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KEYWORDS Abstract Progranulin (PGRN) is a multifunctional growth factor involved in many physiolog-
Anabolism; ical processes and disease states. The apparent protective role of PGRN and the importance
ATG12; of chondrocyte autophagic function in the progression of osteoarthritis (OA) led us to investi-
ATG5; gate the role of PGRN in the regulation of chondrocyte autophagy. PGRN knockout chondro-
Autophagy; cytes exhibited a deficient autophagic response with limited induction following rapamycin,
Catabolism; serum starvation, and IL-1B-induced autophagy. PGRN-mediated anabolism and suppression
Osteoarthritis; of IL-1B-induced catabolism were largely abrogated in the presence of the BafA1 autophagy
PGRN inhibitor. Mechanistically, during the process of OA, PGRN and the ATG5—ATG12 conjugate

form a protein complex; PGRN regulates autophagy in chondrocytes and OA through, at least
partially, the interactions between PGRN and the ATG5—ATG12 conjugate. Furthermore, the
ATG5—ATG12 conjugate is critical for cell proliferation and apoptosis. Knockdown or knockout
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of ATG5 reduces the expression of ATG5—ATG12 conjugate and inhibits the chondroprotective
effect of PGRN on anabolism and catabolism. Overexpression of PGRN partially reversed this
effect. In brief, the PGRN-mediated regulation of chondrocyte autophagy plays a key role in
the chondroprotective role of PGRN in OA. Such studies provide new insights into the pathogen-
esis of OA and PGRN-associated autophagy in chondrocyte homeostasis.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Osteoarthritis (OA), a common chronic degenerative dis-
ease, has attracted increasing attention in the last de-
cades. OA involves the destruction of articular cartilage and
sclerosis or causticization of subchondral bone, osteophyte
formation, and chronic inflammation of the synovium. Many
factors have been reported to participate in the patho-
genesis of OA, including hereditary, mechanical, and aging-
related factors; however, the specific role of these factors
in OA remains unclear, and the pathogenesis of OA has not
been fully understood."? The occurrence and development
of OA and the pathological changes in articular cartilage
have been reported to be closely associated with auto-
phagy, which includes 4 stages: initiation, elongation,
maturation, and termination. Abnormalities in each stage
of autophagy have been found to be involved in different
stages of OA development.>* Lotz M. et al reported that
autophagy was inhibited in human OA cartilage as well as in
the cartilage of mouse OA models, and this reduction was
accompanied by an enhancement in cell apoptosis.” In the
process of autophagy, a variety of autophagy related (ATG)
proteins are recruited to phagocytes to form autophago-
somes. ATG12 is activated by ATG7 and then binds to ATG5
under the action of ATG10. One of the functions of the
ATG12-ATG5 conjugate is to promote the lipidation of LC3.°
Aging or excessive mechanical load on articular cartilage
is known to lead to significant damage to chondrocytes and
the extracellular matrix. Importantly, autophagy induction
has not only been shown to protect against cell death and
maintain cell homeostasis, it is also known to reduce the
loss of group-specific antigens after mechanical injury and
aging. Many studies have reported the constitutive activa-
tion of autophagy, thus regarding it as a protective or ho-
meostatic mechanism of normal cartilage.””>® Autophagy is
involved in the pathogenesis of OA through the modulation
of chondrocyte homeostasis. Loss of autophagy has been
associated with pathological changes in OA.%'°
Progranulin (PGRN) is a widely expressed growth factor
with multiple functions that participate in anti-inflamma-
tory and anti-infection processes, host defense, cartilage
development, wound healing, and tissue repair.”" PGRN was
previously reported to be upregulated in OA, and it signif-
icantly attenuated OA-like phenotypes and protected
against OA progression through its action in chondrocyte
metabolism.”'> PGRN, as an antagonist of the TNFa
signaling, was found to play a vital role in the pathogenesis
of inflammatory arthritis in mice.”'* More interestingly,

intracellular PGRN was shown to regulate autophagy and
lysosome integrity in macrophages; PGRN deficiency
reportedly caused autophagy defects in macrophages,
resulting in lysosomal storage diseases.”'*"> These previ-
ous reports prompted us to determine whether PGRN reg-
ulates chondrocyte autophagy and whether the PGRN-
mediated regulation of autophagy is important for the
protective role of PGRN in OA.

This study identified that PGRN serves as an essential
mediator of autophagy activation in vitro and in vivo and
PGRN-mediated autophagy is essential for its chon-
droprotective effect in OA. Importantly, we found that the
mechanism by which PGRN might regulate chondrocyte
autophagy could be through interactions between the PGRN
and the ATG5-ATG12 conjugate.

Materials and methods

Human tissue collection

Human cartilage samples were collected from patients with
OA. Human joint tissues were collected from OA patients
undergoing knee replacement surgery from The First Affil-
iated Hospital of Chongging Medical University and The
Second Affiliated Hospital of Chongging Medical University.
They were taken out during the operation with the consent
of the patients, and then stored in liquid nitrogen for
standby. The damaged cartilage and the undamaged carti-
lage were isolated from OA joint respectively. The damaged
articular cartilage within 2—3 mm of the macroscopic OA
lesion was surgically removed and collected, meanwhile,
the undamaged cartilage was isolated from adjacent non-
lesion cartilage of the femoral condyle considered by the
surgeon to look like intact and healthy cartilage.'® " The
same sample source can reduce the impact of different
genetic backgrounds. Furthermore, in order to ensure ac-
curate separation of tissues, we also detected mRNA level
of some typical cartilage metabolism marker genes,
including Col2, Aggrecan and MMP13, in the damaged
cartilage and the undamaged cartilage tissues. The QPCR
results proved that our isolation of damaged and undam-
aged cartilage tissues was accurate. A total of 14 samples
were collected for western blotting and gPCR, including 8
damaged OA cartilage tissue and 6 undamaged cartilage
tissue. All biomedical studies involving humans in this study
were reviewed and approved by the Ethics Committee of
Chongging Medical University.
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Mice and surgically induced osteoarthritis mice
model

All animal studies were performed in accordance with the
Institutional guidelines and approval by the Chonggqing
Medical University Institutional Animal Care and Use Com-
mittee. 6 6-month-old male C57BL/6J mice were randomly
assigned to each group according to the method of random
number table. All animals were maintained on a 12-h
light—dark cycle in a rodent barrier facility at the animal
house of Chongging Medical University with adlibitum ac-
cess to water and food throughout the study. Genotyping of
GRN-knockout (GRN~'7) and wild-type (WT) litter mates
was performed as previously described?®?" (Fig. S1).

Destabilization of the medial meniscus (DMM) surgery was
performed in the right hind limbs of age-matched mice in
accordance with previous reports.?? 2> Six-month-old WT and
GRN~'~ (PGRN KO) mice were subjected to DMM surgery. In
short, first, under anesthesia, a 3 mm longitudinal incision was
made on the medial side of the knee joint to passively separate
the knee extensor and patellar ligament, and expose the
medial meniscus ligament (MMTL). Then the MMTL was
transected to make the DMM unstable. Finally, suture the
medial joint capsule and close the skin. As a control, sham
operation was performed on the left knee joint with medial
capsulotomy only. To investigate the effect of recombinant
PGRN (rhPGRN) and Baf A1, 6-month-old WT and PGRN KO mice
were subjected to DMM surgery followed by intra-articular
injection of phosphate buffered saline (PBS) and rhPGRN (6 ng)
with or without Baf A1 (5 ng) for 4 weeks. Six mice were used
for each time point in each treatment group. Animals were
sacrificed at 4, 8, or 12 weeks after intra-articular injection
respectively. For DMM model group, 6 mice refer to mice with
OA after successful DMM operation.

Protein and RNA detection

Every (10—20) mg of joint tissue or (2—5) x 10° cells were
used as a reaction dose. Protein extracts and separated by
10% SDS-PAGE. Proteins were subsequently transferred to a
PVDF membrane (Millipore) and blocked for 2 h in 5% nonfat
dry milk. Membranes were then incubated with primary
antibodies at 4 °C overnight, and then incubated with
secondary antibody for 2 h. GAPDH is which widely
distributed in various tissues and cells with high levels.
GAPDH and B-actin are widely distributed in various tissues
and cells with high levels. The amount of GAPDH or B-actin
expression in the same cell or tissue is generally constant
and is rarely affected by external inducers. However, the
presence of diseases such as hypoxia and diabetes will
affect the expression of GAPDH. Instead of hypoxia, we
used rapamycin to induce autophagy. Similarly, in the study
of chondrocyte autophagy induced by rapamycin, some
scholars chose GAPDH as the reference gene,?* % in addi-
tion, the molecular weight difference between the target
protein and GAPDH or B-actin in this article is at least 5kD,
which is convenient for the analysis of the results, so
GAPDH were used as reference gene.

qPCR was performed to examine changes in target genes.
Briefly, 20 mg cartilage or 2 x 10° cells were harvest for RNA
extraction. Total RNA was extracted using FastPure® Cell/

Tissue Total RNA Isolation Kit (Vazyme Biotech, RC101) and
cDNA was immediately synthesized from total RNA (1 pg)
using the HiScript® Il Q RT SuperMix for qPCR (+gDNA wiper)
(Vazyme Biotech, R223- 01). qPCR was carried out on CFX
Connect™ Real-Time PCR Detection System (Bio-Rad Labo-
ratories, Inc.) using ChamQ Universal SYBR gPCR Master Mix
(Vazyme Biotech, Q711) according to the following protocol:
preheating at 95 °C for 30 s, 40 cycles at 95 °C for 10 s and
58 °C for 30 s, and then a dissociation curve performed at
95°C for 15 s, 60 °C for 60 s, and 95 °C for 15 s. GAPDH was
used as an internal control gene. Primer information is
shown in Supplementary Information of Primers were syn-
thesized by Tsingke (Tsingke Biotechnology Co., Ltd., China)
were showed in Table S1. The target genes were quantified
using the comparative threshold cycle (Ct) values 272t
method (4 Ct = CtTarget gene — CtGAPDH, A4 Ct = A
CtTreatment — A CtControl). Experiments were repeated
three times.

Construction of pSES-HUS-ATG5 siRNA recombinant
adenovirus shuttle plasmid

Use Oligoengine software to design the ATG5 interference
siRNA sequence online, and select a relatively high inhibi-
tory sequence for synthesis (Table S2). The Sfil linearized
pSES-HUS plasmid and the annealed ATG5 siRNA interfer-
ence sequence were T4 ligated, and the adenovirus plasmid
Ad-ATG5 siRNA was constructed by homologous recombi-
nation by electroporation.

Immunofluorescence assay and transmission
electron microscope (TEM)

Cells were incubated with first antibodies (1:100) at 4 °C
overnight, and then incubated with fluorescence-labeled
secondary antibodies at 4 °C for 1 h. Fluorescence in-
tensities were quantified using the ImageJ software.
Different autophagy-related ultrastructure was determined
under a Philips CM-12 electron microscope (FEIl; Eindhoven,
Netherlands) and photographed with a Gatan (4 k x 2.7 k)
digital camera (Gatan, Inc., Pleasanton, CA, USA). The
pictures taken are counted using the methods recom-
mended by the Autophagy Guidelines.?’

Knockout of GRN and ATG5 gene in chondrocytes
using the CRISPR-Cas9 technique

Knockout of GRN and ATG5 gene of C28/12 human chon-
drocytes was generated in accordance with a previously
published protocol.?*3'shRNA targeting GRN was inserted
into the lentiCRISPR V2 vector (Addgene). The vector was
packaged into lentiviruses by cotransfecting with lenti-
CRISPR V2, VSVG5, and CMV in HEK293T cells. After pack-
aging, C28/12 chondrocytes were infected with lentiviruses
collected over 8 h. Puromycin (2 ng/mL) was used to select
stably transfected C28/12 cells. ATG5/~ chondrocytes
were also generated using the CRISPR-Cas9 technique,
similar to this method. Puromycin (2 ng/mL) was used to
select stably transfected C28/12 cells. The specific GRN-
knockout and ATG5-knockout primer pairs were showed in
Table S3 of Supplementary Materials.
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Cultivation of mouse cartilage explants and primary
articular chondrocytes

Cartilage explants from humans and mice were cultured in the
same way as previously reported.>?—>* Murine articular chon-
drocytes were isolated from the articular cartilage of the hip
and knee joints of newborn WT and GRN~/~ mice, or from 10-
d-old WT and GRN~/~ mice, as previously described.>’ Briefly,
cartilage samples were isolated from mouse articular carti-
lage and human joint cartilage under sterile conditions. First,
samples were dissected into tiny pieces, each with a diameter
of 1 mm and thickness of 1—2 mm, and then dispensed into
tissue culture flasks containing serum-free DMEM (with 25 mM
HEPES, 2 mM glutamine, 100 pug/mL streptomycin, 100 IU/mL
penicillin, and 2.5 pg/mL gentamicin). They were then sup-
plemented with or without IL-18 (1 uM), PGRN (200 ng/mL),
and BafA1 (0.1 uM). Following incubation, the conditioned
cartilage pieces were collected for subsequent analysis. The
medium was changed every two days and cultured at 37 °C
and 5% CO, for 2 weeks. Cartilage fragments were digested in
0.25% trypsin (w/V) for 30 min, and then digested in 0.2%
collagenase Il (w/V) in serum-free DMEM for about 6—7 h to
obtain chondrocytes. Chondrocytes were cultured in DMEM
containing 10% fetal bovine serum at a density of 10> cells/mL.
The first generation primary chondrocytes were used in the
experiment.

Purification of rhPGRN

The generation of a HEK293 stable cell line expressing re-
combinant human PGRN protein and the purification of
rhPGRN were performed as previously reported.®3” In
short, stable cells were cultured in DMEM containing 10%
FBS, 100 U/mL penicillin, 10 mg/mL streptomycin, and
1 ng/mL geneticin (G418). At 90% confluence, the complete
medium was replaced with serum-free DMEM for 72 h, fol-
lowed by incubation with nickel-nitrilotriacetic-agarose
and purification using the ProBond™ System (Cat. No. K850-
01, Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The purity of recombinant
PGRN was determined by SDS-PAGE and Coomassie blue
staining. Protein concentration was determined using the
BCA assay. The purity of recombinant PGRN was determined
by SDS-PAGE and Coomassie blue staining (Fig. S2).

Cycloheximide (CHX) chase assay

6 x 10° cells were seeded into a 35 mm Petri dish, the
medium is removed after 12 h incubated with CO, incu-
bator, and a complete medium containing 10 ng/mL CHX is
added. Cell lysates were collected at 0, 4, 8, 12 h for WB
testing. The half-life of GAPDH mRNA is more than 24 h, 38
and we only treated cell with CHX for less than 12 h, so CHX
treatment has little effect on the protein level of GAPDH.

Coimmunoprecipitation (Co-IP)

C28/12 chondrocytes were stimulated with rapamycin for 4
or 24 h, and then cells (10’/mL) were washed twice with
sterile PBS and collected in RIPA lysis buffer containing
protease inhibitors. Cartilage tissues or cell lysates were

centrifuged at 12,000 rpm for 5 min at 4°C, and the protein
concentration was measured using the bichorionic acid
assay. Approximately 1 mL protein (1 pg/plL) from each
sample was used for Co-IP. Clear supernatant (100 pL
cleared supernatant or control IgG was incubated with
10 pL protein A/G agarose (Santa Cruz, USA) and primary
antibody (1000 x dilution) for 24 h at 4 °C.

Histological analysis and immunohistochemistry

Knee joints were fixed in 4% PFA for 3 d and decalcified for 2
weeks in 10% w/v EDTA before dehydration and embedding
in paraffin. Following embedding, 5-um serial sections were
cut, deparaffinized by xylene immersion, and rehydrated
using graded ethanol prior to histological and immunohis-
tochemical staining. Safranin O/fast green/2% hematoxylin
stained sections were used to grade cartilage destruction as
previously reported.®° Sections were incubated with first
antibodies, or affinity-purified monoclonal anti-COMP
fragments at 4°C overnight, and a 30 min incubation with
secondary antibody was performed as previous method
described. Primary chondrocytes isolated from the carti-
lage of WT and GRN~/~ mice were seeded on cover glasses
in 24-well plates and treated with DMSO (control) or rapa-
mycin (0.5 M) for 24 h. Cells were washed thrice with
1 x PBS, fixed with 4% formaldehyde for 10 min, per-
meabilized with 0.1% Triton X-100 in PBS for 5 min, and
blocked with horse serum in PBS (1:50) for 1 h at 25°C.
Next, cells were incubated with ATG5 (Novus Biologicals,
NB110-53818,1:100) and ATG12 (1:100) antibodies, and
then diluted in blocking buffer at 4°C overnight. The next
day, cells were incubated with fluorescence-labeled sec-
ondary antibodies in blocking buffer (Abcam, ab155589,
1:200) at 37°C for 1 h. After washing thrice with PBS, tissues
were mounted with 4,6-diamidino-2-phenylindole (DAPI)
for 15 min. Images were taken using a confocal immuno-
fluorescence microscope. C28/12 and GRN~/~ (28/I12
chondrocytes were also seeded on cover glasses in 24-well
plates and treated with DMSO (control) or rapamycin
(0.5 M) for 24 h. Then, the expression of ATG5 and ATG12
was detected under an immunofluorescence microscope, as
described above. Fluorescence intensities were quantified
using the ImageJ software.

Inflorescence-based of CYTO-ID® autophagy
detection

Primary chondrocytes isolated from the cartilage of WT and
GRN~'~ mice were treated with DMSO (control) or IL-1B
(1 uM) for 24 h, then stained with CYTO-ID® Green Detection
Reagent and LysoTracker Red at a concentration of 300 nM
was added and incubated at 37 °C for 1 h. Cells were fixed in
4% paraformaldehyde (PFA) for 10 min. Cover glasses were
mounted on slides with Hoechst 33342 nuclear stain.

Histopathologic and quantificational evaluation of
OA

Safranin O—stained sections were used to grade the pro-
teoglycan content of the articular cartilage in accordance
with the OARSI histology scoring system.3>* Further
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Figure 1  Autophagy is activated in murine WT and inactivated in murine GRN~/~ primary chondrocytes and C28/12 cells. mRNA

levels of ATG5 (A, C) and ATG12 (B, D) as measured by RT-QPCR. Primary chondrocytes were isolated from the cartilage of WT and
GRN~'~ mice respectively, incubated and stimulated with rapamycin (0.5 uM) for 24 h (A, B) or cultured with or without serum for
24 h (C, D). (E) Inmunofluorescence assay for levels of ATG5 and ATG12 in WT and GRN~/~ primary murine chondrocytes after 24 h
rapamycin stimulation. Qualitative analysis of chondrocyte expressed ATG5 (F) and ATG12 (G) fluorescence intensity normalized to
non-treated controls. Images were made at x 200 magnifications. (H) Transmission electron microscopy (TEM) analysis showing
autophagosome after treatment with rapamycin for 24 h in primary chondrocytes isolated from WT and GRN~/~ mice. (I, J)
Fluorescence of autophagy dual fluorescent adenovirus was detected and quantification was analysed in C28/12 cells treated with
rapamycin (0.5 puM) for 0,3,6,12 h. The siPGRN group and PGRN group were transfected with PGRN siRNA and pcDNA3.1(-)-PGRN,
respectively. Images were made at x 100 magnifications (K—M) Qualitative analysis of the pictures visualized under TEM. The values
were normalized to the NC group. Values are means + SD , *P < 0.05, **P < 0.01 , ***P < 0.001, ****P < 0.0001; n = 3.

histopathologic evaluation of the stained sections was
performed based on 5 random regions of interest chosen
within each joint at 10x magnification. To determine
whether the induction of our surgical OA model was asso-
ciated with a loss of chondrocytes, articular chondrocytes
were counted per unit area, and the average diameter of an
articular chondrocyte was also determined. Articular
cartilage thickness was measured using Adobe Photoshop
7.0 (Adobe Inc., USA). These 3 parameters were analyzed in
each of the 5 randomly selected regions of interest. Values
were averaged to generate a value for each mouse. Six
mice were analyzed for each group. The recommended
semi-quantitative scoring system was shown as Table S6.

Autophagy flux assay

C28/12 cells and PGRN KO (GRN~'~) cells were transfected
with autophagy double fluorescent adenovirus for 24 h. The
cells were treated with IL-1 B (1 uM) to observe the red and
green fluorescence intensity at different time points. The
time at the end of transfection is set as 0 h. The red fluo-
rescence of 0 h is used to judge the transfection efficiency.
With the passage of time, the red fluorescence will gradu-
ally weaken. In the process of autophagy, the green fluo-
rescence intensity will gradually weaken. If the autophagy
process is hindered, the attenuation of green fluorescence
will slow down.
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Figure 2  Autophagy influences PGRN-mediated anabolic, catabolic, proliferation effects in vitro and PGRN’s chondroprotective
effects in vivo. mRNA levels of Col2 (A), Aggrecan (B), MMP13 (C) and ADAMTS5 (D) in primary chondrocyte as measured by real-
time PCR. Primary chondrocytes were isolated from WT mice, then were incubated in presence of PGRN (200 ng/mL),
PGRN + BafA1 (0.1 uM), PGRN+3-MA (5 mM), IL-1B (1 puM), IL-1B+PGRN, IL-1B+PGRN + BafA1, IL-1B8+PGRN+3-MA for 24 h. mRNA
levels of Col2 (E), Aggrecan (F), MMP13 (G) and ADAMTS5 (H) in cartilage explants isolated from osteoarthritic surgical discard
tissue as measured by real-time PCR. Cartilage explants were harvested and incubated in presence of PGRN (200 ng/mL),
PGRN -+ BafA1 (0.1 uM), IL-1B (1 uM), IL-1B+PGRN, IL-18+PGRN + BafA1 for 7 days, followed by collection of total RNA for real-time
PCR assay. (I) mRNA levels of Cyclin B1, Cyclin D in C28/12 chondrocytes as measured by real-time PCR. C28/12 chondrocytes were
incubated in presence of IL-18 (1 uM), IL-13+PGRN (200 ng/mL), IL-1B+PGRN + BafA1 (0.1 uM), IL-1B+PGRN+3-MA (5 mM) for 24 h.
(J) mRNA levels of Cyclin B1, Cyclin D, and CDK1 in C28/12 chondrocytes as measured by real-time PCR. C28/12 chondrocytes were
incubated in presence of PGRN (200 ng/mL), PGRN + BafA1 (0.1 pM), PGRN+3-MA (5 mM) for 24 h. (K) Intra-articular injection of
recombinant progranulin PGRN (6 ug) clearly protected cartilage from degeneration, however, BafA1 accelerated OA development
following surgically induced OA model, assayed by Safranin O staining in WT mice. Osteoarthritis Research Society International
(OARSI) score of OA (L) and loss of proteoglycan (M) based on Safranin O staining. Scale bar: 100 um (magnification: x100); (N)
Immunohistochemistry staining for ATG5, LC3, ATG12, Col10 and cartilage oligomeric matrix protein (COMP) fragments. (O) The
quantitative analysis of expression levels of ATG5, LC3, ATG12, Col10 and COMP fragments. Values are means + SD, n = 6.

*P < 0.05, **P < 0.01, ***P < 0.001.
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Apoptosis and cell growth assay

C28/12 chondrocytes were treated with DMSO (control),
PGRN (200 ng/mL), and PGRN + BafA1 (0.1 pM) for 24 h.
Then, plated cells were trypsinized and centrifuged at
1000 rpm for 5 min. Cells were washed by resuspending the
cell pellet in cell culture medium, and then stained with a
cell tracking assay using the Cyto Painter Cell Proliferation
Staining Reagent - Green Fluorescence (ab176735). Fluo-
rescence intensity, which represents cell proliferation, was
measured using a flow cytometer with a 488 nm laser
source. Next, C28/12 chondrocytes were treated with DMSO
(control), PGRN (200 ng/mL), PGRN + BafA1 (0.1 uM), IL-1B
(1 wM), IL-1B + PGRN (200 ng/mL), and IL-
18 + PGRN + BafA1 (0.1 uM) for 24 h. Next, cells were
washed, trypsinized, and resuspended in 1 x PBS for flow
cytometry assay on cell proliferation, as described above.
In addition, C28/12 chondrocytes were infected with Ad-
RFP (control) or Ad-siATG5 for 24 h, and then washed,
trypsinized, and resuspended in 1 x PBS for FCM assay or
fixed with 75% alcohol to determine the distribution of cell
cycle and cell apoptosis.

Statistical analysis

Statistical analysis was performed using t-test or one-way
ANOVA or two-way ANOVA test followed by unpaired two-
tailed t-tests. Results were presented as the
mean =+ standard error. P < 0.05, with statistically signifi-
cant differences. Each point of PCR is the average of three
repeated measurements.

Results

Autophagy-associated molecules were reduced in
osteoarthritic cartilage

The level of PGRN and MMP13 mRNA was notably increased,
whereas the mRNA levels of ATG5, ATG12, Col2 and
Aggrecan were clearly downregulated in the lesion carti-
lage tissue compared with those from the Nonlesion carti-
lage of OA (Fig. S3A—F). The levels of ATG5-ATG12, ATG5,
and LC3I/Il proteins were decreased, whereas that of PGRN
was upregulated in the lesion cartilage tissue compared
with those in the Nonlesion cartilage of human OA patients.
Interestingly, the levels of ATG5-ATG12, ATG5, and LC3 I/1I
might vary over the course of OA progression considering
the different expression of these proteins in articular
cartilage tissue of different patients (Fig. S3G, H).

Progranulin was required for autophagy activation
in chondrocytes

The expression of ATG5 and ATG12 was notably increased in
normal chondrocytes after rapamycin stimulation. Howev-
er, primary GRN~'~ chondrocytes exhibited no significant
differences following rapamycin stimulation (Fig. 1A, B).
Nutrient starvation is also known to elicit an autophagic
response.”“® We examined the mRNA expression of ATG5
and ATG12 in cells cultured in serum-free medium for

24 h , there were notably increased at the transcriptional
level in control chondrocytes, whereas GRN~'~ chon-
drocytes exhibited no significant alterations upon nutrient
starvation (Fig. 1C, D). Furthermore, immunofluorescence
staining revealed that the ATG5 and ATG12 proteins also did
not differ between rapamycin-treated and control GRN~/~
chondrocytes (Fig. 1E-G).

Between WT and GRN~/~ chondrocytes with or without
rapamycin stimulation, autophagosomes were formed and
present in WT chondrocytes after 24 h of rapamycin stimula-
tion (Fig. 1H). However, no significant differences in the for-
mation and number of autophagosome or autolysosome
between untreated and rapamycin-treated GRN~/~ chon-
drocytes (Fig. 1H, K—M). In addition, after C28/12 cells are
transfected with siPGRN, the autophagy process is blocked
after rapamycin treatment for 3 h (Fig. 11, J). Taken together,
these results suggested that PGRN might be involved in auto-
phagy activation and autophagosome formation.

We then deleted the GRN gene using CRISPR/Cas9 tech-
nology in C28/12 human chondrocytes (Fig. S4A, D). Impor-
tantly, rapamycin treatment enhanced the expression of ATG5
and ATG12 in WT C28/12 chondrocytes; however, rapamycin
did not significant increase the mRNA levels of ATG5 and
ATG12 in GRN~/~ C28/12 chondrocytes (Fig. S4B, E, F). In
addition, rapamycin treatment also increased the level of P62,
but did not show a significant effect in GRN~/~ C28/12 chon-
drocytes (Fig. S4C, G). Interestingly, the relative level of
LC3II/ATG8 was obviously reduced in GRN~/~ €28/12 chon-
drocytes compared with that of in WT C28/12 chondrocytes
although rapamycin could upregulate the protein level of LC3II
in GRN~'~ C28/12 chondrocytes, the degree of autophagy
activated by rapamycin in GRN~/~ C28/12 chondrocytes is
much lower than that of control cells (Fig. S4C, H).

In addition, a notable increase was observed in the mRNA
levels of ATG5 and ATG12 in rapamycin treatment or serum-
free normal chondrocytes, whereas no notable change was
observed in GRN~/~ C28/12 chondrocytes following rapamy-
cin treatment or serum starvation (Fig. S4l—L). Immunoflu-
orescence results also demonstrated that the ATG5 and
ATG12 proteins were notably increased in the normal C28/12
chondrocytes after rapamycin stimulation. However, there
was not significantly altered by rapamycin treatment in
GRN~'~ C28/12 chondrocytes (Fig. S4M—0).

Progranulin was required for IL-1B-induced
autophagy in chondrocytes

CYTO-ID Fluorescence staining revealed that the accumu-
lation of autophagosomes was increased in IL-1B-stimulated
murine WT primary chondrocytes compared with that of in
untreated WT primary chondrocytes. Although we detected
a faint autophagosomic fluorescence in IL-1B-stimulated
GRN~'~ murine primary chondrocytes, no significant dif-
ferences were observed in autophagosome fluorescence
intensity in GRN~'~ chondrocytes treated with or without
IL-1B. Additionally, the Lysotracker Red-labeled lysosomes
were also weakened (Fig. S5A, B).

Similar trends were observed in rapamycin-treated and
serum-starved chondrocytes, the mRNA levels of ATG5 and
ATG12 were notably increased in control human chon-
drocytes after IL-1B treatment for 24 h; however, no
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difference was noticed between untreated and IL-1B-
stimulated GRN~/~ C28/12 chondrocytes (Fig. S5C, D).

Furthermore, fluorescence intensity in the autophagy
dual fluorescent adenovirus assay showed that GRN
knockout inhibits the attenuation of the green fluorescent
protein (GFP) signal and leads to impaired autophagy flux in
C28/12. Compared with the normal C28/12 chondrocytes
(without IL-1B treatment and GRN gene knockout), GRN~/~
C28/12 chondrocytes have a more severe autophagic flux
block after IL-1B treatment 6 h, although IL-1p3 can weakly
activate autophagy flux. IL-1B could not completely acti-
vate the formation of autophagosomes in GRN~/~ chon-
drocytes (Fig. S5E, F).

Autophagy was important for the protective role of
progranulin in chondrocytes and osteoarthritis

We isolated primary chondrocytes from the articular
cartilage of WT mice and treated them with IL-13, PGRN, 3-
MA and bafilomycin A1 (Baf A1). 3-MA is a kind of autophagy
inhibitor, and Baf A1 is a typical inhibitor of the vacuole
type H™-ATPase, which prevents late-stage autophagy by
inhibiting the fusion between autophagosomes and lyso-
somes.*"*? Consistent with our previous findings, PGRN
stimulated anabolism and inhibited the IL-1B-mediated
catabolism. However, the PGRN-mediated anabolism
(Fig. 2A, B) and suppression of IL-1B-induced catabolism
(Fig. 2C, D) were largely attenuated after treatment with
BafA1 or 3-MA. In cartilage explants isolated from human
OA joint tissue, the PGRN-mediated anabolism and sup-
pression of IL-1B-induced catabolism were largely attenu-
ated after treatment with BafA1 (Fig. 2E—H). Furthermore,
we found that the PGRN-induced cell proliferation was
restrained in BafA1-treated and 3-MA-treated chondrocytes
compared with that of controls (Fig. 21, J).

Intra-articular injection of PGRN dramatically protected
the cartilage from degeneration in the surgically induced OA
model, whereas intra-articular injection of the autophagy
inhibitor, BafA1, clearly suppressed the protective effect of
PGRN and significantly abolished the PGRN-induced sup-
pression of catabolism. We evaluated all safranin O-stained
sections in accordance with OARSI scoring system.>° We
respectively observed a significant protective effect of PGRN
on proteoglycan content and cartilage homeostasis in OA.
Importantly, these protective effects of PGRN were abol-
ished after treatment with Baf A1 (Fig. 2K—M).

Immunohistochemistry staining revealed that PGRN
treatment was associated with reduced staining for Col X
and COMP fragments, whereas simultaneous treatment with
PGRN and Baf A1 induced the increased expression of these
chondrocyte hypertrophy and cartilage degradation markers
alongside the downregulation of autophagy markers (ATG5,
LC3Il, and ATG12) (Fig. 2N, O). Taken together, these results
demonstrated that PGRN-regulated autophagy contributes
to the chondroprotective effect of PGRN against OA.

Progranulin interacted with the ATG5-ATG12
conjugate in chondrocytes

Compared with after rapamycin stimulation for 4 h, the
expression of PGRN, ATG5, ATG5-ATG12, P62 and LC3Il

increased with the prolong of the rapamycin treatment
(Fig. 3A, B). Focusing at the role of PGRN as a chaperone,
we analyzed the structures of PGRN and some important
autophagy-related proteins using the Protein Data Bank
(PDBePISA http://www.ebi.ac.uk/pdbe/pisa/pistart.html)
to predict the interactions between PGRN and these key
autophagy markers. Interestingly, our predicted protein
interaction assessment prompted us to determine whether
PGRN interacts with ATG5 or ATG5-ATG12 in chondrocytes.
We used immunofluorescence staining to further supporting
the interaction of PGRN and ATG5-ATG12 (Fig. 3C). Next,
we examined ATG5 or ATG12 protein half-life by blocking
denovo synthesis with CHX and anti-ATG5 or ATG12 anti-
body (Fig. 3D, E). Cells were treated with CHX and lysed
after 0, 4,8 and 12 h. Protein levels in PGRN KO (GRN~/")
cells rapidly decreased after addition of CHX (Fig. 3H, I).
Similarly, after transfection with Ad-siATG5 or siATG12,
PGRN protein levels in cells rapidly decreased after addi-
tion of CHX (Fig. 3F, G, J, K). These data indicate PGRN
affects ATG5 or ATG12 stability each other. Coimmuno-
precipitation assay results revealed that PGRN bound to the
ATG5-ATG12 conjugate in the primary chondrocytes iso-
lated from the cartilage tissues from wild-type mice and
the cartilage tissue from OA patient (Fig. 3L, M). Then
transfect siPGRN or Ad-siATG5 or siATG12 in C28/12 cells,
and together with GRN~/~ or ATG5 KO cells to use Co-IP
detect the binding of related proteins (Fig. 3N). These re-
sults further confirmed that PGRN can bind to ATG5 and
ATG12 in chondrocyte.

ATG5 was required for the anabolic and
anticatabolic effects of PGRN in vitro

Western blotting revealed the effective knockdown of ATG5
or ATG12 and the blocking of the conversion of endogenous
LC3 (LC3I1I/ATG8) concurrent with the enhanced expression
of P62, cleaved Caspase3, and Caspase12 in chondrocytes
following exposure to ATG5 Ad-siRNA or ATG12 siRNA
(Fig. 4A, D). Flow cytometry results also revealed the
reduced proliferation and increased apoptosis of siATG5-
infected chondrocytes (Fig. 4B, C, E, F).

To further illustrate the importance of ATG5 in the chon-
droprotective effects of PGRN, we generated ATG5~/~ C28/12
chondrocytes using the CRISPR/cas9 technique. We treated
ATG5~'~ and WT chondrocytes with or without PGRN and then
subjected them to transcriptional analysis. The PGRN-medi-
ated stimulation of chondrocyte anabolism and inhibition of
IL-1B-induced catabolism were largely abolished in ATG5~/~
chondrocytes compared with normal chondrocyte
(Fig. 4G—J). In contrast, introduction of an ATG5-over-
expressing adenovirus (AdATG5) rescued the above effects in
ATG5'~ chondrocytes (Fig. 4K—N). Cumulatively, the pro-
anabolic and anticatabolic effects of PGRN in chondrocytes
are dependent upon the expression of ATG5.

Determination of the binding domains of PGRN with
ATG5 and ATG12

As PGRN could affect the expression of ATG5 and ATG12,
and there have an interaction between PGRN, ATG5 and
ATG12 (Fig. 3L—N), we sought to determine which binding
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Figure 3  Assay on the co-localization and interaction between PGRN and ATG5-ATG12 conjugate in chondrocyte. (A) Western
blot analysis showing the expression of ATG5, ATG12, ATG5-ATG12, P62, ATG8, LC3I/1l and PGRN in C28/12 treated rapamycin for 4,
8, 12, 24 h. (B) Qualitative analysis of the expression of PGRN, ATG5, ATG12, ATG5-ATG12, P62 and LC311/ATG8 were normalized to
GAPDH. (C) Immunofluorescence staining showing the co-localization of PGRN and ATG5, PGRN and ATG12. Images were made
at x200 magnifications. (D—G) ATG5 or ATG12 or PGRN degradation were analyzed by cycloheximide chase assay. (H—K) Repre-
sentative images and quantitative data for ATG5 or ATG12 or PGRN protein level are shown. (L) Primary chondrocytes were isolated
from the cartilage of wide type mice, followed by collection of cell lysate for Co-IP assay. Cell lysate was immunoprecipitated with
PGRN antibody and probed with ATG5, ATG12 antibody respectively. Conversely, IP was performed with ATG12 antibody and probed
with PGRN antibody. (M) Cartilage tissue were isolated from OA patient, followed by collection of tissue lysate for Co-IP assay. The
method is the same as before. (N) C28/12 cells were transfected with siPGRN, Ad-siATG5 and siATG12, respectively, Co-IP was done

with ATG5 KO and/or PGRN KO cells. Values are means + SD. *P < 0.05, **P < 0.01.

site of PGRN bound to ATG5 or ATG12. C-and N-terminal
deletion mutants of PGRN were constructed (Fig. S5A, B;
Fig. S6), then constructs expressing GFP-tagged PGRN and
its deletion mutants and MYC-tagged ATG5 or ATG12 were
co-transfected in 293 cells. The western blot result indi-
cated that PGRN and all the deletion mutants were
expressed after transfection as detected with a GFP anti-
body (Fig. 5C, D), and ATG5 or ATG12 can also be overex-
pressed in 293 cells normally (Fig. 5E). Furthermore, the
cell lysate was next immunoprecipitated with MYC-tag
antibody or GFP antibody and probed by GFP antibody or
MYC antibody. As shown in Figure 5F—H, after over
expression of ATG5, there is a binding between ATG5 and
PGRN full length and all PGRN deletion mutants from the
ND1 to ND7, which means that GRN E is essential for binding
ATG5; meanwhile, there is also binding between ATG5 and
PGRN full length and all of PGRN deletion mutants from the
CD1 to CD6, and the binding was lost in CD7, this indicates
that the G domain of GRN is one binding motif.

After overexpression of ATG12, ND7 showed binding,
suggesting that GRN E is important. In addition, there is also
binding between ATG12 and PGRN full length and all PGRN
deletion mutants from the CD1 to CD6, and the binding was
absent in CD7, this implies that GRN G is one of binding
motif between PGRN and ATG12. Furthermore, the combi-
nation of CD5 and ATG12 is stronger than that of CD6, which
indicates that GRN F may play an important role in the
process of PGRN and ATG12 binding.

Our results implies ATG5 and ATG12 can both binding PGRN
through GRN E, we further investigated the binding motif
important for ATG5-ATG12 interaction within GRN E. 293 cells
were transfected with serial deletions from A1to A 6 in GRNE
and its linker region (Fig. 5I) and Co-IP was performed; results
revealed that the A2 (deletion of aa523—534),A5 (aa574-590)
and A6 (deletion of aa591—593) fragment almost abrogated
binding, indicating that the aa523—534, aa574-590 and
aa591-593 sequence are both critical for the binding between
PGRN and ATG5-ATG12 (Fig. 5J).



Progranulin regulation of autophagy

A B

§

Ad-RFP
SiATGS
SiIATG12

Control ,*
| EE
- -~ = | ATG5 50kDa

2K ‘ ATG12 48KkDa

> & - ‘ C-Caspase3 32kDa

Caspasel2 441D

S P62 48kDa

- amad | ATGS L
[ ..- LC3I 16kDa
(S | [ C3II 14kDa

GAPDH ~ *7e

o

Relative mRNA level of
Col2
o
]

B

3

g

zZ
Relative mRNA level of

Aggrecan

I J

xxxxxxxx

© None treatment
o 1wip
© IL-BPGRN

© None treatment
o map
© ILP+PGRN

Relative mRNA level of
MMP13

Relative mRNA level of
ADAMTSS

%

wr ATGS KO

wr ATGS KO

=
| 5 AGRFP w SIATGS = SIATGI2
. R P sl
® S I s ns
= D08 ®0S axn
R n
. 8 *
» = o6
L =
H z35 m
3 < o4
g 2 ns
&0z n
1
= T
S
&
' E
~
&
- 5
H £
£ g«
gt el
S T
]
*]
s F
iny ARG
i
30
. ~
] Q
S
=
T
g
H =2
g1
2
2
<
LI NC  Ad-RFP SiATGS
e
wos
K s
5 o None treatment 5 o None treatment
& ° PGRN z ° PGRN
=< © PGRNFAIATGS <5 o PGRN+AIATGS
Zo z g
= 5 5
£ E 3
2 g
z =
el S |
& =
ATGS KO
FARR DS Kbk FARE DS HbE
I o None treament [an el o None treatment
p o map ° o map
] %

o IL-1B+PGRN
o IL-IP+PGRN+AGATGS

o IL-IB+PGRN
© IL-IB+PGRNHAGATGS

Relative mRNA level of
Relative mRNA level of
ADAMTSS

ATGS KO ATGS KO

Figure 4 The ATG12-ATG5 conjugate is important for the PGRN mediated chondroprotective effect. (A, D) Expressions and
qualitative analysis of ATG5, ATG12, cleaved caspase3, caspase12, P62, ATG8, LC3I/Il in chondrocytes infected by siATG5 and
siATG12. GAPDH is an internal control. (B, E) Flow cytometry analysis with Annexin V-PI staining was performed to evaluate the
percentage of S phase, G1 phase and G2 phase in siATG5-infected C28/12 chondrocytes. (C, F) Dot plots of flow cytometry analysis
with Annexin V-PI staining were performed to evaluate the percentage of apoptotic cells in siATG5-infected C28/12 chondrocytes.
mRNA level of Col2 (G), Aggrecan (H) in WT and ATG5 '~ chondrocytes with or without PGRN (200 ng/mL). IL-1p-induced (1 pM)
mRNA level of MMP13 () and ADAMTS5 (J) in WT and ATG5~/~ chondrocytes with or without PGRN recombinant protein. mRNA level
of Col2 (K) and Aggrecan (L) in ATG5~’~ chondrocytes with or without PGRN (200 ng/mL) and Ad-ATG5. IL-1p-induced (1 uM) mRNA
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means + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Discussion

OA is a common degenerative condition of the joints
characterized by the progressive degradation of cartilage.
Autophagy, which is essential for cell survival and function,
is a well-defined self-digestion process, in which cyto-
plasmic contents are delivered to lysosomes for recy-
cling.”*! Furthermore, autophagy has been implicated in
the retardation of aging and age-associated diseases, such
as osteoarthritis, through the modulation of cell homeo-
stasis and cell death. Reduced autophagic activity has also
been reported to be accompanied by increased apoptosis
and enhanced rate of chondrocyte damage and cartilage
degeneration, with varied levels of autophagy activation
correlated with OA grade.**

Zhao et al previously found that PGRN regulated chon-
drocyte metabolism, and intra-articular injection of

recombinant PGRN attenuated OA-like phenotypes and
protected against OA progression in surgically-induced OA
models.* Herein, PGRN is proved to be critical for rapa-
mycin- and serum free-induced chondrocyte autophagy
activation. More than 30 autophagy-related genes control
autophagy activation. Among them, ATG5 and ATG12 are
two essential autophagy proteins that are involved in
autophagosome formation. Microtubule-associated protein
1 light chain 3 (LC3), including LC3 | and LC3 Il, governs
autophagosome elongation,*> *’ ATG8 is equivalent to LC3,
which is just a different name for the same protein in
different systems.?’

The IL-1 family of catabolic cytokines is regarded as a
principal factor of joint damage in OA and underlying
degradation of aggrecan and collagen.“®*’ Autophagy reg-
ulates and is regulated by a wide range of proinflammatory
cytokines, with IL-1 emerging as a reliable inducer of
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GFP-tagged N-terminal deletion PGRN fragments, examined with anti-GFP antibody. (D) Expressions of GFP-tagged C-terminal deletion
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Figure 6 The pattern diagram of PGRN involvement in autophagy in chondrocyte. In the pathological process of osteoarthritis,
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autophagy.”® PGRN is involved in IL-1B-induced autopha-
gosome formation and the fusion between autophagosome
with lysosome.

Furthermore, the PGRN-mediated anabolism and sup-
pression of IL-1B-induced catabolism were largely abolished
in the presence of BafA1 and 3-MA. Intra-articular injection
of BafA1 dramatically abolished the protective effects of
PGRN against OA (Fig. 2). Collectively, autophagy is vital for
the protective role of PGRN in human chondrocytes and
murine surgically-induced OA. PGRN deficiency led to the
impairment of autophagy activation or autophagy flux by
reducing the fusion between autophagosomes and lyso-
somes in chondrocytes and in an OA mouse model. In OA
chondrocytes, the mRNA and protein levels of
ATG5—ATG12, and ATG5 were markedly downregulated,
whereas the level of PGRN was upregulated. Notably,
PGRN-deficient primary chondrocytes exhibited no signifi-
cant difference in the mRNA and protein levels of PGRN,
ATG5—ATG12, or ATG5 upon rapamycin- or IL-1B-induced
autophagy. The correlating trends of the reduced expres-
sion of autophagy markers observed in OA chondrocytes and
PGRN-deficient cells, together with the responsivity of the
latter to autophagy-activating stimuli led us to deduce that
PGRN functions closely related with autophagy under ho-
meostatic conditions and that this function might be dis-
rupted in OA.

More importantly, genetic and in vitro studies have
indicated that the level of the ATG12—ATG5 conjugate is
essential for autophagic activity.?’ PGRN deficiency results
in reduced expression of PGRN and ATG5, reduction of
PGRN-ATG5 and PGRN-ATG5-ATG12 interactions, and
impairment of autophagy activation. These findings sug-
gested that PGRN-mediated chondroprotection depends on

the adequate interaction between PGRN and the
ATG12—ATG5 conjugate (Fig. 3). In cartilage, chondrocyte
autophagy is necessary for maintaining homeostasis, sur-
vival of chondrocytes, and maintaining cartilage integrity.>
The transition from autophagy to apoptosis is known to play
a key role in the process of OA. Herein, PGRN-mediated
autophagy is crucial for its chondroprotective effect in
osteoarthritis. In particularly, this chondroprotective effect
relies on the ATG5-ATG12 conjugate, and it is achieved by
affecting the proliferation and apoptosis of chondrocytes
(Fig. 4).

Interestingly, PGRN binds to ATG5 and ATG12 with
different binding sites. We identified that PGRN binds to
ATG5 through GRN G and E; and PGRN binds to ATG12
through GRN G, E and F.GRN E is a major protein—protein
interaction domain for PGRN, as it has been shown to bind
to other proteins.’>CD6, the C-terminal deletion of PGRN,
binds to ATG5 and ATG12 (Fig. 5).

ATG12 docks onto ATG5 through conserved residues.
ATG12 and ATG5 are oriented such that other conserved
residues on each molecule, including the conjugation
junction, form a continuous surface patch.’* As summa-
rized in the model of Figure 6, PGRN is involved in the
autophagy process through binding with ATG5-ATG12 com-
plex and its chondroprotective role in OA is dependent on
autophagy. The binding domains of PGRN and ATG5 or
ATG12 are not exactly same, this may be due to that PGRN
is folded and part of it extends into the gap between the
bonding surface of ATG5 and ATG12, so that the two shared
E and G domain, and the F domain located in the other half
of the folded PGRN may bind to ATG12. ATG12 is reported
to be irreversibly conjugated to ATG5,>> The combination of
PGRN and ATG5-ATG12 determines the function of PGRN in
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autophagy and chondroprotective effect. In this paper,
C28/12 cells are mainly used to explore the association
between chondrocytes and autophagy under OA conditions.
C28/12 cells can be transmitted more generations and are
easier to culture, but the disadvantage is that with the
increase of culture generations, due to the lack of normal
extracellular matrix (ECM), isolated cells may have
phenotypic changes, thus limiting the study of intercellular
and cell-to-ECM interactions. Therefore, we also supple-
mented primary chondrocytes as well as mouse knee ex-
plants to avoid the shortage of C28/12 cell experiments. OA
is a multifactorial disease, although the evidence for a role
of IL-1B in OA is well established,® it is not comprehensive
enough.

In conclusion, our findings indicated that autophagy is a
novel therapeutic target for PGRN-associated diseases and
highlighted the emerging theme of defective autophagy in
cartilage degenerative diseases.
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