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Progranulin (PGRN) is an autocrine growth factor that exerts
crucial roles within cartilage tissue; however, the molecular
mechanisms underlying PGRN-mediated cartilage homeostasis
remain elusive. In the present study, we investigated the role of
PGRN in regulating chondrocyte homeostasis and its therapeu-
tic potential for managing osteoarthritis (OA). We found that
PGRN levels are significantly increased in human cartilage in
mild OA and that its expression is decreased in the cartilage in
severe OA. In vitro, treatment of primary rat chondrocytes with
recombinant PGRN significantly enhanced the levels of collagen
type II & 1 chain (COL2A1) and aggrecan, and attenuated
TNFa-induced up-regulation of matrix metallopeptidase 13
(MMP13) and ADAM metallopeptidase with thrombospondin
type 1 motif 5 (ADAMTS5) in chondrocytes. These effects were
abrogated in SIRT1™/~ cells, indicating a causative role of
SIRT1 in the effects of PGRN on protein expression in chondro-
cytes. Mechanistically, PGRN increased SIRT1 expression and
activity, which reduced the acetylation levels of SRY-box tran-
scription factor (SOX9) and transcription factor P65 (P65) and
thereby promoted nuclear translocation of SOX9 and inhibited
TNFa-induced P65 nuclear accumulation to maintain chondro-
cyte homeostasis. In conclusion, our findings reveal a mecha-
nism of action for PGRN that maintains cartilage homeostasis
and supports the notion that PGRN up-regulation may be a
promising strategy for managing OA.

Osteoarthritis (OA) is the most prevalent disorder in joint
disease, characterized by progressive loss of articular cartilage,
synovial inflammation, and osteophyte formation (1), causing
joint pain and disability in older adults. A series of pathological
changes are implicated in OA development, including loss of
chondrocyte cellularity, an imbalance between anabolism and
catabolism of chondrocytes (1, 2), increased apoptosis (3), and
bone regeneration of subchondral bone. Although it is well
established that multiple risk factors have been involved in OA
development, including age, sex, joint injury, and mechanical
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and genetic factors(4), much remains to be explored for its
underlying molecular mechanisms.

Progranulin (PGRN), also known as proepithelin, granulin/
epithelin precursor, and PC cell-derived growth factor, is a 593
amino acid autocrine growth factor which is involved in a vari-
ety of physiological and disease processes such as inflammation
(5, 6), wound healing (7), tumorigenesis (8), and bone regenera-
tion (9). Interestingly, several previous studies indicated that
PGRN could act as a cartilage growth factor and exert a crucial
role in cartilage homeostasis. For instance, PGRN-deficient
mice showed more severe degeneration of articular cartilage
compared with control mice, whereas intra-articular injection
of recombinant PGRN dramatically improved OA score and
attenuated cartilage matrix loss in surgically induced OA mice
(10). Consistently, it is reported that PGRN could inhibit the
degradative processes that occur in OA and RA patients by dis-
rupting the interaction between cartilage oligomeric matrix
protein and ADAMTS7/ADAMTS12 (11). Additionally, sev-
eral clinical investigations indicated that both serum and pro-
tein levels of PGRN were significantly higher in patients with
OA and rheumatoid arthritis (RA) (12-14). Collectively, these
observations support an important regulatory role for PGRN in
cartilage homeostasis.

Although the regulatory role of PGRN in cartilage homeosta-
sis has been identified, the intracellular events responsible
for PGRN-mediated protective role against OA progression
needed to be elucidated in more detail. It is reported that
sirtuin-1 (SIRT1), an NAD"-dependent histone deacetylase,
exerts protective roles in human chondrocytes through
enhancing the expression of cartilage anabolic markers such as
collagen type II a 1 chain (COL2A1) (15) and aggrecan (16)
while inhibiting apoptosis (17). Furthermore, inhibition of
SIRT1 in human chondrocytes leads to OA-like gene expres-
sion changes (18), and cartilage-specific SIRT1 knockout mice
show accelerated OA progression (19). We recently showed
that SIRT1 facilitates growth plate chondrogenesis via deacety-
lating PERK and attenuating the PERK-elF-2a-CHOP axis of
the unfolded protein response pathway (20). Of note, treatment
with PGRN in podocytes has been shown to increase SIRT1
expression and activity, resulting in decreased level in acetyla-
tion of PGC-1a and FoxO1 (21). However, whether and how
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PGRN modulates SIRT1 expression and activity in the articular
chondrocytes have not been elucidated yet.

Based on all these findings, we hypothesized that PGRN facil-
itates cartilage homeostasis by up-regulating SIRT1 expression
and activity. In the current study, PGRN promoted SIRT1
expression and activity and then initiated a cascade of target
genes involved in anabolism and catabolism of chondrocytes,
which clearly demonstrated the relationship between PGRN
and SIRT1 in chondrocytes. To the best of our knowledge, this
is the first study to demonstrate that induction of SIRT1
expression and activity in articular chondrocytes is critical in
PGRN-mediated cartilage homeostasis.

Results
PGRN expression in human articular cartilage of OA

To gain insight into the role of PGRN during OA develop-
ment, we obtained normal cartilage of the femoral head from
patients with femoral neck fracture without joint disease, the
lateral femoral condyle with mild OA, and the medial femoral
condyle with severe OA. Safranin-O staining of cartilage was
weaker in the cartilage of lateral femoral condyle (mild OA
group) than in the normal group, and the cartilage of medial
femoral condyle (severe OA group) was barely stained with
safranin-O and was severely degenerated (Fig. 1a). Immuno-
histochemistry analysis showed that PGRN levels were
increased in human cartilage in mild OA, with PGRN-posi-
tive cells mainly observed in the superficial zone, while its
expression was decreased in severe OA (Fig. 1b). Moreover,
the levels of PGRN in human articular cartilage were further
confirmed by Western blotting and real-time PCR (Fig. 1, ¢
and d). Similarly, the expression of PGRN receptor EphA2
was increased in mild OA cartilage but decreased in severe
OA cartilage (Fig. S1a).

PGRN positively regulates cartilage gene expression and
up-regulates SIRT1 in cultured chondrocytes

Because PGRN is known as a growth factor that promotes
cell cycle progression in many cellular systems (22), we sought
to determine whether PGRN affects cartilage-specific gene
expression in cultured chondrocytes. Therefore, we tested the
expression of cartilage genes markers, including COL2A1 and
aggrecan, in chondrocytes isolated from rat articular cartilage
in the presence of recombinant PGRN (0-200 ng/ml). As
expected, graded concentrations of PGRN stimulated COL2A1
and aggrecan expression and secretion in a dose-dependent
manner, with the lowest stimulated concentration of 100 ng/ml
(Fig. 2, a—e and Fig. S24). In addition, 50 ng/ml and 100 ng/ml
recombinant PGRN increased the level of PGRN receptor
EphA2 in chondrocytes (Fig. S1b). It is well accepted that over-
expression or activation of SIRT1 promoted cartilage gene
expression in human chondrocytes (15), together with recent
findings that PGRN regulated SIRT1-PGC-1a/FoxO1 signaling
in podocytes (21), led us to explore whether SIRT1 was
involved in PGRN-mediated anabolism of chondrocytes.
PGRN enhanced SIRT1 expression and activity in a dose-de-
pendent manner, with higher concentrations (100 and 200 ng/
ml) causing a statistically significant up-regulation (Fig. 2, f~h
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and Fig. S2b). Interestingly, inhibition of SIRT1 by SIRT1
siRNA (the efficiency was validated by real-time PCR and
Western blotting) (Fig. 2, i and j and Fig. S2¢) dramatically
repressed PGRN-mediated up-regulation of cartilage genes
(Fig. 2, k-0 and Fig. S2d), indicating that PGRN may promote
COL2A1 and aggrecan expression and secretion via up-regula-
tion of SIRTT1.

PGRN decreases the acetylation level of SOX9 and promotes
SOX9 nuclear transportation

Because several studies reported that SIRT1 promotes
cartilage-specific gene expression through deacetylation of
SOX9 (15, 16), we hypothesized that PGRN increased the
expression of COL2A1 and aggrecan through SIRT1-medi-
ated SOX9 deacetylation. Co-immunoprecipitation assays
showed that PGRN could significantly reduce the acetylation
level of SOX9 (Fig. 3a), whereas such effect was abrogated in
SIRT1~’~ chondrocytes (Fig. 3b). Given that SOX9 acetyla-
tion state may affect SOX9 nuclear entry (16), we postulated
that PGRN increased SIRT1 expression and activity to
reduce the acetylation level of SOX9 and thereby promoted
nuclear translocation of SOX9. As expected, PGRN signifi-
cantly increased nuclear localization of SOX9, whereas co-
treatment with SIRT1 siRNA reversed such stimulatory
effect of PGRN (Fig. 3, c and d).

PGRN inhibited TNFa-induced MMP13 and ADAMTS5
expression through SIRT1-mediated deacetylation of P65

To confirm whether PGRN affects catabolism of chondro-
cytes, we examined the effect of PGRN on expression of matrix
metallopeptidase 13 (MMP13) and ADAM metallopeptidase
with thrombospondin type 1 motif 5 (ADAMTS5). However,
graded concentration of PGRN (0-200 ng/ml) had a minor
effect on the expression of MMP13 and ADAMTS5 both at
protein and mRNA levels (Fig. 4, a and b and Fig. S3a). To
explore the role of PGRN in cellular models of OA, chondro-
cytes were treated with 10 ng/ml TNF« for 24 h. However, no
changes were observed in either PGRN expression or secretion
upon stimulation of TNFa as detected by real-time PCR and
ELISA (Fig. 4, ¢ and d). In addition, TNF« inhibited the activity
of SIRT1, whereas a combination of PGRN with TNF« partially
abrogated this inhibition (Fig. 4e). The stimulation with TNF«
significantly induced MMP13 and ADAMTS5 expression,
while the addition of PGRN abolished the chondrocyte catabo-
lism induced by TNF« (Fig. 4, fand g and Fig. S3b). Considering
the protective role of SIRT1 against OA-related catabolic
stimuli in cultured chondrocytes (23), we reasoned that
PGRN may suppress TNFa-induced chondrocyte catabo-
lism through up-regulation of SIRT1. Indeed, under the
stimulation with TNFa, PGRN significantly inhibited
MMP13 and ADAMTS5 expression, whereas this suppres-
sion was largely nullified in SIRT1~/~ chondrocytes (Fig. 4,
hand i and Fig. S3¢).

It is well accepted that TNFa can induce NF-«kB—-P65 activa-
tion and up-regulate the levels of various MMPs and ADAMTS
(24) in chondrocytes. Therefore, to explore the downstream
mechanism that regulates chondrocytes catabolism, we
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Figure 1. Expression of PGRN in human articular cartilage tissue in OA patients. g, safranin-O staining was performed on articular cartilage (n = 6/group).
Mild OA indicates the articular cartilage of lateral femoral condyle from OA patients. Severe OA indicates the articular cartilage of medial femoral condyle from
OA patients. Scale bar, 50 um. b, immunohistochemistry and statistical analyses of PGRN expression in articular cartilage from normal humans and OA patients
(n = 6/group). Scale bar, 50 um. Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 multiple comparison test. ¢, Western blot analysis of expression of
COL2A1, aggrecan, MMP13, ADAMTSS5, and PGRN in articular cartilage, and the relative quantity was analyzed using ImageJ software. Unpaired two-tailed Stu-
dent’s t tests. d, mRNA levels of col2a1, aggrecan, MMP13, ADAMTS5, and PGRN were examined by real-time PCR in articular cartilage. Results were presented
as gene expression levels in all groups normalized to controls. Unpaired two-tailed Student’s t tests. Data were expressed as mean = S.D. in each scatterplot.

* p < 0.05; %, p < 0.01; **,p < 0.001.

assessed the acetylation level P65 at Lys-310 in cultured chon-
drocytes with or without SIRT1 siRNA. TNF« increased both
the total P65 and acetylated P65 expression in chondrocytes
(Fig. 5a). PGRN reduced the TNFa-induced acetylation level
of P65, whereas a combination of PGRN with SIRT1 siRNA
abolished this inhibition induced by PGRN (Fig. 5a). Simulta-
neously, PGRN inhibited TNFa-induced nuclear transloca-
tion of P65, whereas such effect was largely lost in SIRT1 ™/~
chondrocytes (Fig. 5, b—d). The previous study reported that
SIRT1 inhibited MMP13 expression by reducing LEF1 tran-
scriptional activity, and LEF-1 was known to bind to the
MMP13 promoter and transactivate its expression (25).
Then, we determined whether the SIRT1/P65 axis was
involved in the regulatory sequences of ADAMTS5 promoter
by ChIP assay. As shown in Fig. 5e, PGRN inhibited TNFa-
induced enrichment of P65 on ADAMTS5 promoter, with
these inhibitions being neutralized by co-treatment with
SIRT1 siRNA, indicating that PGRN may regulate the tran-
scriptional activity of ADAMTS5 through SIRT1/P65 axis.
Collectively, our data indicated that PGRN could inhibit
chondrocytes catabolism induced by TNFa by deacetylation
and suppressing P65 nuclear accumulation via enhancing the
level of SIRT1.
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Effects of endogenous PGRN ablation on cartilage gene
expression

To determine the effect of endogenous PGRN, we used
siRNA for PGRN in cultured chondrocytes, and its validation
was measured by the reduction of PGRN protein and mRNA
expression by Western blotting and real-time PCR (Fig. 6, a
and b and Fig. S4a). Meanwhile, PGRN siRNA also resulted in a
considerable decrease in PGRN secretion in the culture me-
dium (Fig. 6¢). Knockdown of PGRN inhibited the anabolism of
chondrocytes as evidenced by a decrease in COL2A1 and
aggrecan expression and secretion (Fig. 6, d—g), whereas it did
not affect levels of catabolic markers, including MMP13 and
ADAMTSS5 (Fig. 6/ and Fig. S4b).

Discussion

PGRN has been purified and identified as a growth factor
from conditioned tissue culture media by several independent
laboratories (26-28), suggesting it may act as an autocrine
manner. Additionally, PGRN is expressed in both growth plate
chondrocytes and articular cartilage chondrocytes, and its level
is significantly increased during the entire cartilage develop-
ment, whereas cartilage-specific ablation of PGRN showed a
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Figure 2. Effects of recombinant PGRN on chondrocytes anabolism and SIRT1 expression. Chondrocytes isolated from newborn Sprague-Dawley rat
articular cartilage were cultured in the presence of graded concentrations of recombinant PGRN (0-200ng/ml) for 48 h. g, at the end of the culture period,
col2a1l mRNA level was examined by real-time PCR. One-way ANOVA and Dunnett’s multiple comparison test. b, quantification of secreted COL2A1 in the con-
ditioned medium of chondrocytes treated with PGRN. One-way ANOVA and Dunnett’s multiple comparison test. ¢ and d, aggrecan expression and secretion
were detected by real-time PCR and ELISA, respectively. One-way ANOVA and Dunnett’s multiple comparison test. e, COL2A1 and aggrecan protein expression
were detected by Western blotting. f~h, the expression and activity of SIRT1 in chondrocytes treated with PGRN. One-way ANOVA and Dunnett’s multiple
comparison test. Chondrocytes transfected with control siRNA or SIRT1 siRNA cultured in the absence or presence of 100 ng/ml PGRN. SIRT1i-1, SIRT1i-2, and
SIRT1i-3 indicate three independent siRNAs against SIRT1. i—j, the protein and mRNA level of SIRT1 were detected by Western blotting and real-time PCR. One-
way ANOVA and Tukey’s multiple comparison test. k and /, COL2A1 expression and secretion were detected by real-time PCR and soluble collagen quantifica-
tion assay. One-way ANOVA and Tukey’s multiple comparison test. m and n, aggrecan expression and secretion were detected by real-time PCR and ELISA.
One-way ANOVA and Tukey’s multiple comparison test. o, the protein levels of COL2A1 and aggrecan were analyzed by Western blotting. Data were expressed

as mean * S.D. in each scatterplot. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

sharp reduction in skeletal length (29). Our study also showed
that recombinant PGRN significantly enhanced the levels of
COL2A1 and aggrecan, whereas down-regulation of endoge-
nous PGRN inhibited COL2A1 and aggrecan expression and
secretion. Therefore, it is reasonable to speculate that PGRN
functions effectively in an autocrine manner in chondrocytes.
Because PGRN is an autocrine growth factor, we first deter-
mined the level of endogenous PGRN in OA cartilage samples.
We found the expression of PGRN was increased in the carti-
lage of lateral femoral condyles with mild OA, whereas its level
was decreased in the cartilage of medial femoral condyles with
severe OA. Although PGRN may increase as an adaptive
response to protect chondrocytes against various stresses dur-
ing the initial degenerative phase, it may be that elevated PGRN
levels are not sufficient to completely neutralize the loss of
articular cartilage, and failure to adapt may lead to decreased
PGRN level and further progression of cartilage degeneration.
Furthermore, the level of PGRN tended to be more increased in
the superficial zone of the cartilage, where chondrocytes
may undergo more stresses compared with the deep zone. We
also observed that PGRN receptor EphA2 was decreased in
severe OA cartilage, which may be the other reason why endog-
enous PGRN produced in OA could not ameliorate cartilage
degradation.

SASBMB

Other endogenous autocrine factors in addition to PGRN
have also exerted crucial roles within cartilage tissue. For
instance, most bone morphogenetic proteins (BMPs), which
are members of the transforming growth factor-g superfamily,
play a protective role during OA development (30). Among the
fibroblast growth factors family, FGF1, FGF2, and FGF8 may
act as negative regulators of chondrocyte homeostasis, whereas
FGF9 and FGF18 protect articular cartilage from degradation
during OA progression (31). As with most anabolic growth fac-
tors, including BMPs and IGF-1, PGRN promotes chondro-
cytes proliferation and hypertrophy during the growth plate
chondrogenesis, an essential process for both the long bone
growth and bone fracture healing. Although BMP2 was the first
trial in bone fracture healing given its promoting effect on new
bone formation, its significant side effect of ectopic ossification
hampers its further clinical application. Therefore, PGRN may
be a novel therapeutic approach for application to bone frac-
ture healing (32). Unlike other growth factors, however, PGRN
still plays a protective role in the progression of OA, which is
characterized by abnormal chondrocyte hypertrophy in articu-
lar cartilage followed by cartilage degradation. In the present
study, we found that under the stimulation of TNFa, PGRN
significantly inhibited MMP13 and ADAMTS5 expression,
with such suppression being largely nullified in SIRT1 ™/~
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Figure 3. Effects of recombinant PGRN on SOX9 acetylation and nuclear translocation. a, Chondrocytes were treated with or without 100 ng/ml PGRN,
and the level of acetylation of SOX9 was analyzed by IP-Western blot analysis. Unpaired two-tailed Student's t tests. b, chondrocytes transfected with control
siRNA or SIRT1 siRNA cultured in the absence or presence of 100 ng/ml PGRN. The level of acetylation of SOX9 was analyzed by IP-Western blot analysis. One-
way ANOVA and Tukey’s multiple comparison test. ¢, subcellular localization of SOX9 was analyzed by Western blotting. d, immunofluorescence staining and
statistical analyses of SOX9 nuclear translocation in chondrocytes. One-way ANOVA and Tukey’s multiple comparison test. Scale bar, 50 um. Data were
expressed as mean £ S.D. in each scatterplot. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

chondrocytes. Although PGRN exerts an anti-inflammatory
function in inflammatory arthritis murine models, proteolytic
cleavage of this precursor protein by serine proteases and met-
alloproteinases gives rise to individual 6-kDa granulin units,
which are actually pro-inflammatory (33). Thus, the function of
PGRN during inflammation is complex, with intact PGRN hav-
ing anti-inflammatory properties, whereas granulins have been
shown to promote inflammation. Furthermore, the function of
PGRN might be tissue specific. Contrary to its positive effects
on cartilage homeostasis, both our findings (34) and other stud-
ies (35, 36) indicate that PGRN is proinflammatory adipokine
and involves in adipose insulin resistance, suggesting that
PGRN may be a negative factor in regulation of energy metabo-
lism. Different from other anabolic growth factors (BMP, insu-
lin-like growth factors, fibroblast growth factors, etc.) that have
already identified binding receptors, PGRN membrane recep-
tor has not yet been clarified so far. Some studies reported
PGRN action is not mediated through TNFR (37, 38), whereas
more studies suggested that PGRN exerted its anti-inflamma-
tory effect through antagonizing TNFa by binding to TNF
receptors (5, 6). However, in our preliminary study, neither
TNFR1 nor TNFR2 mediated PGRN function on cartilage ho-
meostasis and STRT1 expression (data not shown). However,
we found that expression pattern of EphA2 was similar to that
of PGRN in OA cartilage and recombinant PGRN increased
EphA2 level in chondrocytes, implicating a potential involve-
ment of EphA2 in mediation of PGRN function. This finding

13644 J Biol. Chem. (2020) 295(39) 13640~13650

may add value to the body of conflicting reports on PGRN func-
tional receptor in chondrocyte. Consistent with what we have
found, other groups indicated that PGRN could bind to EphA2
(39) and sortilin (40) in urothelial carcinoma cells and neuron,
respectively. Thus, further investigation should be warranted to
fully elucidate how PGRN acts through its membrane receptor
to regulate cartilage homeostasis.

Among the related publications, little is known about down-
stream events mediating PGRN in regulation of cartilage home-
ostasis, apart from the finding that PGRN promotes chondro-
genesis through activation of Erk1/2 pathway in vitro (10, 29).
Although this experimental evidence has shed light on the sig-
naling pathways involved, it remains an exciting prospect to
determine the one or more signaling pathways ultimately medi-
ating the effects of PGRN on cartilage homeostasis. Here our
study provides the novel mechanism of PGRN action in main-
taining cartilage homeostasis. In our preliminary study, we first
detected autophagy activity in chondrocytes cultured with
PGRN, because our previous studies showed that PGRN dis-
turbed autophagic balance in adipocytes and hepatocytes,
respectively (34, 41). However, no statistical changes were
observed in autophagy-related protein (LC3-II and p62)
expression. The discrepancies may reflect cell-type specificities
including differentiation state. As aging is a major risk factor of
osteoarthritis, our latest study revealed a protective effect of
SIRT1, a known anti-aging factor on chondrogenesis through
PERK-eIF-2a-CHOP (20). More recently, Zhou et al. (21) have
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Figure 4. Effects of recombinant PGRN on chondrocytes catabolism induced by TNFa. a and b, chondrocytes were cultured in the presence of graded
concentrations of recombinant PGRN (0-200 ng/ml) for 48 h. At the end of the culture period, the expression of MMP13 and ADAMTS5 were analyzed by West-
ern blotting and real-time PCR. One-way ANOVA and Tukey’s multiple comparison test. ¢ and d, chondrocytes were treated with or without 10 ng/ml TNFa for
24 h, PGRN expression and secretion were detected by real-time PCR and ELISA. Unpaired two-tailed Student'’s t tests. e, the activity of SIRT1 was detected in
chondrocytes treated with or without 10 ng/ml TNFa for 48 h. One-way ANOVA and Tukey’s multiple comparison test. fand g, chondrocytes were cultured in
the absence or presence of 100 ng/ml PGRN and combination with or without 10 ng/ml TNF« for 48 h, levels of MMP13 and ADAMTS5 were analyzed by West-
ern blotting and real-time PCR. Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 multiple comparison test. h and i, chondrocytes were treated with
10 ng/ml TNFe, transfected with control siRNA or SIRT1 siRNA cultured in the absence or presence of 100 ng/ml PGRN. The expression of MMP13 and
ADAMTS5 was detected by Western blotting and real-time PCR. One-way ANOVA and Tukey’s multiple comparison test. Data were expressed as mean = S.D.

in each scatter plot. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

shown that PGRN increases SIRT1 expression, resulting in
decreased level in acetylation of PGC-1a and FoxO1 in podo-
cytes treated with high glucose. However, crosstalk between
PGRN and SIRT1 in chondrocytes remain unknown. In the
current study, the expression and activity of SIRT1 were dra-
matically increased in presence of PGRN, and PGRN-mediated
chondroprotective function was largely impaired in SIRT1~/~
cells, indicating that PGRN mediates its effects, at least in part,
by regulating SIRT1 level. Although PGRN did not affect SOX9
expression (data not shown), we found PGRN could decrease
the acetylation level of SOX9 and subsequently increase nu-
clear accumulation of SOX9 in chondrocytes. Because PGRN
has no inherent deacetylation, it was thought that its effect on
acetylation level and nuclear localization of SOX9 was medi-
ated through SIRT1, which in turn, promoted COL2A1 and
aggrecan expression. In a subsequent study, we have shown
that the effects of PGRN on SOX9 acetylation and nuclear
translocation were significantly diminished after silencing
SIRT1 expression, further supporting that PGRN-mediated
such effects depend on up-regulation of SIRT1.

TNFa is well accepted to act as a critical mediator of patho-
genesis in cartilage degeneration and arthritis; therefore, TNF«
inhibitors or antagonists have been extensively studied for ther-
apy of RA (42) and OA (43). In our study, although PGRN alone
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did not affect levels of catabolic markers, a combination of
PGRN with TNFa inhibited the expression of catabolic
markers induced by TNFa. Moreover, TNFa inhibited SIRT1
activity, whereas co-treatment with PGRN reversed these in-
hibitory effects induced by TNFa. These findings are similar to
a previous report that TNF« cleaved the C-terminal domain of
SIRT1 and generated a smaller 75-kDa fragment, resulting in
reduced SIRT1 activity (44). Given that TNFea is known to acti-
vate NF-kB signaling pathway, which in turn induces the
expression of various MMPs and ADAMTS (24), it is plausible
for us to hypothesize that PGRN inhibited chondrocyte catabo-
lism induced by TNFa is mediated by regulating NF-«kB—P65.
Although PGRN did not much affect the total P65 protein level,
it decreased the acetylation level of Lys-310 of P65 induced by
TNFa, whereas transfection with SIRT1 siRNA almost abol-
ished such inhibitory effects in PGRN-treated chondrocytes.
Because the acetylation status of Lys-310 of P65 has been well
established to be an important regulatory mechanism of the
transcriptional activity of P65 (45, 46), we then determined
whether PGRN affected P65 nuclear translocation by confocal
microscopy. As expected, PGRN reduced translocation of P65
into the nucleus in chondrocytes treated with TNFa, whereas
this effect was impaired in SIRT1 ™/~ cells. Although Zhao and
his colleagues thought that PGRN may mainly act as an
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Figure 5. Effects of recombinant PGRN on P65 acetylation and nuclear translocation. Chondrocytes were treated with or without 10 ng/ml TNFq, trans-
fected with control siRNA or SIRT1 siRNA cultured in the absence or presence of 100 ng/ml PGRN. a, chondrocytes were lysed and the level of acetylation of
P65 was analyzed by Western blotting. One-way ANOVA and Tukey’s multiple comparison test. b, subcellular localization of P65 was analyzed by Western blot-
ting. ¢ and d, immunofluorescence staining and statistical analyses of P65 nuclear translocation in chondrocytes. Scale bar, 50 um. One-way ANOVA and
Tukey’s multiple comparison test. e, ChIP analysis for recruitment of P65 to ADAMTS5 promoter in C28/12 human chondrocyte cell line. One-way ANOVA and
Tukey’s multiple comparison test. Data were expressed as mean = S.D. in each scatterplot. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

antagonist of TNFa (10), we hereby propose that PGRN inhib-
ited chondrocyte catabolism induced by TNFa through activa-
tion of SIRT1, and subsequently prevented P65 nuclear translo-
cation by deacetylating P65, thereby decreasing the expression
of MMP13 and ADAMTSS5.

In conclusion, our study suggested that PGRN promoted car-
tilage-specific gene expression as well as inhibited the TNFa-
induced expression of cartilage-degrading enzymes through
activating SIRT1-SOX9/NF-kB-P65 signaling (Fig. 6i), indicat-
ing that PGRN may be a promising therapeutic target for man-
aging OA as well as other cartilage degenerative diseases.

Experimental procedures
OA and normal cartilage sample obtaining and processing

OA human articular cartilage tissues were obtained from six
patients (mean = S.D. age 75.2 = 5.7 years) undergoing total
knee-joint replacement surgery. Normal human cartilage tis-
sues were harvested from six age-matched patients (mean * S.
D. age 69.8 = 7.1 years) undergoing surgery for femoral neck
fracture without history of joint-related disease (inflammatory
arthritis, OA, microcrystalline arthritis, or osteonecrosis).

Safranin-O and fast green staining

Cartilage tissues were fixed in 4% paraformaldehyde over-
night and decalcified with 10% EDTA for 2 weeks, and 5-um-—
thick sections from each cartilage tissue were obtained and
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stained with safranin-O and fast green. Briefly, sections were
stained with hematoxylin for 2 min, followed by fast green
staining for 3 min and safranin-O staining for 3 min.

Immunohistochemistry

To detect PGRN or EphA2 expression in articular cartilage,
5-pum-—thick cartilage sections from each sample were obtained.
Sections were immunostained with SPlink Detection Kits (Bei-
jing Zhongshan Biotechnologies, SP-9001). Briefly, sections
were treated with 0.25% trypsin for 15 min at 37°C for antigen
retrieval and followed by 3% H,O, for 10 min, and then were
blocked using 5% goat serum for 15 min at room temperature
(RT). Afterward, sections were incubated with rabbit polyclonal
antibodies against PGRN at a dilution of 1:200 (Beijing Bioss
Biotechnologies, bs-0823R) or rabbit monoclonal antibodies
against EphA2 at a dilution of 1:200 (Cell Signaling Technology,
6997) overnight at 4°C. After three rinses with PBS, sections
were incubated with rabbit secondary antibodies for 15 min at
RT. Finally, sections were counterstained with hematoxylin.
The percentage of designated gene-positive cells was calculated
as the number of positive cells per grid divided by the total
number of cells per grid quantified by Image-Pro Plus. The grid
circumscribed a portion of the cartilage analyzed through a
10X objective and generally contained an average of 50 cells.
For each sample, the fraction of positive cells in three distinct
grid locations was calculated and averaged.

SASBMB



PGRN regulates cartilage homeostasis via SIRT1

) 2 ik Y s P
& 5 Q? ol @» g8 e o000 —XEE 718 ok i
&S & O g *%% E g _ M *
B (O ) s i ) g 5t *
70KDa < 1.0{ == £ 6000 <10 2z
e z" 0 8 z ™ £ £ 1.0
[p—— g 52
G £ £ 4000 = = G . =3
55KDa z E Fos =+ B
X =) a v 2 3 05
GAPDH 40KDa 2 (ze 2000 3 R 22 . A
Z —r—— 2 Z 3
35KDa 3 o - - — = . . T T 5 o o : : T T
Ctrli PGRNi-1 PGRNi-2 PGRNi-3 Ctrli PGRNi-1 PGRNi-2 PGRNi-3 & Ctrli PGRNi-1 PGRNi-2 PGRNi-3 Ctrli  PGRNi-1 PGRNi-2 PGRNi-3
£ 1.5 sk = L1
7 P E a0 kk
1 z =+
< 10] 34— § 6000
A il £ PGRN
g 1 =t e 5 4000: —f— ==
2 s % v g
505 3
3 5 2000
£ g
. O I — SIRT1?
Culi PGRNi-l ~ PGRNi-2  PGRNi-3 < Ctrli PGRNi-1 PGRNi-2 PGRNi-3

h Fo 585
&
RCo QO Qo QG
70KDa
MMPIS’—- —— — ——‘
— 55KDa

100KDa
ADAMTSS ‘-—- — —— -—( Nucleus
70KDa
40KDa
GAPDH ’.-*-‘
35KDa

ll— SIRT1} «—PGRN
p65 t

pos

MMP13 ADAMTS5?}
——Il

Col2al Aggrecanf
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Primary chondrocyte culture

The articular cartilage tissues isolated from newborn Sprague-
Dawley rat (3—5 days) were dissected, rinsed in PBS, then pre-
treated with 0.25% trypsin for 10 min at 37°C, followed by incu-
bating in 0.2% collagenase (Sigma, C6885) for 1.5 h. The cell sus-
pension was aspirated repeatedly and filtered through a 70-um
cell strainer, rinsed first in PBS and then in serum-free DMEM,
and counted. Chondrocytes were seeded at a density of 2 X 10°
cell/ml in DMEM with 100 units/ml penicillin, 100 wg/ml strep-
tomycin, 50 pg/ml ascorbic acid, and 10% EBS (Gibco). The cul-
ture medium was changed at 48-h intervals. After reaching about
90% confluence, cells were treated with recombinant PGRN
(R&D Systems, 2420-PG-050) (0-200 ng/ml) and/or TNFa
(Peprotech, 315-01A).

siRNA transfection

Chondrocytes were transfected with three siRNA with dis-
tinctive sequences targeted for SIRT1 or PGRN, respectively.
All siRNA were designed and synthesized by GenePharma Co.
(Shanghai, China). The sequences of siRNA were as follows:
For SIRT1 no. 1, sense strand 5'-CCA GUA GCA CUA AUU
CCA ATT-3', antisense active strand 5'-UUG GAA UUA
GUG CUA CUG GTT-3’; for SIRT1 no. 2, sense strand 5'-
CCC UGU AAA GCU UUC AGA ATT-3', antisense active
strand 5'-UUC UGA AAG CUU UAC AGG GTT-3’; for SIRT1
no. 3, sense strand 5'-GCG UCU UGA CGG UAA UCA ATT-
3’, antisense active strand 5'-UUG AUU ACC GUC AAG ACG
CTT-3’; for PGRN no. 1, sense strand 5'-GGG UGU AUC
UUG UGA UGA UTT-3’, antisense active strand 5'-AUC
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AUC ACA AGA UAC ACC CTT-3’; for PGRN no. 2, sense
strand 5'-GCU ACC CAC UGG GAA GUA UTT-3’, antisense
active strand 5'-AUA CUU CCC AGU GGG UAG CTT-3'; for
PGRN no.3, sense strand 5'-CCA GAC AAC UCU GCU CCA
ATT, antisense active strand 5'-UUG GAG CAG AGU UGU
CUG GTT-3'. The siRNA was introduced to cells using Lipo-
fectamine 2000 (Invitrogen, 11668027), according to the proce-
dure recommended by the manufacturer. The transfected cells
were cultured in DMEM containing 10% FBS for 48 h after
transfection.

Western blotting

Whole-cell or cartilage tissue extracts were prepared with
the RIPA buffer. Proteins were separated by 8-15% SDS-PAGE
gel; separated proteins were transferred onto PVDF mem-
branes (Millipore) and were probed with the following primary
antibodies: rabbit monoclonal antibodies against SIRT1 (Cell
Signaling Technology, 9475), PGRN (Abcam, ab227816), and
NE-«B-P65 (Cell Signaling Technology, 8242); rabbit polyclo-
nal antibodies against COL2A1 (Abcam, ab34712), aggrecan
(Abcam, ab3778), MMP13 (Abcam, ab39012), ADAMTS5
(Abcam, ab41037), and acetyl-NF-kB P65 (Lys-310) (Cell Sig-
naling Technology, 3045); mouse monoclonal antibodies
against GAPDH (Santa Cruz Biotechnology, sc-365062). At
last, the blots were visualized by an ECL detection system
(Millipore) with a horseradish peroxidase—conjugated second-
ary antibody. To recognize aggrecan optimal epitope, chondro-
cytes lysates per 10 pg are pretreated with 0.01 units Chondroi-
tinase ABC (Sigma, C3667) for 2 h at 37°C. A representative
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blot from three or four independent experiments was presented
for each protein. The relative levels of protein expression were
calculated using densitometric scans by Image] software and
were normalized to the GAPDH levels from three or four inde-
pendent experiments. For each independent experiment, the
relative levels of protein expression were calculated and aver-
aged from three replicates.

RNA extraction and real time PCR

Total RNA from cultured chondrocytes or cartilage tissue
were isolated by TRIzol reagent (Invitrogen, 15596—026)
according to the manufacturer’s instruction. The recovered
RNA was further processed using RevertAid First Strand
c¢DNA Synthesis kit (Thermo Fisher, K1621) to produce cDNA
in accordance with the manufacturer’s instructions. The cDNA
products were directly used for PCR or stored at —80°C for later
analysis. Real-time quantitative PCR was performed in MJ Mini
Real-Time PCR Detection System using SYBR Premix Ex
Taq ™ II (Takara, RR0O47A). Primer sequence information is
available upon request. Each experiment was performed in
duplicate and experiments repeated three or four times inde-
pendently. A dissociation curve analysis was conducted for
each qPCR. Expression levels of the target gene were evaluated
using a relative quantification approach (2724C method)
against GAPDH levels.

Immunoprecipitation

Cytoplasmic lysate (200 wg) was incubated for 2 h at 4°C with
the corresponding antibodies coupled to 20 ul of packed pro-
tein A + G Sepharose beads (Santa Cruz Biotechnology, sc-
2002). Immune complexes were resolved by means of SDS-
PAGE and immunoblotted with the indicated antibodies. To
analyze the level of SOX9 acetylation, chondrocytes lysates
were immunoprecipitated using anti-SOX9 antibody (Abcam,
ab185230), and then immunoprecipitated proteins were run on
SDS-PAGE and immunoblotted with anti-SOX9 and anti—ace-
tyl lysine antibody (Santa Cruz Biotechnology, sc-32268),
respectively. The relative level of SOX9 acetylation was calcu-
lated using densitometric scans by Image] software and was
normalized to the SOX9 levels from three or four independent
experiments. For each independent experiment, the relative
level of SOX9 acetylation was calculated and averaged from
three replicates.

Immunofluorescence

Primary cultured chondrocytes were seeded on 6-well cham-
ber slides and fixed in 4% paraformaldehyde for 15 min at RT.
Cells were then permeabilized with 0.2% Triton X-100 in PBS.
After incubation in 5% goat serum, the permeabilized chondro-
cytes were incubated with anti-SOX9 (1:200) or anti—NF-
kB—P65 (1:200) antibodies. For secondary reactions, species-
matched Cy3-labeled secondary antibody at a dilution of 1:200
was used for 1 h at 37°C. Cell nuclei were stained with DAPL
Fluorescent images were collected on a Leica confocal micro-
scope (SP5 II). The percentage of cells with nuclear SOX9 and
P65 in slides was quantified by Image-Pro Plus. The data repre-
sent the percentage of cells from four independent experi-
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ments. For each independent experiment, the percentage of
cells in five distinct grid locations was calculated and averaged.

SIRT1 deacetylase activity assay

To detect SIRT1 activity in cultured chondrocytes, SIRT1
was initially immunoprecipitated with a SIRT1 antibody (Cell
Signaling Technology, 8469). Subsequently, SIRT1 deacetylase
activity was measured by fluorometric SIRT1 Assay Kit (Sigma,
CS1040), according to the procedure recommended by the
manufacturer. Fluorescent intensity was measured at 460 nm
(excitation 380 nm) and concentration was calculated using a
standard curve.

Collagen quantification and analysis

Collagen quantification was performed using fluorometric
Soluble Collagen Quantification Assay Kit (Sigma, CS0006) fol-
lowing the manufacturer’s protocol. Fluorescent intensity was
measured at 465 nm (excitation 375 nm) and concentration
was calculated using a standard curve.

ELISA

Collected conditional media of chondrocytes underwent
ELISA using rat ELISA kits according to the manufacturers’
instructions. PGRN- and aggrecan-specific ELISA kits were
obtained from Jiangsu MEIMIAN Industrial Co., Ltd. (MM-
70087R2 and MM-0772R2).

Chip

ChIP analysis was performed using a SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology, 9002) following
the manufacturer’s protocol. The chromatin sample was sub-
jected to immunoprecipitation with P65 or the control normal
rabbit IgG. Real-time PCR was performed, and primer sets
that amplify the area included the NF-«kB motif (—478/—328
for —424/—415) within the 5 region of genomic human
ADAMTS5 (NC_000021.9) based on previous reports (47). The
primers used were as follows: Forward: 5'-CAA AGG GGA
AAA ACT TGC GG-3’; reverse: 5'-AAT TGG GGT TGG
CTA ACC TTG-3'. Values obtained from each immunopreci-
pitation are expressed as a percent of the total input chromatin
from three independent experiments.

Ethics approval

Animal care was approved by the Animal Experiment
Administration Committee of the Medicine of Xi’an Jiaotong
University. Human samples were collected after obtaining writ-
ten informed consent as approved by the Ethics Committee of
the Xi’an Jiaotong University and the study was conducted in
compliance with the ethical principle of the Declaration of
Helsinki.

Statistics

Statistical analysis was performed with the SPSS 17.0
software (SPSS Inc., Chicago, IL). All the experiments were
repeated three or four times independently, and data were pre-
sented as mean * S.D. A Shapiro-Wilk normality test was
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performed to evaluate the Gaussian distribution of the data. All
groups of data were assessed for the homogeneity of variance
using the Fisher test. Differences between two groups were ana-
lyzed by unpaired two-tailed Student’s ¢ tests. Differences
among more than two groups were analyzed by one-way analy-
sis of variance (ANOVA) and Tukey’s multiple comparison
test. p values less than 0.05 were considered statistically
significant.
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All data are contained within the manuscript and supporting
information.
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