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Osteoarthritis (OA) is a leading cause of physical disability among aging populations, with no available drugs able
to efficiently restore the balance between cartilage matrix synthesis and degradation. Also, OA has not been ac-
curately classified into subpopulations, hindering the development toward personalized precision medicine.

In the present study, we identified a subpopulation of OA patients displaying high activation level of epidermal
growth factor receptor (EGFR). With Col2a1-creER™; Egfi'/ mice, it was found that the activation of EGFR, indi-
cated by EGFR phosphorylation (pEGFR), led to the destruction of joints. Excitingly, EGFR inhibition prohibited
cartilage matrix degeneration and promoted cartilage regeneration. The Food and Drug Administration (FDA)-
approved drug gefitinib could efficiently inhibit EGFR functions in OA joints and restore cartilage structure and
function in the mouse model as well as the clinical case report.
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Gefitinib Overall, our findings suggested the concept of the EGFR activated OA subpopulation and illustrated the mecha-
nism of EGFR signaling in regulating cartilage homeostasis. Gefitinib could be a promising disease-modifying
drug for this OA subpopulation treatment.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction patient on the basis of a person's genes, lifestyle, and environment.

Osteoarthritis (OA) is one of the most prevalent musculoskeletal dis-
order affecting millions of people worldwide. In 2008, it was reported
that 27 million Americans were afflicted by OA [1]; the number is
projected to double by 2030 [2]. In China, 10% of males and 18% of fe-
males over the age of 60 were reported to have OA-related symptoms
[3].

Precision medicine, or personalized medicine, is an innovative ap-
proach to tailoring disease prevention and treatment to the individual
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However, the underlying concept of precision medicine has not yet
been applied in OA as most treatments are designed as a “one-size-
fits-all-approach” even with millions of patients suffering from the dis-
ease. This may be due to our limited understanding of the disease path-
ogenesis and mechanism; thus, more in-depth mechanistic studies
need to be conducted.

Previous studies showed that the epidermal growth factor receptor
(EGFR) signaling network played a role in cartilage development and
OA [4-8]. Transforming growth factor-a. (TGF-at), an activator of EGFR
signaling, was reported to be involved in animal OA models, as well as
in human [9-12]. These studies indicated the involvement of EGFR in
cartilage anabolic and catabolic activities.

Cartilage damage represents the most prominent pathological fea-
ture of OA that inevitably leads to joint dysfunction [13]. Disturbances
of the balance between catabolic and anabolic activities is one of the
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main characteristics of OA cartilage; therefore, the restoration of the
balance is the key factor for treating OA [14, 15]. However, currently
there are no effective therapeutic drugs available for OA in clinics [16].
The non-steroidal anti-inflammatory drugs (NSAIDs) only have a palli-
ative effect, mainly aimed at alleviating the pain instead of addressing
the underlying cause of OA disease progression [17]. Recently, the dis-
ease-modifying OA drugs (DMOADs) in development were introduced
[14, 15] but few of them affected both anabolic and catabolic aspects
and showed convincing disease-modifying efficacy [14]. Therefore, it
would be beneficial to find a drug that could simultaneously and syner-
gistically regulate both cartilage matrix synthesis and degradation.

In the present study, we examined the activation level of EGFR in
human patients, and utilized Col2a1-creER™; Egfr’/ mice to investigate
the effect of EGFR on OA development. Intra-articular delivery of EGFR
inhibitor gefitinib, encapsulated in chitosan microsphere, was applied
to treat OA in the mouse model. Moreover, the regulating mechanism
of EGFR was investigated.

2. Methods and Materials
2.1. Collection and Preparation of Human Tissues

Cartilage specimens were from OA patients undergoing total knee
replacement surgery or non-osteoarthritis trauma patients who were
undergoing arthroscopic knee surgery. The harvested cartilage tissue
samples were fixed, embedded in paraffin, sliced (7 pm) and mounted
on positively charged slides for immunohistochemistry and safranin O
staining.

2.2. OA Animal Model and Gefitinib Treatment

For Col2al-creER™?; Egfi” and Egff’ male mice, tamoxifen
(20 mg/ml) was administrated at the age of 2 months through intraper-
itoneal injection (5 pl/g) for 5 days. DMM surgery was performed 5 days
after tamoxifen withdrawal, following the instructions as described pre-
viously [18]. The mice were sacrificed at 8 and 12 weeks after surgery
and the joints were harvested. DMM surgery was also performed on
normal 2-month old C57BL/6 male mice. For the sham surgery group,
the knee joints were opened and then sutured without any treatment.
For the systemic drug delivery experiment, DMM mice received either
gefitinib (5, 25, 50 mg/kg) or vehicle control (normal saline, 0.9%
NaCl) via oral gavage at 1-week post-surgery, once per day, for
8 weeks. For intra-articular treatment, chitosan microspheres with gefi-
tinib (CM-Gefitinib) or CM in normal saline were injected into OA joints
of mice, once every three days. The injections initiated at day 3 post-sur-
gery and continued for 8 weeks until tissue samples were harvested for
analysis. Each experimental group included a total of 6 mice.

2.3. Murine Tissue Fixation and Histology Processing

At the time of harvest, mice were euthanized and the surgically ma-
nipulated knee joints were dissected with the femur and tibia intact to
maintain the structural integrity of the joint. Tissues were fixed and
then decalcified in 10% (w/v) ethylene diamine tetraacetic acid
(EDTA) solution. Subsequently, samples were embedded, sliced (7
um) and numbered from 1 to 20. Sections numbered 5, 10 and 15
were stained with safranin O for OARSI scoring, while No. 6, 11, 16 sec-
tions were stained with Hematoxylin-Eosin (HE). Unstained sections
were utilized for immunostaining.

2.4. OARSI and Synovial Inflammation Scoring of Murine Cartilage

Semi-quantitative histopathological scoring system established by
the OA Research Society International (OARSI) was performed for grad-
ing mouse cartilage degeneration [19]. Summed OARSI scores were ap-
plied. Synovium was examined using the synovial inflammation

grading system [20, 21]. Grading was performed by three blinded ob-
servers. The three grades for each section were averaged, and the data
from each group of mice were collated.

2.5. Immunostaining

Paraffin sections for immunohistochemistry were treated with 0.4%
pepsin (Sangon Biotech, Shanghai, China), 3% (v/v) hydrogen peroxide
in methanol, 1% (w/v) BSA, primary antibodies and secondary antibod-
ies subsequently. The DAB substrate system (ZSGB-bio, Beijing, China)
was used for color development. Hematoxylin staining was utilized to
reveal the cell nuclei. For quantitative analysis, 3 sections from different
samples were selected for each group, and the positive/total cell ratio
were calculated for each section.

Sections for immunofluorescence were incubated with 0.3% (v/v)
Triton X-100, 1% (w/v) BSA, primary antibodies, corresponding second-
ary antibodies conjugated to Alexa Fluor 488 fluorescent dyes
(Invitrogen) and DAPI subsequently. Images were viewed and captured
under a confocal microscopy system (Olympus, BX61W1-FV1000, Japan
and YOKOGAWA CV1000, Japan).

2.6. Primary Cultures of Mouse Chondrocytes

Mouse articular cartilage was obtained from the femoral condyles
and tibial plateaus of postnatal day 5-6 C57BL/6 mice, and digested
with 0.2% (w/v) collagenase overnight, as described previously [22].
Chondrocytes were maintained as a monolayer in DMEM/F12 supple-
mented with 10% (v/v) fetal bovine serum (FBS) at 37 °C, 5% CO, envi-
ronment. Cells between 0 and 3rd passage were utilized for
experiments.

2.7. TGF-a and Gefitinib Treatment and In Vitro Gene Knockout

Chondrocytes were treated with 10 uM gefitinib or/and 10 ng/ml
TGF-a in the culture medium. After 48 h, RNA and protein extraction
were performed.

For in vitro gene knockout, isolated chondrocytes from Col2al-creER-
2 Egfiff mice were treated with 4-hydroxytamoxifen (1 uM) for 48 h
before RNA and protein extraction. All in vitro experiments and assays
were repeated 3 times.

2.8. qPCR Analysis

mRNA was extracted and reverse-transcripted followed by qPCR
process. The relative level of expression of each target gene was calcu-
lated using the 2724Ct method. Each gPCR was performed on at least 3
different experimental samples with 3 technical replicates per sample.
The representative results are displayed as target gene expression nor-
malized to the reference gene Gapdh. Error bars represent one SD
from the mean of technical replicates.

2.9. Western Blot Analysis

The proteins of human and mouse chondrocytes were directly ex-
tracted and the concentrations were determined using the BCA Protein
Assay Kit (Pierce #23227). The extracted proteins were then separated
on SDS-PAGE gels and transferred onto a polyvinylidene difluoride
membrane. After blocked in 1% (w/v) BSA for 1 h at room temperature,
the membrane was incubated with appropriate primary antibodies and
horseradish peroxidase (HRP) conjugated secondary antibodies. The
chemiluminescent signal was generated using western blot detection
reagents (ECL, Beyotime Biotechnology, China and FDbio, Hangzhou,
China) according to the manufacturer's protocol.
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2.10. RNA-Sequencing and Data Analysis

Chondrocytes were treated with TGF-ot or gefitinib as described pre-
viously and lysed by RNAiso Plus (TaKaRa). For each group, 2 duplicates
were collected and the RNAs were extracted, sequenced, and analyzed
by Shanghai Novel Bioinformatics Co, Ltd. (http://www.novelbio.com).
EBseq algorithm was applied to filter the differentially expressed
genes (DEGs). DEGs were then used for gene ontology (GO) and path-
way analysis. Gene ontology enrichment analysis (GSEA) was per-
formed using MATLAB based GSEA. The enrichment scores were
normalized with Monte Carlo method [23]. RNA-seq raw data is avail-
able in Gene Expression Omnibus (GEO) database (GSE113271).

2.11. Fabrication of Chitosan Microspheres and Release Assay

Chitosan microspheres were prepared using the water-in-oil emul-
sion solvent diffusion method as previously described [24]. To evaluate
the efficacy of chitosan microspheres (CM) delivery system, bovine
serum albumin (BSA) was utilized as a substitute for gefitinib and was
prepared by directly dropping chitosan solution into the oil phase
under the same conditions. Three pieces of CM-BSA were mixed with
20 ml PBS and stored at 37 °C in a centrifuge tube to mimic body tem-
perature. Solution (2 ml) was removed and resupplied at 0, 1, 3, 6, 12,
18, 24, 36, 48, 60, 72, 84, and 96 h. The cumulative release of BSA was
tested with Micro BCA Protein Assay Kit (Thermo Scientific).

2.12. RNA Interference

In mouse chondrocytes, autophagy was suppressed by short hairpin
RNAs (shRNA) targeting Atg5. All shRNAs were purchased from
Invitrogen Inc. and two shRNAs with distinctive sequences were
utilized.

2.13. Cartilage Explants

Cartilage explants were harvested from the weight-bearing area of
the femoral articular surfaces of postnatal 24 h C57BL/6 mice knee
joints. Explants were cultured for 24 h at 37 °C and 5% CO, in DMEM
supplemented with 10% (v/v) FBS at 37 °C and then treated with TGF-
«, gefitinib or 3MA for one week.

2.14. Lentivirus Injection

ShAtg5 containing lentivirus was fabricated by Genepharma Inc. and
the titer of the lentivirus was 1 x 10° U/ml. The shAtg5 2# was utilized.
Intra-articular injections of LV-shAtg5 (10 pl per joint) were carried out
at 10, 25, and 40 days post-DMM surgery to five C57/BL6 mice of the ex-
perimental group, and the control group mice received LV-scramble.
Knee joints were collected 8 weeks post-surgery.

2.15. Statistics

All data for qPCR analysis and mouse OARSI scoring are presented as
mean =+ standard deviation (SD). Student's t-test, one-way ANOVA,
Tukey's multiple comparisons test and non-parametric Mann-Whitney
test were utilized accordingly. Values of P < 0.05 were considered to
be statistically significant.

2.16. Study Approval

The patient's consent, as well as approval of the local ethics commit-
tee, were obtained prior to harvesting of human tissue samples. All an-
imal experiments were performed with the approval of the Zhejiang
University Ethics Committee (ZJU20160030).

More details are provided in supplementary material.

3. Results
3.1. EGFR Signaling Was Involved in Human pEGFR"8" OA Subpopulation

We first investigated the involvement of EGFR in human OA sam-
ples. A total of 59 human knee OA cartilage samples (Table 1) were col-
lected. The patients were previously evaluated by Kellgren and
Lawrence Grading System (K&L) and graded between 3 and 4. All OA
samples from different individuals showed a reduction in proteoglycan
level and defective cartilage surface indicated by Safranin O staining
when compared to normal cartilage (Fig. 1a), confirming their osteoar-
thritic properties. EGFR activation state was then determined by immu-
nostaining of the phosphorylated EGFR. To our surprise, only 27% of the
total collected OA samples had a strong positive staining of pEGFR
(pEGFR"#") (Fig. 1a, b and S1a), with no total EGFR level alteration
(Fig. S1b), indicating the heterogeneity of OA population; and the pro-
portion was relatively higher in females (Table 1). Meanwhile, no posi-
tive staining was detected in normal cartilages from 7 relatively young
individuals (Fig. S1c). Therefore, we concluded that the EGFR-activated
OA could be one of the various subpopulations of OA.

3.2. EGFR Activation Promoted OA Progression by Disrupting Cartilage
Homeostasis

In order to investigate the function of EGFR in OA pathogenesis, we
employed the inducible conditional knockout mouse (Col2al-creER™;
Egf™) and isolated chondrocytes from the Col2a1-creER™; Egfi/ mice
and the Egfi'”/ siblings. The in vitro knockout was induced by 40H-ta-
moxifen; the efficiency was approximately 76% confirmed by qPCR
and western blot (Fig. S2a). Then TGF-a¢ stimulation was utilized to ac-
tivate EGFR. For wild-type (WT) cells, results illustrated that 48 h after
TGF-a stimulation, genes encoding cartilage matrix type II collagen
(Col2a1) and aggrecan (Acan) were downregulated while the matrix-
degrading enzyme matrix metalloproteinase 13 (Mmp13) was upregu-
lated (Fig. 2a), indicating that EGFR activation interrupted the balance
between matrix biosynthesis and degradation. However, after Egfr
knockout, the effects of TGF-aw were suppressed as demonstrated by
the unaltered Acan, Col2al and Mmp13 mRNAs, as well as MMP13 and
type Il collagen proteins (COL2) (Fig. 2b). These results suggested that
EGFR activation was responsible for the loss of chondrocyte homeosta-
sis in vitro.

Destabilization of the medial meniscus (DMM) is widely used to in-
duce OA in mice [18, 25-27]. We performed DMM surgery on the
Col2a1-creER™?; Egfr’ (CKO) mice as well as their Egf¥ (WT) siblings
after knockout induction by tamoxifen. Immunostaining of EGFR on
the articular cartilage confirmed the knockout efficacy of the inducible
conditional knockout system in vivo (Fig. S2b). Positive staining of the
phosphorylated EGFR (pEGFR) in the articular cartilage of the DMM
mice 8 weeks after surgery demonstrated that EGFR was activated in
this OA model (Fig. S3). Safranin O staining of the DMM joints demon-
strated thicker and smoother joint surfaces in the Egfr conditional
knockout group with significantly lower OARSI scores at 8 weeks and
12 weeks post-surgery (Fig. 2c, d). Immunostaining also displayed
well-maintained extracellular matrix (ECM) proteins including type II
collagen and aggrecan and a downregulation of MMP13 in Col2al-
creER™; Egfr/ mice when compared with WT siblings at both time
points (Fig. 2¢, d). Meanwhile, there was no significant alteration in

Table 1 )
Gender, age and pEGFR™2" proportion of the OA patients.
Qty Age (years) pEGFRMgh Positive%
Min Max Average
Male 19 58 79 70.7 2 10.35%
Female 40 51 82 68.3 14 35.00%
Total 59 69.1 16 27.11%
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Fig. 1. EGFR was activated in a subpopulation of human OA patients. (a) Safranin O staining and Immunostaining of the human OA samples (n = 59). F, female; M, male. (b) The proportion

of the pEGFR"&" subpopulation in collected samples.

the articular cartilage after 8 weeks of Egfr knockout in the sham group
(Fig. S4). These data indicated that the inhibition of EGFR activation in
Col2a1-creER'?; Egfi’ mice prevented OA progression and restored car-
tilage homeostasis by elevating ECM content and decreasing MMP13
expression; Egfi knockout alone in adult mice didn't impair the knee ar-
ticular cartilage.

3.3. EGFR Inhibition by Gefitinib Efficiently Promoted Cartilage Homeostasis
Maintenance

Gefitinib is an FDA-approved drug for EGFR inhibition. As we dem-
onstrated that EGFR inactivation in Col2al-creER™; Egfi"/ mice protected
the mice from OA progression and restored cartilage homeostasis, we

next questioned whether gefitinib could also be used for OA treatment.
Western blot data revealed that TGF-«x activated EGFR, but gefitinib was
able to inhibit the activity of EGFR as shown by the decreased pEGFR
level (Fig. 3a). Consistently, TGF-o treatment inhibited COL2 and upreg-
ulated MMP13 expression; however, these effects could also be re-
versed by gefitinib (Fig. 3a and S5). In addition, qPCR analysis
demonstrated the downregulation of Col2al and Acan after TGF-o stim-
ulation (Fig. 3b), indicating that the loss of ECM content was not only
caused by degradation but also through the suppression of ECM bio-
synthesis. Gefitinib was able to inhibit ECM degradation and pro-
mote its synthesis simultaneously in the presence of TGF-a, while
gefitinib alone didn't alter Col2a1, Acan, and Mmp13 gene expression
(Fig. 3b).
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Fig. 2. EGFR activation promoted OA progression by disrupting cartilage homeostasis. (a and b) Cartilage ECM expression level detection with or without TGF-a stimulation by quantitative
real-time polymerase chain reaction (qPCR) and western blot. WT, wild-type; KO, knockout; ***P< 0.001; ns = not significant. (c) Safranin O and immunostaining of the mouse knee joints
8 weeks (left panel) and 12 weeks (right panel) post-surgery (n = 6). WT, wild-type (Egfi’); CKO, conditional knockout (Col2al-creER™; Egfi’). Scale bar, 100 um. (d) Quantitative
analysis of the mouse knee joints 8 weeks (left panel) and 12 weeks (right panel) post-surgery. *P < 0.05; **P < 0.01.

To further confirm this on the transcriptomic scale, RNA sequencing
was performed. Principle component analysis (PCA) and differential ex-
pression gene analysis showed a similar expression profile in the con-
trol and TGF-ov + gefitinib (T + G) group, while the TGF-a group

showed a distinct gene expression profile (Fig. S6), signifying that gefi-
tinib reversed the alterations induced by TGF-a stimulation. Gene on-
tology (GO) analysis showed several GO terms related to cartilage
ECM synthesis in the top-related lists such as extracellular matrix and
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Fig. 3. EGFR inhibition of gefitinib efficiently promoted cartilage homeostasis maintenance. (a) Detection of the effect of TGF-o and gefitinib on mouse chondrocytes by western blot. T,
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Ontology (GO) analysis of the genes which were downregulated after TGF-a stimulation and reversed by gefitinib. (d) Gene Set Enrichment Analysis (GSEA) of the cartilage anabolic
and catabolic functions. (e) QPCR of the cartilage-related genes for RNA-seq validation. *P < 0.05; **P < 0.01; ***P < 0.001.

its organization, cartilage development, collagen fibril organization, etc. process-related genes were upregulated with TGF-a stimulation,
(Fig. 3c and S7a). Gene set enrichment analysis (GSEA) showed that and the effects were also reversed with T+G treatment (Fig. 3d and
genes related to collagen biosynthetic process, collagen fibril organi- S7b). The sequencing data was further validated by qPCR of some
zation, collagen network, and positive regulation of extracellular highly related genes including Bmp4, Collal, Col9al, Colllal,
matrix organization were down-regulated with TGF-a stimulation Col11a2, Comp, Fgfr3, Grem1, Lect1, Sox6, Sparc and Tgfb2 (Fig. 3e).
and reversed with T 4+ G treatment. Similarly, collagen catabolic These data supported that EGFR inhibition could promote cartilage
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homeostasis maintenance in OA, and this goal can be achieved using
gefitinib.

3.4. Intra-Articular Controlled-Release of Gefitinib Ameliorated OA Progres-
sion in the Mouse Model

Gefitinib has been orally administered in clinical practice for de-
cades, and our histological results with this method showed remarkable
potential in ameliorating OA progression in the DMM mouse model
(Fig. 4a). However, severe side effects were also observed including
hair loss, cachexia, and even death when administrated in high dose
(50 mg/kg); thus, chitosan microspheres (CM) were utilized as a tool
for local drug delivery and controlled-release of gefitinib. The CM and
gefitinib-loaded CM (CM-gefitinib) microspheres displayed good spher-
ical structures and surface uniformity while no significant differences or

Gefitinib

229

changes were observed in the drug-loaded CMs under scanning elec-
tronic microscope (SEM) (Fig. 4b). Fourier Transform Infrared Spectros-
copy (FTIR) confirmed that gefitinib was enclosed in chitosan (Fig. 4c).
The drug release profile from CMs was tested; results showed >90% cu-
mulative release of the CM-enclosed BSA in 72 h (Fig. 4d).

Then the drug delivery system was tested on DMM mouse model. An
intra-articular injection of CM-gefitinib, CM, or normal saline (NS) was
performed starting from day 3 post-surgery. The drug was adminis-
trated once every 3 days for 8 weeks before the mice were sacrificed.
Staining results showed that pEGFR was expressed in fewer
chondrocytes (Fig. 4e, g) and the severity of these osteoarthritic-like
changes was reduced in the CM-gefitinib-treated mice when compared
with the NS- or CM-treated OA mice (Fig. 4f, g). Reduced synovial in-
flammation in response to CM-gefitinib treatment was observed as
well (Fig. S8), showing good biocompatibility of the material.
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Fig. 4. Intra-articular controlled-release of gefitinib ameliorated OA progression in the mouse model. (a) Safranin O staining and the OARSI scores of the mouse joints with or without
systemic administration of gefitinib (n = 6). Scale bar, 100 pm; **P < 0.01. (b) Scanning electron micrographs of unloaded chitosan microspheres (CM) and gefitinib-loaded chitosan
microspheres (CM-gefitinib). (c) Fourier Transform Infrared Spectroscopy (FTIR) for chitosan microspheres. (d) The controlled release profile of chitosan microspheres. (e)
Immunostaining of the pEGFR in control and OA joints with CM-gefitinib (n = 6). NS, normal saline; Scale bar, 100 pm. (f) Safranin O staining of the pEGFR in control and OA joints
with CM-gefitinib (n = 6). Scale bar, 100 um. (g) Quantitative analysis of Safranin O and immunostaining. *P < 0.05; **P < 0.01.
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Consistently, gefitinib was also shown to promote cartilage matrix de-
position during rats' osteochondral defect repair when applied together
with gelatin methacrylate-silk fibroin (GelMA-SF) scaffold (Fig. S9).
These results indicated that the local controlled-release of gefitinib in
joints could facilitate the maintenance of cartilage homeostasis through
the inhibition of EGFR signaling.

3.5. EGFR Activation Promoted OA Progression through Autophagy
Inhibition

We next investigated how EGFR inhibition promotes cartilage ho-
meostasis. Histone acetylation transforms the condensed chromatin
structure into a more relaxed form that is associated with greater levels
of gene transcription. Therefore, we performed chromatin immunopre-
cipitation followed by sequencing (ChIP-Seq) for the acetylated H3K27
(H3K27Ac) in TGF-a and gefitinib treated mouse chondrocytes. Differ-
entially modified genes (highly acetylated in control and T + G groups
but not in TGF-a group) were clustered based on gene ontology; GO
data implicated that autophagy-related genes were enriched (Fig.
S10a), consistent with the GSEA result of our RNA-seq data (Fig.
S10b). Hence, we examined the autophagy-related proteins, LC3 and
Beclin1, [28] in vivo in the DMM mouse model. As expected, LC3 and
Beclin1 were highly expressed in the normal cartilage while signifi-
cantly lower levels were detected in OA cartilage. Deletion of EGFR in
Col2a1-creER™?; Egfi'’f cartilage could recover the expression level of
LC3 and Beclin1 (Fig. 5a). In vitro validation also illustrated that LC3-II,
the active form of LC3 and one of the main components of the
autophagosome, was increased and more punctate stains of LC3 (show-
ing an autophagy-active state) appeared in the gefitinib-treated and T
+ G groups when compared to the TGF-a-induced EGFR-activated
group, thus indicating that the inhibition of EGFR could remarkably in-
crease autophagy activity (Fig. 5b, c). Next, we employed short hairpin
RNAs (shRNAs) to knockdown the autophagy-related gene 5 (Atg5)
which is necessary for LC3-II formation. Results revealed that the inhibi-
tion of Atg5 aborted the protective function of gefitinib as indicated by
the suppressed LC3-II and COL2 levels and increased MMP13 level
when compared with the scrambled group (Fig. 5d). Consistently,
mRNA expression of Col2al and Mmp13 were also affected by Atg5
shRNAs, halting the protective function of gefitinib (Fig. 5e).

To mimic the in vivo environment, we utilized a cartilage explant
model to further confirm the protective effects of gefitinib on cartilage
in 3D culture. Results revealed a decrease in safranin O staining, COL2
and LC3 levels and an increase in MMP13 level in TGF-a-treated carti-
lage explants but all reversed when treated with gefitinib. Nevertheless,
the protective effect of gefitinib was revoked by 3-Methyladenine
(3MA), an autophagy inhibitor (Fig. 5f).

We then checked autophagy-related proteins in CM-gefitinib
treated OA mice. Immunostaining analysis showed that Beclin1 and
LC3 expressions were enhanced in CM-gefitinib-treated mice when
compared with OA-CM-treated mice (Fig. 5g). However, the injection
of shAtg5-containing lentivirus (LV-shAtg5) abolished the protective ef-
fects of gefitinib in OA mice (Fig. 5h and S11). These observations sug-
gested that the activation of autophagy by gefitinib impeded OA
pathological changes, while the inhibition of autophagy diminished
the positive therapeutic effects of gefitinib.

Moreover, our data also illustrated that expression levels of autoph-
agy-related factors LC3 and Beclin1 in pEGFR"2" OA samples were sig-
nificantly lower when compared to normal and pEGFR'®" samples
(Fig. $12), implying that the pathogenesis of the pEGFR"" OA subpop-
ulation may have a similar mechanism with the animal model.

4. Discussion
In the present study, we discovered several major original findings:

1) there is a pEGFR™®" subpopulation of around 27% in OA patients, 2)
EGFR activation is involved in OA progression through the regulation

of cartilage matrix synthesis and degradation, and 3) suppression of
EGFR by the FDA-approved drug gefitinib re-activated chondrocyte au-
tophagy and restored cartilage homeostasis by simultaneously promot-
ing cartilage matrix synthesis and prohibiting its degradation. These
findings are of great value for the future development of personalized
therapeutic application to restore cartilage homeostasis for the subpop-
ulation of OA patients with high EGFR activation.

Because OA is the leading type of arthritis affecting millions of pa-
tients worldwide, it is logical to speculate that OA patients are likely het-
erogeneous. In this study, we found that approximately a quarter (27%)
of human samples were positively stained with pEGFR, similar to the
highly EGFR-activated mouse DMM joints. We also demonstrated that
EGFR suppression in mouse samples with conditional gene knockout
technology can prohibit OA development progression. Although the
ratio of EGFR high activation was different between human and the
mouse DMM model, there is no doubt to conclude that EGFR is involved
in the OA development. Furthermore, since not all human samples were
pEGFRM&" and our in vivo study showed no impairment on the articular
cartilage after Egfr knockout in adult mice while other studies reported
that consistent suppression of EGFR activity from the embryonic stage,
rather than just before OA occurrence, accelerated OA development,
[29, 30] it is possible that EGFR signaling exerts differential functions
at a particular stage or type. Therefore, the 27% of EGFR activation in
human OA patients could either be a sub-stage or subtype of OA, similar
to the previously reported EGFR lung and gastric cancer subtype [31-
34]. Consistently, a case report informed that a 72-year-old woman
with non-small-cell lung carcinoma (NSCLC) showed a remarkable im-
provement in her arthritis symptoms since the first dose of gefitinib
[35]. The proteomic study also showed that EGFR signaling-related pro-
teins were enriched in OA patients [36]. In any case, there is a subpopu-
lation with high activation level of EGFR, and our findings warrant the
necessity of investigating the EGFR-targeting treatment strategies for
pEGFRM8" OA patients, which is crucial for the development of precision
medicine in OA disease.

Cartilage homeostasis is maintained by the balance between matrix
synthesis and degradation. In this study, in vitro and in vivo experiments
showed an upregulation of cartilage ECM component biosynthesis and a
downregulation of the matrix degradation enzyme MMP13 after EGFR
suppression; thus, indicating the two important roles of EGFR in carti-
lage homeostasis maintenance. Consistently, EGFR was reported re-
sponsible for chondrocyte maturation and calcification in
development, [37] which is also one of the pathophysiological ossifica-
tion processes in OA. OA-like characteristics could be seen in cartilage-
specific Mig6 (an intrinsic EGFR inhibitor) knockout mice, especially in
the knee joints, where EGFR signaling was highly activated [6]. These
findings suggested that EGFR is a promising therapeutic target for OA.
Furthermore, the present study also revealed that EGFR may regulate
cartilage homeostasis through autophagy. While autophagy was previ-
ously demonstrated to be essential in cartilage homeostasis mainte-
nance, [38] OA progression, [28, 39, 40] and several reports illustrated
that inhibition of EGFR up-regulated autophagy in tumor cells, [41, 42]
our results, together with previous research findings, connected the
missing linkage between EGFR, autophagy, and downstream effectors
type II collagen and MMP13 in OA cartilage. Nevertheless, more re-
search is needed.

Based on the findings from EGFR gene knockout OA mice, the EGFR
inhibitor gefitinib was used to restore cartilage homeostasis and treat
pEGFRM&" OA through systemic or local drug delivery. Our results
showed that gefitinib possessed a great benefit in both anabolic and cat-
abolic aspects. Since gefitinib is an FDA-approved drug, it can be more
feasibly translated into clinical application. However, the anti-tumor
drug was shown to have severe side effects after systemic delivery; it
was also shown in our study and another research that high dose of ge-
fitinib by systemic delivery accelerated OA progression and weight loss
[30]. Therefore, chitosan microspheres were employed in this study as a
local drug delivery system because of its biocompatible, non-toxic, and
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Fig. 5. EGFR activation promoted OA progression through inhibiting autophagy. (a) Immunostaining of the autophagy-related proteins in mouse sham operated, and OA cartilage (n = 6).
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loss. Yellow scale bar, 50 pum; black scale bar, 100 pm. (g) Immunostaining of the autophagy-related proteins Beclin1 and LC3 in control and OA joints with CM-gefitinib (n = 6). Scale
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um; *P < 0.05.
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cost-effective characteristics [24, 43]. As expected, intra-articular deliv-
ery of low dose gefitinib encapsulated in chitosan microspheres exhib-
ited significant OA therapeutic effect with no apparent systemic side
effects or local synovitis occurrence, which diminished the concern
that gefitinib might exacerbate synovitis formation in degenerating
joints [44]. The current controlled-release system guarantees an ap-
proximately 3-day sustained-release of gefitinib, demonstrating a very
promising local delivery strategy for OA treatment; however, further
optimization of the system is needed.

In summary, our findings raised a concept of heterogeneous OA sub-
population, particularly, in this case, the pEGFR"&" OA subpopulation.
The critical role of EGFR in OA development and therapeutic applica-
tions made EGFR a promising target of pharmacotherapy. The FDA-ap-
proved drug gefitinib can readily be translated into disease-modifying
clinical therapy for OA. Thus, the findings provide new insights into
OA pathophysiology and future precise therapeutic strategy for OA
treatment.
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