
(Fig. 6A a-i). The International Association of Osteoarthritis Research
(OARSI) scoring method was used to measure the changes of structural
cartilage in the medial of tibial plateau and femoral condyle in all
samples (Fig. 6B). The osteophyte scoring method was used to measure
epiphyseal changes of the femoral condyles of all samples (Fig. 6C). We
also collected photographs to evaluate the histological appearance of
each group (Supplementary Fig. 5A). All samples from this experiment
were independently evaluated by 2 uninformed and experienced ob-
servers. The 2 observers reached a consensus on each section.

The immunohistochemical staining for detection of IL-6 and MMP13
expression levels and activation of senescence marker genes in carti-
lage. As shown in Fig. 6A m-p, in ACLT-treated rats, the percentage of
P16-positive chondrocytes in the PBS group was substantially higher
than that in the sham surgery group, while no significant changes were
observed in the low- and high-concentration AT-406 treatment groups.
Similarly, the expression levels of IL-6 (Fig. 6A g-t) and MMP13
(Fig. 6A u—x) were coordinated with the expression of p16. In addition,
we also tested the expression levels of c-IAP1, c-IAP2 and XIAP in
cartilage. We found that the three genes of IAP family were elevated in
the cartilage of OA rats (Supplementary Fig. 5B). The expression levels
of pl16 (Fig. 6D), IL-6 (Fig. 6E), MMP13 (Fig. 6F), c-IAP1 (Supple-
mentary Fig. 5C), c-IAP2 (Supplementary Fig. 5D) and XIAP (Supple-
mentary Fig. 5E) were calculated and analyzed based on the im-
munostaining intensity of 5 randomly selected articular cartilage
regions.

2.7. AT-406 treatment attenuates tibial subchondral bone reconstruction of
post-traumatic osteoarthritis in rats in vivo

Bone resorption was increased and subsequent bone hyperplasia
resulted in bone reconstruction in the post-traumatic osteoarthritis
(PTOA) animals. Therefore, we evaluated the therapeutic potential of
AT-406 to prevent tibial subchondral bone reconstruction in vivo by
ICT analysis of rat tibial subchondral bone. The 3-dimensional (3D)
reconstruction results showed extensive subchondral bone hyperplasia
in the ACLT group, and extensive subchondral bone reconstruction was
observed compared with the sham control group, whereas intra-ar-
ticular injection of AT-406 in ACLT rats significantly attenuated tibial
subchondral bone reconstruction (Fig. 7A). BV/TV, BMD, SMI, Tb.N
Tb.Th, and Tb.Sp were measured according to the 3D-reconstructed
images (Fig. 7B).

To test the systemic potential toxicity of AT-406, the body weight of
the rats was recorded twice a week during the experiment, and H&E
staining was performed on the main organs including heart, liver,
spleen, lung and kidney. We found no significant changes in body
weight of rats injected intra-articularly with AT-406 compared with the
control group (Fig. 7C). H&E staining showed that AT-406 had no ob-
vious damage to major organs (Fig. 7D). These findings indicated that
AT-406 had few toxic effects on the rats in our experiments.
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Fig. 6. Clearance of senescent cells attenuates the development of posttraumatic osteoarthritis in vivo. (A) a-1: H&E or safranin O/Fast green staining of cartilage and
tibial subchondral bone. m-x: Immunohistochemical analysis of P16, IL-6 and MMP13. (B) Overall assessment of OARSI histological grade. (C) Assessment of joint
surface osteophyte histological score. The immunohistochemical staining quantification of D, p16; E, IL-6; and F, MMP13. Data are shown as the mean + SD.
*P < 0.05 significantly different compared with the ACLT-operated group. The results shown here are representative of three independent experiments.
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3. Discussion provides apoptosis resistance to senescent cells and supports the accu-

mulation of senescent cells in tissues. However, such accumulation
contributes to aging and promotes age-related diseases [27]. In the
context of OA, aging cells were found in the vicinity of osteoarthritic
lesions [28]. Consistent with this, transplanted senescent cells induced

Cell senescence is a state in which cells stably arrest and proliferate
and is characterized by cell cycle arrest and increased apoptosis re-
sistance [11,26]. Our results indicate that activation of the IAP genes
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OA-like lesions in mice [29]. Furthermore, clearing aging cells has been
confirmed to delay age-related diseases in mice [30-32].

In this study, we found that resistance to apoptosis was elevated in
all three types of senescent cells, consistent with the previously ob-
served increase in apoptosis resistance in senescent cells [10,11,33]. We
also found that c-IAP1, c-IAP2 and XIAP are key IAP gene family
members that support the survival of senescent cells and that these
proteins are upregulated by increased transcription, although the pos-
sibility of translational regulation has not been ruled out [34,35]. We
found that the aging cell death rate was significantly higher when these
genes were inhibited than in normal cells, and the aging cell death rate
was partially restored after inhibiting the apoptosis pathway. Our data
show for the first time that IAP acts as an apoptosis-inhibiting gene to
provide apoptosis resistance in senescent cells. In line with previous
studies that have shown that inhibition of IAP-induced apoptosis is
closely related to TNF-a, we confirmed that TNF-a secretion is greatly
increased in senescent cells. Therefore, inhibition of IAP-induced
apoptosis in senescent cells may be associated with this [17,36,37].
Similarly, our data suggest that activation of the NF-kB pathway in
senescent cells leads to an increase in IAP gene expression, which can
interact with the NF-xB pathway, whereas inhibition of IAP gene ex-
pression activates the JNK pathway to promote apoptosis. This finding
is consistent with previous reports, although we found that inhibition of
apoptotic pathways does not completely block apoptosis caused by in-
hibition of IAP genes [13,21,38,39].

In the process of studying the mechanism of action of IAP, we found
that inhibition of the IAP gene acts on autophagy and affects cell sur-
vival. Under normal conditions, autophagy can phagocytose and deliver
cellular components to lysosomes for degradation and recycling to
maintain cell homeostasis, but excessive depletion or accumulation of
autophagic vacuoles can result in cell death [40,41]. Our results suggest
that inhibition of IAP can block autophagosome fusion, which is con-
sistent with previous studies. Likewise, when autophagosome synthesis
is inhibited or blocked fusion is exacerbated, senescent cell death is
reduced or exacerbated. In Fig. 4, we used rapamycin as a positive
control, 3MA and CQ as negative controls. 3-MA and RAPA primarily
target mTOR, which is an essential factor in causing autophagy.
Therefore, we have detected the interaction between mTOR and IAP
(Supplementary Fig. 4C). We found that inhibition of IAP reduces the
activation of the mTOR pathway in normal cells and D-gal-induced
senescent cells. Since inhibition of IAP can both reduce the activation of
the mTOR pathway and block the fusion of autophagosomes and lyso-
somes, AT-406 triggers excessive autophagy of senescence and pro-
motes the death of senescent cells. Next, we further investigated the
relationship between IAP family members and autophagic lysosome
fusion and found that XIAP can interact with STX17 regardless of en-
dogenous or exogenous. Furthermore, AT-406 only inhibited the ex-
pression of XIAP, thus attenuating the interaction with STX17, but did
not affect the expression of STX17. Our study demonstrates for the first
time the mechanism by which XIAP affects autophagic flow. However,
the relationship between apoptosis and autophagy triggered by in-
hibition of IAP genes remains to be resolved.

Senescent cells secrete a variety of proteins that are collectively
known as the senescence-associated secretory phenotype (SASP); these
proteins can induce senescence in a paracrine manner [42,43]. We
found that inhibition of IAPs reduced the secretion of inflammation-
related factors and restored differentiation ability, indicating that
clearance of senescent cells can create a proregenerative micro-
environment. OA has long been considered a disease of the cartilage but
now it is acknowledged as a disease of the whole joint, including closely
linked alterations in cartilage, synovium and subchondral bone [44]. In
OA, the basic pathophysiological feature of OA is a loss of articular
cartilage, but the degeneration of the subchondral bone precedes the
articular cartilage; the subchondral bone loss occurs in the early stage
of OA, and the bone resorption occurs in the subchondral bone before
the cartilage degenerates [45]. MSCs are present in multiple niches in
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the joint, including subchondral bone, cartilage, synovial fluid, syno-
vium and adipose tissue [46]. In previous experiments, Campbell, T. M.
et al. have found that the loss of proliferative and differentiation ca-
pacity in senescent MSCs found in the bone of patients with OA [47].
Together, these studies indicate that MSCs senescence and an associated
loss of potency could be an important facet of OA pathophysiology. A
previous study used drugs to remove pl6-positive senescent cells in
gene-encoded mice to attenuate the development of PTOA [31]. How-
ever, it is still unresolved whether the goal of eliminating aging cells to
delay OA can be achieved in normal animals. Next, we further in-
vestigate the potential clinical application of the clearance of senescent
cell. We used ACLT to establish an OA model to evaluate the potential
therapeutic effect of intra-articular AT-406 on OA cartilage destruction.
We found that AT-406 rescued cartilage destruction in OA mice in a
dose-dependent manner and downregulated the expression of SASP in
cartilage. Thus, the clearance of senescent cells may be a new treatment
for OA.

In summary, our data demonstrate for the first time that inhibition
of IAP genes can eliminate senescent cells and attenuate the secretion of
aging-associated inflammatory factors. This study further illustrated the
effects of IAP inhibition on the expression of catabolic genes and
proinflammatory cytokines during the progression of OA in vitro and
the effects of AT-406 on the articular cartilage destruction caused by
ACLT in vivo. We found that inhibition of IAPs activates the JNK
pathway to induce apoptosis in senescent cells and that there may be
interactions between the NF-kB pathway and IAPs in senescent cells,
which requires further exploration. In addition, we demonstrate for the
first time that XIAP interacts with STX17 to regulate the fusion of au-
tophagy phagosomes and lysosomes. Overall, our data suggest that the
clearance of senescent cells may be a new promising therapeutic
strategy for OA.

4. Conclusion

Our data are the first to reveal that inhibition of the IAP genes can
eliminate senescent cells and alleviate the progression of OA. We fur-
ther analyzed the mechanism by which IAPs induce senescent cell death
and discovered the mechanism by which XIAP regulates the fusion of
autophagy phagosomes with lysosomes. We propose the removal of
senescent cells as a new strategy that could be highly efficacious for the
treatment of age-related diseases.

5. Materials and methods
5.1. Reagents and antibodies

The reagents used in our experiments included AT-406 (HY-15454),
Z-VAD-FMK (HY-16658), BV6 (HY-16701), AZD5582 (HY-12600),
IMD-0354 (HY-10172), CQ (HY-17589), 3MA (HY-19312) and Rapa
(HY-10219), which were obtained from Medchem Express (Shanghai,
China). D-gal and H,O, were obtained from Shenggong (Shanghai,
China) and were dissolved in dimethyl sulfoxide (DMSO) as a 10 mM
stock solution for storage in aliquots at — 20 °C. Working concentrations
were prepared for different experiments by diluting the stock solution
with DMSO. All cell culture reagents were purchased from Invitrogen
Life Technologies (Carlsbad, CA, USA). DMSO was obtained from
Sigma-Aldrich (St. Louis, MO, USA). c-IAP1 (#7065), cleaved PARP
(#5625), cleaved caspase-9 (#52873), cleaved caspase-3 (#9661), P21
(#2947), P53 (#9282), P65 (#8242), p-P65 (#3033), IkBa (#4814), p-
IkBa (#2859), JNK (#9252), p-JNK (#9251), P38 (#8690), p-P38
(#4511), ERK (#4695), p-ERK (#4370), p-c-Jun (#9261), LC3B
(#3868), SQSTM1 (#88588), BECLIN1 (#3495), MMP2 (#40994),
MMP3 (#14351), MMP9 (#13667), MMP13 (#94808) and GAPDH
(#5174) antibodies were purchased from Cell Signaling Technology
Inc. (Danvers, MA, USA). c-IAP2 (ab23423), XIAP (ab28151), Histone
H3 (ab8580), P16 (ab51243) and beta-actin (ab8224) antibodies were
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purchased from Abcam (Hong Kong, China). STX17 (GTX130212) an-
tibody was purchased from GeneTex (Shen Zhen, China).

5.2. Cell culture

Two-week-old Sprague-Dawley (SD) rats were obtained from the
Experimental Animal Center of Shanghai Jiao Tong University. The
laws of the People's Republic of China allow for the investigation of
wildlife protection, which was approved by the Shanghai Academy of
Medical Sciences in China. The femur and tibia of SD rats were re-
moved, and the bone marrow was washed with blank medium. Cells
were centrifuged at 1000 rpm for 3 min. Cells were resuspended in 5 ml
Dulbecco's modified Eagle's medium/nutrition mixture F-12 (DMEM/
F12, Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bo-
vine serum (FBS, Gibco) and penicillin (100 U/ml)/streptomycin
(100 U/ml) at 37 °C in humidified air with 5% CO,, and then cultured in
a 25 cm? plastic flask (Corning, USA) to allow the MSCs to adhere. After
three days, the medium was changed, and nonadhered cells were dis-
carded. The medium was replaced with fresh medium every 3 days.
After approximately 7-10 days, adherent cells were released from the
flask with 0.25% trypsin (Gibco) and inoculated into new flasks. These
cells were labeled passage 1, and the cells were cultured until passage 3.
All cells experiments except those for the RS group of cells were per-
formed using passage 3 cells; and experiments for the RS group of cells
were performed using passage 7 cells.

5.3. Cell viability assay

Cell proliferation was measured by a CCK-8 assay (Dojindo, Tokyo,
Japan). The cell suspension (4 X 10*/ml) was inoculated into 96-well
plates overnight and then treated with various concentrations of ex-
perimental reagent. If the experimental reagent was dissolved in DMSO,
the concentration of DMSO was maintained at < 0.5% in all wells. After
24, 48 and 72h, each well was incubated with 90 pl of fresh medium
and 10 pl of CCK-8 solution for 2h at 37 °C, and then, the absorbance
was read at a wavelength of 450 nm.

5.4. Cell cycle analysis by flow cytometry

Cells were seeded at a density of 5 X 10%/ml in a six-well plate and
treated with D-gal (10 g/1) or HyO, (100 uM) for 48 h and passaged to
the seventh passage. Then, the cells were harvested and fixed overnight
at 4 °C with cold 70% ethanol. The cells were again washed with PBS,
incubated with RNase A for 30 min, and then stained with 400 pl pro-
pidium iodide (PI) for 30 min at room temperature. Cell cycle analysis
was performed on an Accuri C6 flow cytometer (BD Biosciences,
Mountain View, CA, USA).

5.5. Apoptosis analysis by flow cytometry

The effect of AT-406 on apoptosis was analyzed by flow cytometry
using Annexin V-FITC and PI. Cells were seeded at a density of 5 x 10°/
ml in a six-well plate, and cell senescence was induced by different
methods, followed by treatment with AT-406 (10 uM) for 48 h. z-VAD-
fmk was added to the cell culture at a concentration of 100 mM 4 h
before AT-406 addition. Then, the cells were harvested, washed twice
with cold PBS, and resuspended in 1 x binding buffer. The cells were
incubated with Annexin V-FITC and PI at room temperature in the dark
for 15min using an Accuri C6 flow cytometer (BD Biosciences,
Mountain View, CA, USA).

5.6. SA-f3-gal staining
The expression of senescence-associated b-galactosidase (SA-(-gal)

in BMSCs has been used as a typical biomarker for premature aging. SA-
B-gal staining was performed using a SA-B-gal staining kit (Cell
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Signaling Technology, Beverly, MA, USA) according to the manufac-
turer's instructions. Cells were incubated overnight at 37 °C in the ab-
sence of CO,. The number of positive cells was counted using a phase
contrast microscope, and the experiment was repeated five times for
each group.

5.7. Western blotting and coimmunoprecipitation

Cells were lysed with ice-cold radioimmunoprecipitation (RIPA)
buffer containing a protease inhibitor cocktail (Sigma-Aldrich) for
30 min. The soluble protein lysate concentration was then determined
using a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific,
Fremont, CA, USA). Proteins were separated by 10-12% SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF) membranes.
Membranes were incubated in 5% nonfat milk in PBST buffer for 1 h at
room temperature and incubated overnight at 4°C on a shaker with
specific primary antibodies. The membranes were washed with TBST
and then incubated with secondary antibody (Sigma-Aldrich, Inc.) for
1h at room temperature. After washing three times, signal bands were
detected using an enhanced chemiluminescence kit (Millipore). For
coimmunoprecipitation assays, whole cell lysates of samples treated
with or without D-gal and AT-406 were incubated overnight with
specific antibodies for precipitation, and then with protein A/G-agarose
beads were incubated together. Finally, the samples were washed five
times with washing buffer. The eluted proteins were separated by 10%
SDS-PAGE. Independent experiments were performed in triplicate.

Flag M2 Affinity Gel (Sigma, A2220) was used to im-
munoprecipitate the Flag-tagged proteins. After three washes with clod
1x TBS, the immunoprecipitated protein complexes were eluted
through 3 X Flag peptides (Sigma, F4799). The coimmunoprecipitated
proteins were detected by Western blot analysis.

5.8. RNA extraction and quantitative real-time PCR analysis

According to the manufacturer's protocol, RNA samples were pre-
pared from cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA).
Total RNA (1 ug) was converted to cDNA using a Reverse Transcription
Kit (TaKaRa Inc., RRO36A, JAPAN). The relative expression of glu-
tathione reductase (GR) was analyzed by qPCR, and actin was used as
an internal control. The primer sequences can be found in
Supplementary Table 1.

5.9. Immunofluorescence

Cultured cells in glass-bottom dishes were fixed with 4% paraf-
ormaldehyde (PFA) for 30 min with blocking buffer (containing 10%
goat serum and 1% bovine serum albumin (BSA) in PBS) and incubated
at room temperature for 1h. P65 antibody (1:400 dilution), c-IAP1
antibody (1:400 dilution), c-IAP2 antibody (1:400 dilution) in PBS and
XIAP antibody (1:400 dilution) were added, and cells were incubated
overnight at 4 °C. Cells were then washed 3 times with TBST solution
for 5min each time and then incubated with Alexa Fluor 594 (Life
Technologies, USA)-conjugated goat anti-rabbit IgG antibody diluted
1:200 in PBS in the dark at room temperature for 30 min. Cells were
washed 3 times with TBST solution for 5min each time, and nuclear
DNA was then stained with DAPI (Dojindo, Japan) for 3 min. After
washing 3 times for 5 min each time, the culture dish was covered with
PBS, and an image was acquired using a fluorescence confocal micro-
scope (Olympus, Japan).

5.10. ELISA

MMPs and inflammatory cytokines, especially IL-1f, IL-6 and TNF-
a, are thought to mediate the progression of OA. Superfilts from dif-
ferent groups of BMSCs were collected and analyzed using an ELISA kit
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer's
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instructions. The results are expressed in picograms per milligram.
5.11. Nuclear and cytoplasmic extraction

BMSCs were treated with D-gal for 48 h. To isolate cytoplasmic and
nuclear proteins, cell pellets were treated using a nuclear and cyto-
plasmic extraction kit (Beyotime, NanJing, China) according to the
manufacturer's instructions.

5.12. Osteogenic differentiation

The BMSCs-encapsulating gelatin were maintained in 2 mL os-
teoinductive medium containing 0.05 mM t-ascorbic acid, 10 mM
B-sodium glycerol phosphate, and 100 nM dexamethasone sodium
phosphate. Add the corresponding conditioned medium as a control
group, aging group and aging treatment group. The medium was re-
placed every 2 days. After 3 weeks of culture, the cells were fixed for
10 min in formalin and stained with alizarin red.

5.13. Chondrogenic differentiation

BMSCs (2.5 x 10°) were induced to form a chondrogenic pellet
using chondrogenic differentiation medium according to the manufac-
turer's description. Add the corresponding conditioned medium as a
control group, aging group and aging treatment group. Culture media
were changed every two days. After 4 weeks of culture, the pellets were
harvested for histological assessment.

5.14. ACLT-mediated knee OA and treatment

All animal procedures were performed in accordance with a pro-
tocol approved by the Animal Care and Use Committee of Shanghai
General Hospital and Shanghai Jiaotong University. Twenty male
Sprague-Dawley rats (4 weeks old) were divided into a sham operation
group and an ACLT group. After anesthesia, a medial para-abdominal
articular incision was made on the right knee of the animal using a
sterile surgical instrument. The medial collateral ligament and anterior
cruciate ligament were dissected, and the medial meniscus was re-
moved. The sham operation group did the cut-off capsule but not the
ACLT. The joint capsule and skin were then sutured with absorbable
threads. Postoperative pain medication of 0.02 mg/kg fentanyl citrate
(fentanyl; Abbott, Chicago, Illinois) was administered subcutaneously
twice daily for 3 days after the operation. Rats were randomly divided
into the following four groups: Group I (sham operation group, n = 5)
rats were not operated or treated; Group II (ACLT + vector, n = 5) rats
were subjected to ACLT and intra-articularly injected with PBS (10 pl,
three times a week); Group III (ACLT + low dose AT-406, n = 5) rats
received ACLT and intra-articular injection of low dose AT-406 (50 mg/
kg, 10 ul, three times a week); Group IV (ACLT + high dose AT-406,
n = 5) rats underwent ACLT surgery and intra-articular injection of AT-
406 (100 mg/kg, 10 pl, three times a week). Rats were housed under a
12h light/dark cycle at a constant temperature of 24 = 2°C and a
relative humidity of 55% * 5% and allowed free access to food and
water. Rats were allowed to move freely in the cage after surgery.

5.15. Histological assessments

All animals were sacrificed 6 weeks after surgery. Knee samples
were collected and fixed in 4% paraformaldehyde for 24 h. After dec-
alcification in 10% EDTA for several days, the samples were embedded
in paraffin, cut into 4-um sections, and stained with hematoxylin and
eosin (H&E) or Safranin O/fast green staining, as described above for
further histological analysis. Semiquantitative scoring of histopatholo-
gical features was performed according to the OARSI rating system,
which includes 6 histological grades and 4 histological stages. The total
score (score = grade X stage) ranged from 1 point (normal articular
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cartilage) to 24 points (no repair). Each of the three independent ob-
servers scored each score and averaged the scores for all of the sections
in each sample. All scores were performed by three independent ob-
servers blinded to the treatment group. All procedures considered an-
imal welfare and were reviewed and approved by the Shanghai General
Hospital Ethics Committee.

5.16. Immunohistochemical analysis

The sections were dewaxed with xylene and rehydrated in a graded
series of ethanol. The sections were blocked with 3% H,0, to reduce
endogenous peroxide and then prepared by enzymatic digestion with
proteinase K (10 mM, Sigma, St. Louis, MO, USA) in PBS. Tablets were
used for antigen retrieval. After 15 min of blocking with 1% BSA for
15min to inhibit nonspecific staining, sections were paired with
cleaved caspase-3 (dilution 1:200), P16 (dilution 1:50), P21 (dilution
1:50), IL-6 (dilution 1:400), MMP9 (dilution 1:400), c-IAP1 (dilution
1:100), c-IAP2 (dilution 1:100) and XIAP (dilution 1: 400). Sections
were incubated with the primary antibody overnight at 4 °C and then
incubated with the biotinylated secondary antibody. The reaction was
developed using a DAB kit (BD Bioscience, Franklin Lakes, NJ, USA),
and the tissue was counterstained with hematoxylin. Blind assessment
of immunoreactivity was performed independently by two pathologists.
The proportion of immunopositive cells was assessed.

5.17. Micro-CT analysis

After treatment, all hind limbs of the mice were dissected and fixed
in 4% PFA for 24 h, followed by micro-CT analysis. Axial scanning was
performed using high resolution I1CT (70 kv, 200pA) by YUEBO
Corporation (Hangzhou, China). The sagittal sections were then re-
constructed at a resolution of 10 Im. The subchondral bone under the
tibial plateau region was defined as the region of interest (ROI).
Analysis of trabecular bone, including bone mineral density (BMD),
bone volume/total tissue volume (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and struc-
tural model index (SMI), were performed using software provided by
the manufacturer.

5.18. Statistical analysis

Data are expressed as the mean + SD. Student's t-test was used to
determine statistical significance. The criterion for statistical sig-
nificance was considered to be P < 0.05.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.05.017.
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