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Abstract

Objective—Progranulin (PGRN) was previously isolated as an osteoarthritis (OA)-associated
growth factor. Additionally, PGRN was found to play a therapeutic role in inflammatory arthritis
mice models through antagonising tumour necrosis factor a (TNF-a). This study was aimed at
investigating the role of PGRN in degradation of cartilage and progression of OA.

Methods—Progression of OA was analysed in both spontaneous and surgically induced OA
models in wild type and PGRN-deficient mice. Cartilage degradation and OA were evaluated
using Safranin O staining, immunohistochemistry and ELISA. Additionally, mRNA expression of
degenerative factors and catabolic markers known to be involved in cartilage degeneration in OA
were analysed. Furthermore, the anabolic effects and underlying mechanisms of PGRN were
investigated by in vitro experiments with primary chondrocytes.

Results—Here, we found that deficiency of PGRN led to spontaneous OA-like phenotype in
“aged' mice. Additionally, PGRN-deficient mice exhibited exaggerated breakdown of cartilage
structure and OA progression, while local delivery of recombinant PGRN protein attenuated
degradation of cartilage matrix and protected against OA development in surgically induced OA
models. Furthermore, PGRN activated extracellular signal-regulated kinases (ERK) 1/2 signalling
and elevated the levels of anabolic biomarkers in human chondrocyte, and the protective function
of PGRN was mediated mainly through TNF receptor 2. Additionally, PGRN suppressed
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inflammatory action of TNF-a and inhibited the activation of p-Catenin signalling in cartilage and
chondrocytes.

Conclusions—Collectively, this study provides new insight into the pathogenesis of OA, and
also presents PGRN as a potential target for the treatment of joint degenerative diseases, including

OA.

INTRODUCTION

Osteoarthritis (OA) is the most prevalent type of arthritis in the USA, characterised by
synovitis, cartilage degeneration and osteophyte formation.! As an age-related, progressive,
degenerative joint disease, OA is the most common cause of disability in American adults
and affects approximately 50 million adults, yet much remains to be elucidated for its
inductive factors and underlying mechanisms, and there is no cure for OA.

Progranulin (PGRN) is a growth factor which has multiple functions. PGRN is expressed in
various cells and plays a critical role in a number of physiological and disease processes
including wound healing,2 bone regeneration,3 tumorigenesis* and inflammation.5-10
Studies also found that insufficiency of PGRN caused degenerative disease of the nervous
system in both humans and mouse models.11-13 We previously reported that PGRN was
expressed in human articular cartilage, and its level was significantly elevated in cartilage of
patients with OA and rheumatoid arthritis (RA).14 Additionally, PGRN also plays a crucial
role in chondrocyte proliferation,1® differentiation and endochondral ossification of growth
plate during development.1617 Recently, we reported that PGRN antagonised tumour
necrosis factor a (TNF-a) through binding to TNF receptors, and exhibited an anti-
inflammatory function in inflammatory arthritis murine models.’81819 Microarray has
identified PGRN as an OA-associated molecule. The role of PGRN in cartilage degradation
and OA progression in vivo, however, remains unknown. Herein, we took advantage of
several OA models as well as the chondrocytes isolated from humans and genetically
modified mice to investigate the role of PGRN in the progression of OA, and to determine
the underlying molecular mechanisms involved.

MATERIALS AND METHOD

Mice

All animal studies were performed in accordance with institutional guidelines, and approval
by the Institutional Animal Care and Use Committee of New York University. Age-matched
C57/BL6 male wild type (WT) mice, PGRN-deficient (PGRN-/-) mice, TNFR1-deficient
(TNFR1-/-) mice and TNFR2-deficient (TNFR2—-/-) mice were used for these experiments.

Ageing-associated and surgically induced OA models

All animals were provided with water and food ad libitum throughout these studies. For the
ageing-associated model of OA, WT and PGRN-/- mice were kept up to the age of 10
months and were followed for spontaneous development of OA. For the surgically induced
OA model, destabilisation of medial meniscus (DMM) surgery and anterior cruciate
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ligament transection (ACLT) surgery were performed in indicated mice. To induce OA
models in rats, we performed ACLT and partial medial meniscectomy in age-matched rats.

Sandwich ELISA for COMP fragments

Serum concentration of cartilage oligomeric matrix protein (COMP) fragments was analysed
by our new sandwich ELISA.20

Cartilage explant cultures

Cartilage explants from humans and mouse models were cultured as reported in our previous
studies.1’21 Briefly, cartilage was dissected into tiny pieces and dispensed into tissue-culture
flasks with Dulbecco's Modified Eagle's Medium (DMEM) supplemented with or without
PGRN. After indicated incubating time, the conditioned medium was collected for
glycosaminoglycan (GAG) synthesis analysis.

Statistical analysis

Results were expressed as mean values+SEM. Statistics were conducted as Student t test
using SPSS software (SPSS, Chicago, Illinois, USA); p<0.05 was considered statistically
significant.

Detailed protocols and other procedures, including generation of PGRN stable cell line, and
purification of recombinant PGRN protein, micro-CT, histological analysis and
immunostaining, histopathologic and quantificational evaluation of OA, primary
chondrocytes culture, real-time PCR, safranin O staining and dimethylmethylene blue
(DMMB) assay of GAG for cartilage explants, knockdown of TS7 in chondrocytes,
luciferase reporter assay, transferase mediated dUTP nick end labelling (TUNEL) staining
and western blotting, are provided in online supplementary data.

RESULTS
Deficiency of PGRN leads to OA-like phenotype in "ageing' mice

To determine whether loss of PGRN affects joint degeneration in ageing mice, we observed
spontaneously developed OA in PGRN-/- mice with ageing. Safranin O staining for 3--
month-old WT and PGRN-/- mice indicated no significant difference in articular cartilage
(see online supplementary figure SLA-D), while 6-month-old and 10-month-old PGRN-/-
mice displayed a remarkably greater loss of proteoglycan in articular cartilage compared
with WT littermates (figure 1A). Quantification of the OA-like pathological changes
revealed that loss of proteoglycan, the number of chondrocyte per defined cartilage area in
the femur cartilage section, and articular cartilage thickness, were all significantly altered in
PGRN-/- mice compared with WT controls (figure 1B-D). Reduced number of
chondrocyte in cartilage of PGRN-/- mice was probably resulted from enhanced apoptosis
of chondrocyte in PGRN-/- mice, assayed by TUNEL staining (see online supplementary
figure S2A, B). Bone morphological assay was performed on the proximal tibia of 3-month-
old WT and PGRN-/- mice, and no significant difference of bone quality was detected
between the two genotypes (see online supplementary figure S3A, B). However, micro-CT
(figure 1E), safranin O staining (figure 1F) and osteophyte score of medial tibial plateau
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(MTP) on the basis of histology (figure 1G) revealed significant osteophyte formation and
ectopic subchondral sclerosis in 6-month-old PGRN-/- mice. Taken together, this set of
experiments indicated disorganisation of bone metabolism in deficiency of PGRN, which
may contribute to OA phenotype in knee joints. Moreover, cartilage samples from 6-month-
old WT and PGRN-/- mice were analysed by immunohistochemistry for expression of Col
X, the degradative neoepitope of Aggrecan and fragments of COMP. As shown in figure 1H,
significant Col X (left panel), Aggrecan neoepitope (middle panel) and COMP fragments
(right panel) were detected in cartilage of PGRN—-/- mice compared with WT littermates.
Total RNA extracts from cartilage of 6-month-old WT and PGRN-/- mice were collected
and real-time PCR was performed. The result revealed that cartilage degeneration-associated
factors, including alkaline phosphatase, osteocalcin, matrix metalloproteinase (MMP)13, a
disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-5, iNOS and
COX-2 were significantly elevated in PGRN—/— mice (rl-N). ADAMTS-7 is known to
associate with PGRN, 8 and plays a detrimental role in OA development.2! Interestingly,
knockdown of ADAMTS-7 attenuated the elevated chondrocyte catabolism seen in 6-
month-old PGRN-/- mice (see online supplementary figure S4A, B).

Deficiency of PGRN leads to exaggerated OA phenotype in surgically induced arthritis

models

We have previously reported that PGRN is expressed in human articular cartilage, and its
level is elevated in cartilage of patients with arthritis compared with normal controls.2* To
determine whether the expression of this growth factor was altered in the course of OA
progression, we used a surgical OA rat model, with ACLT and partial medial
meniscectomy.2! Figure 2A shows that PGRN expression was elevated during OA
development.

To further study the role of PGRN in vivo, a surgically induced DMM OA model was
established in both WT (n=7) and PGRN-/- (n=7) mice. Safranin O staining (figure 2B)
revealed that more severe structure loss was presented in PGRN-/—- mice than in WT mice.
Osteoarthritis Research Society International (OARSI) scoring of OA was performed, and
figure 2C demonstrated that PGRN—/— mice had a significantly higher arthritic score than
the WT group at all time points. Additionally, synovium inflammation and osteophyte
formation of WT and PGRN-/- mice knee joint at 4 weeks after induction were assayed
through histology, and PGRN-/- mice presented markedly more severe synovium
inflammation as well as osteophyte formation compared with WT littermates (see online
supplementary figure S5). COMP is known to be a critical extracellular matrix protein of
cartilage. We have previously demonstrated that COMP fragmentation implies severity of
cartilage degradation, and hace designed a novel ELISA for circulating COMP fragment
level 20 In this study, sera were collected from both genotypes at indicated time points
following DMM operation and assayed through COMP fragment-specific ELISA. The result
revealed that deficiency of PGRN-exaggerated degradation of COMP after DMM operation
(figure 2D). Immunohistochemistry staining also showed stronger positive signals for Col X,
MMP13 and COMP fragments in PGRN-/- group than WT group at 8 weeks after DMM
operation (figure 2E). It was previously reported that PGRN interacted with ADAMTS-7
and ADAMTS-12, and antagonised their metalloprotease function.!# In the present study,
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cartilage samples of WT and PGRN-/- mice were collected at 8 weeks after DMM
operation, and immunohistochemistry was performed for ADAMTS-7 and ADAMTS-12.
As revealed in online supplementary figure S6, PGRN deficiency led to increased
expressions of ADAMTS-7 and ADAMTS-12 in OA models, which may also contribute to
the susceptibility to surgically induced OA in PGRN-deficient mice.

Recombinant PGRN protects against OA in a surgically induced model in vivo

To investigate whether recombinant PGRN has a protective effect against induction and
development of OA, an ACLT model was established in WT, TNFR1-/- and TNFR2-/-
mice (n=7 for each group), followed by intra-articular injection of phosphate buffered saline
(PBS) or PGRN (6 pg) once a week for 4 weeks. As shown in figure 3A, surgically induced
OA caused destruction of articular cartilage in all three genotypes of mice with intra-
articular injection of PBS. By contrast, in WT mice, intra-articular injection of PGRN
remarkably protected the structure of articular cartilage and maintained proteoglycan in the
cartilage. Furthermore, PGRN treatment dramatically attenuated synovium inflammation
observed in PBS-treated ACLT group of WT mice (see online supplementary figure S7).
Moreover, recombinant PGRN treatment exhibited a similar effect in TNFR1-/- deficient
group, while this protective effect of PGRN was largely lost when TNFR2 was deficient.
Additionally, histological grading analysis showed significant improvement of OA score and
attenuation of proteoglycan loss in cartilage with treatment of PGRN in WT and TNFR1-/-
mice, but there was no significant change in TNFR2-/— mice (figure 3B, C). To further
investigate OA development following treatment of PGRN, sera were collected from each
group, and COMP fragment-specific ELISA was performed. As indicated in figure 3D,
treatment of PGRN significantly diminished the levels of COMP-degradative fragments in
WT and TNFR1-/- ACLT maodel, but not in TNFR2-/- mice. These results suggest that
PGRN-mediated protection in OA is primarily through the TNFR2 pathway.

PGRN enhances anabolism of chondrocyte through activation of ERK signalling pathway
in degenerative cartilage

It is known that PGRN stimulates anabolic biomarkers through activating the extracellular
signal-regulated kinases (ERK) signalling pathway in a human chondrocyte cell line.1” To
investigate whether PGRN can improve the anabolism of degenerative chondrocyte and help
to reserve the disturbed balance of metabolism during degeneration, primary human
chondrocytes were isolated from degenerated human cartilage, cultured in presence or
absence of 200 ng/mL PGRN for 24 h and 48 h, and real-time PCR was performed. As
shown in figure 4A, B, levels of anabolic markers, including Aggrecan and Col Il, were
significantly elevated in PGRN treatment group at both time points, indicating that PGRN
may enhance anabolism of degenerative chondrocyte. Moreover, cartilage samples were
dissected from patients with OA, and cultured in presence or absence of 200 ng/mL PGRN
for 7 days. GAG synthesis assay was performed and the result indicated that GAG synthesis
rate was significantly elevated in the PGRN treatment group when compared with the PBS
group (figure 4C). It is well accepted that the ERK1/2 signalling pathway plays a crucial
role in chondrocyte anabolism,22 together with previous findings that PGRN activates
ERK1/2 signalling pathway in a stable chondrocyte cell line,1” prompted us to study
whether this is also the truth for the role of PGRN in anabolism of primary human
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chondrocytes. The isolated chondrocytes were cultured in presence of 200 ng/mL PGRN for
0, 10, 30 and 60 min, then total protein was isolated, and western blot was performed for
total and phosphorylated ERK1/2. As shown in figure 4D, recombinant PGRN dramatically
activated ERK1/2, which was implied by phosphorylation of ERK1/2. As revealed in online
supplementary figure S8, inhibition of ERK1/2 activity by mitogen/extracellular signal-
regulated kinase (MEK) inhibitor remarkably repressed PGRN-induced anabolism in
chondrocyte. Collectively, these findings suggested that PGRN treatment may promote
anabolism of degenerative primary human chondrocytes through activation of ERK1/2
signalling.

PGRN-mediated anabolism of chondrocytes is, at least in part, through TNFR2

It is reported that TNF receptors are differently distributed in the cartilage of patients with
OA.23 Together with our recent results that PGRN can competitively bind to TNFRs and
mediate endochondral ossification mainly through TNFR2, we sought to investigate whether
the anabolic effects of PGRN on chondrocytes depend on TNFRs. Articular chondrocytes
from new-born WT, TNFR1-/- and TNFR2-/- mice were isolated and cultured for 1 week
until confluent. Then the chondrocytes were treated with or without 200 ng/mL PGRN for
48 h before real-time PCR was performed. As shown in figure 4E, F, PGRN significantly
elevated the levels of Aggrecan and Col Il in WT, TNFR1-/- and TNFR2-/- chondrocytes,
while the levels of anabolic factors were significantly higher in PGRN-treated WT and
TNFR1-/- chondrocytes than in TNFR2-/- chondrocytes, which may indicate the anabolic
effect of PGRN was significantly diminished when TNFR2 was deleted. Besides, we
cultured cartilage explants from mouse femoral head in medium with/without 200 ng/mL
PGRN for 7 days before GAG synthesis assay was performed. The result indicated that
PGRN significantly enhanced the synthesis of GAG in WT and TNFR1-/- mouse cartilage
explants, while this effect was lost in TNFR2-/- cartilage (figure 4G). Moreover, to test
whether TNFRs were involved in the activation of ERK1/2 signalling by PGRN, we
cultured chondrocytes from WT, TNFR1-/- and TNFR2-/- mice with 200 ng/mL PGRN
for 0, 10, 30 and 60 min, then extracted the total protein, and performed western blot for
total and phosphorylated ERK1/2. As shown in figure 4H, recombinant PGRN-induced
phosphorylation of ERK1/2 in WT and TNFR1-/- chondrocytes, while delayed and
weakened phosphorylation of ERK1/2 was observed in TNFR2—/- chondrocytes after
treatment with PGRN, which may indicate that the activation of ERK1/2 signalling pathway
by PGRN was greatly impaired in TNFR2-deficient chondrocytes. Collectively, these data
indicated that PGRN-activated signalling and anabolic metabolism in chondrocytes is
primarily mediated through TNFR pathway, which is also in accordance with the in vivo
findings described above (figure 3).

PGRN protects against catabolism of chondrocyte through interacting with TNF-a and p-
catenin signalling

It is well established that inflammatory cytokine TNF-a plays an important role in cartilage
degeneration in OA.24 The finding that PGRN prevented cartilage destruction in
inflammatory arthritis mediated by TNF-a prompted us to investigate the potential
association between PGRN and TNF-a in OA. Cartilage samples from patients with OA
were isolated and cultured with 10 ng/mL TNF-a in presence or absence of 200 ng/mL
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PGRN for 48 h. As revealed in figure 5A, Safranin O staining of the cartilage samples
indicated that TNF-a markedly enhanced loss of proteoglycan, while the additional use of
PGRN largely rescued this effect of TNF-a. Moreover, total RNA was collected from each
group, and real-time PCR was performed. As shown in figure 5B-E, levels of catabolic
biomarkers including MMP13, ADAMTS-5, COX-2 and iNOS were significantly higher in
the TNF-a-treated group. Additionally, chondrocytes were cultured with TNF-a and treated
with indicated doses of PGRN for 72 h. Total protein was then collected, and western blot
was performed for iNOS. As revealed in figure 5F, PGRN treatment inhibited TNF-a
induction of iNOS in a dose-dependent manner. Although PGRN effectively inhibited TNF-
a induction of chondrocyte catabolism, recombinant PGRN treatment only led to slight
inhibition on the expressions of catabolic molecules in human OA chondrocytes (see online
supplementary figure S9), suggesting that PGRN may mainly act as an antagonist of TNF-a,
but not a direct inhibitor, in regulating chondrocyte catabolism.

The fact that Wnt/B-catenin signalling pathway plays an important role in degeneration of
cartilage structure,2526 together with the recent report that loss of PGRN resulted in
increased expressions of Wnt signalling molecules in a neural system,2728 led us to examine
whether Wnt/B-catenin signalling pathway might also be involved in the PGRN-deficiency-
mediated cartilage degeneration. For this purpose, we first examined the effects of PGRN
deletion on B-catenin expression in articular cartilage of 6-month-old mice.
Immunohistochemistry of B-catenin was performed in cartilage of 6-month-old WT and
PGRN-/- mice. As shown in figure 6A, B-catenin signal was stronger in cartilage tissue of
PGRN-/- mice. Furthermore, cartilages from 6-month-old WT and PGRN-/- mice were
harvested, and total RNA was extracted for real-time PCR assay. As shown in figure 6B,
mRNA level of B-catenin was significantly higher in cartilage of PGRN-/- group. To
further investigate Wnt/B-catenin signalling, expressions of downstream target genes,
including Axin2 and RUNX2, in cartilage of 6-month-old WT and PGRN-/- mice were
measured through real-time PCR. Axin2 and RUNX2 were both significantly upregulated in
PGRN-/- articular cartilage (figure 6C, D), suggesting the enhanced activation of Wnt/p-
catenin signalling pathway. Moreover, western blot result revealed that 3-catenin protein
level was also elevated in PGRN-/- mice when compared with WT groups (figure 6E). To
further elucidate the importance of $-catenin signalling in mediating PGRN activity in
chondrocytes and OA, primary chondrocytes were isolated from 6-month-old WT and
PGRN-/- mice, and the effect of B-catenin inhibitor FH535 was examined. As indicated in
figure 6F, G, PGRN-/- chondrocyte exhibited significantly higher levels of RUNX2 and
Axin2, while this elevation was largely abolished with the addition of B-catenin inhibitor.
Additionally, B-catenin-specific reporter gene assay was also measured. PGRN deficiency
led to increased luciferase activity (figure 6H). However, recombinant PGRN completely
reversed the enhanced reporter gene activity seen in PGRN-/- chondrocytes (figure 6H).
Collectively, this set of assays suggested that Wnt/p-catenin signalling pathway may also be
involved in the susceptibility of developing OA in PGRN-deficient mice.

DISCUSSION

OA is characterised by the progressive breakdown of extracellular matrix proteins and
subsequent loss of articular cartilage which is thought to be mediated by multiple factors.
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Ageing is a dominant trigger for degeneration.2930 In this study, we observed spontaneously
developed OA in “aged' PGRN-/- mice, characterised by exaggerated loss of proteoglycan,
destruction of cartilage structure, and osteophyte formation. Furthermore, elevation of
degenerative biomarkers, including ADAMTS-53! and MMP13,3233 as well as enhancement
of degradation products, which are mainly fragments of cartilage matrix, such as Aggrecan34
and COMP, are accepted parameters for OA pathogenesis. In the current study, the
chondrocyte hypertrophic marker gene Col X, metalloproteinases known to be important for
cartilage degradation ADAMTS-5 and MMP13, as well as the degradation of Aggrecan and
COMP, were significantly higher in PGRN-/- mice compared with the WT group with
ageing. PGRN was known to play a critical role in endochondral ossification during embryo
development and to be expressed in osteoblasts.1857 In the present study, we found
osteophyte formation in the articular cartilage of PGRN-/— mice as early as 6 months old,
which indicates disorder of bone metabolism in cartilage and subchondral bone of these
mice. Collectively, these data imply that loss of PGRN may lead to accelerated OA though
ageing.

Surgically induced DMM models in mice is well accepted in investigating the
pathophysiology during the progression of OA.35 In this study, we generated a DMM model
in WT and PGRN-/- mice, and PGRN-/- mice exhibited exaggerated progression of OA
following induction of DMM. More severe loss of proteoglycan in Safranin O staining,
significantly higher arthritis score based on histology, the elevated expression of Col X3¢
and MMP13,3233 35 well as more degraded COMP fragments20 were observed in the PGRN
—/- group. An ACLT mice model37~40 was also chosen and treated by intra-articular
injection with recombinant PGRN. Intra-articular injection was a widely used method for
local delivery of molecules into the knee joint, 4142 and treatment with PGRN greatly
alleviated the severity of OA in WT group, which was indicated by reduced synovium
inflammation, less cartilage destruction, and significantly lower arthritic score.

It has been well accepted that chondroprotective molecules are potential approaches for
therapy of OA.43 PGRN is known to promote the proliferation and differentiation of
chondrocyte, and enhance cartilage regeneration process.1’ In this study, we found that
PGRN enhanced anabolism of degenerative chondrocytes. This implies that PGRN may play
a protective role in degeneration of cartilage. Moreover, PGRN activation of ERK1/2 is
involved in its regulation of numerous processes,1” and ERK1/2 is known to protect
chondrocyte in OA.22 Here, we found that PGRN also activated ERK1/2 signalling in
degenerative human chondrocytes, which may, at least in part, explain the mechanism
underlying the PGRN-mediated chondroprotective effect.

Recently, PGRN was reported to promote endochondral ossi-fication by interacting with
TNF/TNFR signalling, and PGRN-induced endochondral ossification depended on TNFR2.3
TNFRs have been reported to distribute differently in the cartilage from patients with OA.23
Thus, we explored whether TNFRs were involved in the protective effects of PGRN on
chondrocytes by treating primary chondrocytes isolated from WT, TNFR1-/- and TNFR2-/
- mice with PGRN. PGRN-induced anabolic effect and activation of ERK1/2 were
dramatically impaired when TNFR2 was deficient; together with the results from in vivo
study, these data indicated that the chondroprotective effects of PGRN may be mediated, at

Ann Rheum Dis. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 9

least in part, through TNFR2. To further investigate whether PGRN relies on ERK1/2 to
improve anabolism in chondrocyte, we pre-treated the chondrocytes with an MEK inhibitor
(U0126),% and found that the proanabolic effects mediated by PGRN were significantly
abolished, indicating that PGRN-mediated proanabolic effects depend on activating ERK1/2
signalling.

TNF-a is well established to play a critical role in cartilage destruction in arthritis, and anti-
TNF agents have been extensively studied for therapy of inflammatory arthritis.#>46 TNF-q,
enhances expression of MMPs and ADAMTS, 21 and these increased proteases, in turn,
cause exaggerated degradation of cartilage matrix including Col Il and Aggrecan, which
promotes progression of OA. TNF-a-mediated activation of NF-xB signalling pathway is
known to play an important role in the pathogenesis of OA.24 The finding that PGRN
directly binds to TNFR1 and TNFR2, and prevents TNF-mediated inflammation in various
conditions®4748 has been independently confirmed by several laboratories.8948-54
Additionally, this finding was further confirmed and extended by the recent report that
PGRN directly bound to TNFRSF25 (DR3) and inhibited TNF-like ligand 1A (TL1A)
activity.>® PGRN binds to TNFR2 with higher binding affinity than to TNFR1,848 and
TNFR2 has been demonstrated to be critical for PGRN activities. For instance, TNFR2 was
reported to be important for PGRN-mediated anti-inflammatory and immunoregulatory
activity.8 TNFR2 was found to be also required for PGRN-mediated protection of LPS-
induced lung injury.®8 Additionally, PGRN-stimulated bone formation and fracture healing
also depended on TNFR2 signalling.3 Very recently, it was reported that PGRN regulation
of ER stress depended on its interaction with TNFR2.54 Interestingly, PGRN antibodies
were found to occur frequently in patients with RA,0 psoriatic arthritis,>® and inflammatory
bowel diseases,®! and had significant neutralising effects on PGRN plasma levels. Our
results that the PGRN-mediated chondroprotective role depends on TNFR2 also supported
the concept that PGRN activities are primarily mediated by TNFR2.

Whnt/B-catenin signalling is extensively studied in OA development, and it is reported to
promote cartilage degeneration and osteophyte formation in OA.2526 Intriguingly, PGRN
interacts with Wnt/B-catenin signalling in the neural system,2’ which implied that the
accelerated OA development in deficiency of PGRN may stem from the activated Wnt/j3-
catenin signalling in the mice chondrocytes. In the current study, we verified this point in the
chondrocyte of PGRN-/- mice, which suggested that existence of PGRN may play a critical
role in maintaining homeostasis of articular cartilage through associating with this signalling
pathway.

On the basis of the present study and the various literature, a model was proposed for
illustrating the role and regulation of PGRN in OA development (figure 61). PGRN plays a
protective role in the progression of OA through multiple pathways. First, PGRN activates
the ERK1/2 signalling pathway and elevates levels of anabolic biomarkers, including
collagen 2 and Aggrecan, in a TNFR2-dependent manner. This may restore the disturbed
balance of chondrocyte metabolism during ageing and trauma processes. Second, PGRN
interacts with TNF-a, which induces the expression of cartilage-degrading proteases and
loss of cartilage. It is known that TNF-a can activate NF-xB signalling pathway and
upregulate the levels of various MMPs and ADAMTS, 24 thus participates in mediating
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cartilage degradation in OA. Additionally, PGRN associates with -catenin pathway, which
is also known to play a critical role in the development of OA. In summary, this study
provides insights into the actions of the PGRN growth factor and its associated molecules, as
well as their interactions in cartilage and degenerative arthritis, and may also lead to the
development of novel therapeutic interventions for OA and other cartilage degenerative
diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Progranulin (PGRN)—-/- mice spontaneously developed an osteoarthritis (OA)-like

phenotype with ageing. (A) Safranin O staining of knee joint articular cartilage. Significant
proteoglycan loss in PGRN-/- mice was indicated (red arrow). Scale bar=100 pm. (B-D)
Comparison of OA severity between wild type (WT) and PGRN-/- mice in ageing-
associated model, as assessed by Safranin O staining loss score, chondrocyte number and
articular cartilage layer thickness in the tibia. N=6 for each group. (E) Micro-CT images of
knee joints from WT and PGRN-/- mice. Osteophyte formation was indicated by white
arrows. (F) Safranin O staining of medial tibia plateu from WT and PGRN-/- mice.
Osteophyte is indicated by the black arrow. Scale bar=100 pm. (G) Osteophyte score of WT
and PGRN-/- mice, as measured through Safranin O result. (H) Immunostaining for Col X,
Aggrecan degradation neoepitope and cartilage oligomeric matrix protein (COMP)
fragments in cartilage of WT and PGRN-/- mice. Scale bar=50 um. (I-N) Transcription
levels of mature chondrocyte marker genes alkaline phosphatase (ALP), Osteocalcin, matrix
metalloproteinase (MMP) 13, a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS)-5, iNOS and COX-2 from WT and PGRN-/- articular cartilage were
measured by real-time PCR. The units are arbitrary, and the normalised values were
calibrated against the WT control, here given the value of 1. Each real-time PCR was
performed in triplicate. Values are the normalised mean+SEM; *p<0.05, **p<0.01 versus
WT mice. Six mice were used in each group.
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Figure 2.
Deficiency of progranulin (PGRN) led to exaggerated osteoarthritis (OA) progression in a

surgically induced model. (A) Expression of PGRN during the OA development, assayed by
immunohistochemistry. Femur cartilage sections were stained with anti-PGRN (brown) and
counterstained with methyl green. Arrows indicate the signal. Scale bar=100 um. (B) PGRN
—/- mice exhibited accelerated degeneration of articular cartilage compared with wild type
(WT) littermates, assayed by Safranin O staining. Red arrows indicated cartilage
destruction. Scale bar=100 um. (C) PGRN-/- mice displayed a significantly higher score of
OA after destabilisation of medial meniscus (DMM) operation on the basis of Safranin O
staining. (D) PGRN-/- mice presented a significantly higher level of cartilage oligomeric
matrix protein (COMP) fragment in serum after induction of DMM model, assayed by
ELISA. (E) Immunohistochemistry staining also showed stronger positive signals for Col X,
matrix metalloproteinase (MMP)13 and COMP fragments in PGRN—/- group than WT
group 8 weeks after DMM operation. Scale bar=50 pm. The values are mean+SEM of at
least 3 independent experiments. Ten-week-old mice (n=7, respectively) were used in this
experiment; *p<0.05, **p<0.01 versus WT mice.
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Figure 3.
Local delivery of recombinant progranulin (PGRN) attenuated osteoarthritis (OA)

development in a surgically induced model. (A) Intra-articular injection of PGRN
dramatically protected cartilage from degeneration following surgically induced OA model,
assayed by Safranin O staining. (B) and (C) Osteoarthritis Research Society International
(OARSI) score of OA and loss of Aggrecan based on the result of Safranin O staining. The
day after anterior cruciate ligament transection (ACLT) operation, the mice were treated
with either phosphate buffered saline (PBS) or PGRN once a week through intra-articular
injection, and the samples were collected 4 weeks later. (D) Treatment of PGRN reduced
serum level of cartilage oligomeric matrix protein (COMP) fragments in ACLT model,
assayed by ELISA. The values are mean+SEM of at least 3 independent experiments;
*p<0.05, **p<0.01 versus PBS-treated group. Scale bar, 100 um. N=6 for each genotype.
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Recombinant Progranulin (PGRN) augmented extracellular signal-regulated kinases
(ERK)1/2 signalling pathway and promoted anabolism of chondrocyte through tumour
necrosis factor receptor 2 (TNFR2). (A), (B) Levels of collagen 2 and Aggrecan, as
measured by real-time PCR. Primary chondrocytes were isolated from patients with
osteoarthritis (OA), and cultured in presence or absence of 200 ng/mL PGRN for 24 and 48
h, respectively, followed by collection of total RNA and real-time PCR assay. (C)
Glycosaminoglycan (GAG) synthesis of human cartilage with or without treatment of
PGRN, detected by GAG synthesis assay. Specimens of human cartilage were isolated from
patients with OA, and cultured in presence or absence of 200 ng/mL PGRN for 7 days,
followed by GAG synthesis assay. (D) Activation of ERK1/2 signalling, detected by western
blot. Primary chondrocytes were isolated from patients with OA and cultured with 200
ng/mL PGRN for indicated time points, then total protein was collected and western blot
was performed for total and phosphorylated ERK1/2. (E), (F) mRNA levels of collagen 2
and Aggrecan. Primary chondrocytes were isolated from new-born wild type (WT),
TNFR1-/- and TNFR2-/- mice, and cultured in presence or absence of 200 ng/mL PGRN
for 48 h, followed by collection of total RNA and real-time PCR assay. (G) GAG synthesis
of mouse femoral head cartilage with or without treatment of 200 ng/mL PGRN for 7 days,
detected by GAG synthesis assay. (H) Activation of ERK1/2 signalling, detected by western
blot. Primary chondrocytes were isolated from new-born WT, TNFR1-/- and TNFR2-/-
mice and cultured with 200 ng/mL PGRN for indicated time points, then total protein was
collected, and western blot was performed for total and phosphorylated ERK1/2. The values
are mean+SEM of at least 3 independent experiments; *p<0.05, **p<0.01 versus phosphate
buffered saline (PBS) treatment group.
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Figureb5.
Progranulin (PGRN) antagonised TNF-a induced catabolic metabolism in chondrocyte. (A)

PGRN significantly attenuated loss of proteoglycan in cartilage induced by TNF-a, assayed
by Safranin O staining. Cartilage samples were isolated from patients with OA and cultured
with 10 ng/mL TNF-a, in presence or absence of 200 ng/mL PGRN for 7 days. (B)-(E)
Levels of degenerative biomarkers in chondrocyte, including matrix metalloproteinase
(MMP)13, a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-5,
COX-2 and iNOS, as measured by real-time PCR. Primary chondrocytes were isolated from
patients with OA and cultured with 10 ng/mL TNF-a for 48 h, in presence or absence of 200
ng/mL PGRN. (F) The protein level of iNOS in chondrocyte. Primary chondrocytes were
treated as described in (B), and total protein was collected for western blot assay. The values
are mean=SEM of at least 3 independent experiments. Scale bar=50 um; *p<0.05, **p<0.01
versus phosphate buffered saline (PBS) treatment group.
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Figure6.
Deficiency of Progranulin (PGRN) augmented -Catenin signalling pathway in vivo. (A)

Detection of B-catenin in cartilage of 6-month-old wild type (WT) and PGRN-/- mice,
assayed by immunohistochemistry. Scale bar=100 um. (B)-(D) Levels of B-catenin and its
downstream molecules including RUNX2 and Axin 2 in cartilage of 6-month-old WT and
PGRN-/- mice, assayed by real-time PCR. (E) Protein level of B-catenin in cartilage of 6-
month-old WT and PGRN-/- mice, detected by western blot. Total protein was collected
from articular cartilage of 6-month-old WT and PGRN-/- mice, and western blot was
performed. (F) and (G) Levels of RUNX2 and Axin2 in chondrocyte of 6-month-old WT
and PGRN-/- mice in the presence or absence of B-catenin inhibitor, as measured by real-
time PCR. (H) Additional treatment of PGRN improved exaggeration of §-catenin level in
PGRN -/- chondrocyte, as detected by luciferase reporter gene assay. (I) A proposed model
for the role of PGRN in osteoarthritis development. The values are mean+SEM of at least 3
independent experiments; *p<0.05, **p<0.01 versus WT mice. Six mice were used in each
group for each experiment.
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