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Abstract

Objective—Mitogen-inducible gene 6 (MIG-6) regulates epidermal growth factor receptor
(EGFR) signaling in synovial joint tissues. Whole-body knockout of the Mig6 gene in mice has
been shown to induce osteoarthritis and joint degeneration. To evaluate the role of chondrocytes in
this process, Mig6 was conditionally deleted from Co/2al-expressing cell types in the cartilage of
mice.

Methods—Bone and cartilage in the synovial joints of cartilage-specific Mig6-deleted (knockout
[KO]) mice and control littermates were compared. Histologic staining and immunohistochemical
analyses were used to evaluate joint pathology as well as the expression of key extracellular matrix
and regulatory proteins. Calcified tissue in synovial joints was assessed by micro—computed
tomography (micro-CT) and whole-skeleton staining.

Results—Formation of long bones was found to be normal in KO animals. Cartilage thickness
and proteoglycan staining of articular cartilage in the knee joints of 12-week-old KO mice were
increased as compared to controls, with higher cellularity throughout the tissue. Radiopaque
chondro-osseous nodules appeared in the knees of KO animals by 12 weeks of age and progressed
to calcified bone-like tissue by 36 weeks of age. Nodules were also observed in the spine of 36-
week-old animals. Erosion of bone at ligament entheses was evident by 12 weeks of age, by both
histologic and micro-CT assessment.
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Conclusion—MIG-6 expression in chondrocytes is important for the maintenance of cartilage
and joint homeostasis. Dysregulation of EGFR signaling in chondrocytes results in anabolic
activity in cartilage, but erosion of ligament entheses and the formation of ectopic chondro-
osseous nodules severely disturb joint physiology.

Osteoarthritis (OA) is a degenerative joint disease that affects more than 10% of the adult
population of North America (1). There are currently no clinically approved disease-
modifying treatments for OA. Consequently, patients experience a general loss in their
quality of life, with increased health care costs and lost work time causing considerable
socioeconomic damage (2). While the precise cause and pathobiology of this disease are not
fully understood, both mechanical and genetic factors play a key role in specific subtypes of
OA (2).

The major hallmark of OA is the degeneration of the articular cartilage and the altered
phenotype or death of the only cell type in cartilage, chondrocytes (2). Chondrocytes are
essential for maintaining articular cartilage, which is largely composed of a highly complex
network of extracellular matrix (ECM) proteins (2). In an anabolic state, chondrocytes
produce and lay down these structural proteins into the surrounding matrix to repair damage
and build up the cartilage (2). In a catabolic state, chondrocytes release factors to turn over
surrounding cartilage through proteolytic digestion (e.g., matrix metalloproteinases) and
through release of cytokines (e.g., tumor necrosis factor a and interleukin-1p), which induce
catabolic activity in surrounding cells and tissues (synovium, bone, meniscus) (2). In healthy
cartilage, anabolic and catabolic processes are in balance, while in OA, this balance is
disrupted toward a net increase in catabolic activity (2).

Bone is important in supporting the overlying cartilage but has also been implicated in the
initiation and progression of OA (3). Both sclerosis of subchondral bone and the formation
of bony osteophyte outgrowths are common in the mid-to-late stages of OA in response to
local growth factors (such as transforming growth factor g [TGF ] and bone morphogenetic
protein) (2). Abnormal geometry of the bone in a joint can affect the distribution of forces
and joint stability and can lead to cartilage degeneration (4). The ligaments, tendons, and the
meniscus in the knee further stabilize the joint and prevent malalignment and overextension.
Many animal models of OA exploit the stabilizing function of the ligaments in the knee joint
by using surgical techniques to reproducibly induce a destabilized joint, with subsequent
development of articular cartilage degeneration and other OA-like phenotypes (5-8).

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that signals through
multiple downstream pathways in a ligand- and context-specific manner (9,10). EGFR
ligands include epidermal growth factor (EGF), TGFa, amphiregulin, heparin-binding EGF-
like growth factor (HB-EGF), and others (11). Evidence shows that EGFR signaling is
involved in bone and cartilage physiology during both development and homeostasis in
adulthood. EGFR signaling induced by EGF and TGFa is highly important in the regulation
of endochondral ossification during the formation of bone (9,12-14). We have shown that
TGFa/EGF can stimulate catabolic activity in chondrocytes in vitro and cartilage
degeneration ex vivo (15,16). TGFa is also up-regulated in some forms of human OA and
rheumatoid arthritis, as well as in animal models of osteoarthritis (15,17-19). EGFR
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signaling regulates the differentiation of osteoclasts, an important cell type in the turnover of
bone (20). Tight regulation of EGFR signaling is therefore required for the maintenance of
cartilage and bone health.

Fine tuning of EGFR signaling takes place at multiple levels, from gene transcription to
ligand binding (21). Mitogen-inducible gene 6 (MIG-6), which is also known as ERBB
receptor—feedback inhibitor 1, receptor-associated late transducer, and Gene 33, is a scaffold
protein that binds to EGFR and impedes downstream signaling while targeting it for
internalization and degradation (22,23). Pathways downstream of EGFR activation stimulate
the induction of Mig6, which then acts as a negative-feedback response and attenuates
EGFR signaling (24).

Whole-body deletion of Mig6in mice results in a complex set of phenotypes, including the
degeneration of articular joints, breakdown of articular cartilage observed at a relatively
early age, and severely diseased joints in an injury-induced model of OA (8,25-27). Mig6
deletion targeted to the developing mouse limb mesenchyme using the PrxI-Cre driver line
results in the transient anabolic buildup of cartilage and the development of an OA-like
phenotype with increasing age (28). Since Mig6 is deleted from all mesenchymal limb
tissues in these mice, it is unclear whether bone, cartilage, synovium, or multiple tissue
types acting together are involved in the development of cartilage degeneration in these
knockout (KO) models.

To evaluate the contribution of MIG-6 in the regulation of EGFR activity in cartilage
homeostasis and OA, we used a Co/2a1 promoter—driven Cre/lox system to selectively delete
Mig6 from chondrocytes in mice.

MATERIALS AND METHODS

Animals

All mice were bred and housed in accordance with the Animal Care and Use Guidelines of
Western University. To conditionally delete Mig6in chondrocytes, MIG-6f/l (26,28) mice
were bred with Col2al-Cre mice (29-32) to generate knockout (Mig-61/fiCol2a1-Cre*/"),
heterozygous (Mig-67/* Col2a1-Cre*/-), and control (Mig-6™/flCol2a1-Cre~-or
Mig-6f/*Col2a1-Cre~/-) animals. Mice were weighed prior to killing by CO, asphyxiation.
Genotype frequency was determined by polymerase chain reaction (PCR) analysis using
DNA processed from biopsy samples of ear tissue from mice surviving to at least 21 days of
age. Genomic excision of Migéwas assessed using standard PCR, with primers flanking the
loxP-flanked (floxed) region of the gene (exons 2-4) (26). Gross morphology of the joint
was imaged using a Leica EC3 camera and a Leica S6-D microscope.

Skeletal preparation and long bone measurement

Animals were euthanized, skinned, and eviscerated on postnatal day 40. Overnight fixation
in 70% ethanol was followed by 2 days in acetone. Animals were stained in a solution of
0.05% alizarin red, 0.015% Alcian blue, and 5% glacial acetic acid in 70% ethanol for 10—
12 days, with clearing of extraskeletal tissues using a graded series of 2-0.5% KOH (31).
Long bones (femur, tibia, humerus, radius, and ulna) were measured using Leica Application
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Suite software (v3.8.0) on images obtained using a Leica EC3 camera and a Leica S6-D
microscope.

Histologic assessment

Limbs were fixed in 4% paraformaldehyde for 24 hours and decalcified in 5% EDTA in
phosphate buffered saline (PBS), pH 7.0, for 10-12 days. Joints were processed and
embedded in paraffin in sagittal or frontal orientation, with serial sections taken at a
thickness of 5 ym. All sections were deparaffinized in xylene, rehydrated in a graded series
of 100-70% ethanol in water, followed by 100% water, and stained as follows.
Glycosaminoglycan content and general histology were assessed in sections stained with
Safranin O—fast green (0.02% fast green for 30 minutes, 1% acetic acid for 10 seconds, and
1.5% Safranin O for 3 minutes) or toluidine blue (0.04% toluidine blue in 0.2/ acetate
buffer, pH 4.0, for 10 minutes). Staining of collagen content was performed using picrosirius
red (0.1% sirius red in saturated picric acid solution for 60 minutes, with 0.5% acetic acid
washes). The size and organization of collagen fibrils were determined using polarized light
microscopy (33). Light intensity and tissue angle (45°) relative to polarizing filter (Leica no.
11505087) and analyzer (Leica no. 11555045) were kept identical between samples.

Following antigen retrieval and blocking with 5% serum in PBS, sections were stained
overnight at 4°C by immunohistochemistry using primary antibody for SOX9 (R&D
Systems), phospho-EGFR (phosphoTyr-1173; Cell Signaling Technology), type Il collagen
(Santa Cruz Biotechnology), or proliferating cell nuclear antigen (PCNA,; Cell Signaling
Technology). Sections were incubated with secondary antibody conjugated to horseradish
peroxidase (Santa Cruz Biotechnology). Following DAB+ chromogen (Dako Canada)
exposure, sections were counterstained with methyl green (0.5% methyl green in 0.1/
sodium acetate buffer, pH 4.2, for 5 minutes). All sections were dehydrated in a graded
series of 70-100% ethanol in water, followed by 100% xylene, and mounted using xylene-
based mounting media. Tartrate-resistant acid phosphatase (TRAP; Sigma Canada) staining
was performed on sections of 12-week-old knee joints according to the manufacturer’s
instructions, with minor alterations (i.e., 60 minutes in Triton X-100). All images were taken
with a Leica DFC295 digital camera and a Leica DM1000 microscope.

Articular cartilage measures

Knee articular cartilage thickness and chondrocyte cell density were determined from
Safranin O-fast green—stained frontal sections by 2 observers (MAP and BAR) who were
blinded with regard to the tissue source. Leica Application Suite software (v3.8.0) was used
to evaluate the average articular cartilage thickness by measuring from the articular surface
to the subchondral bone interface across 3 points in each quadrant of the knee joint (medial
and lateral tibia and femur), in 4 sections spanning at least 500 x4m. Cell density of knee
articular cartilage chondrocytes was determined by counting all lacunae with evidence of
nuclear staining in the medial femur/tibia using a centered region of interest measuring 200
4m wide and 100 zm deep from the articular surface.
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Micro—computed tomography (micro-CT)

Whole-body scans of 36-week-old MIG-6—KO mice were conducted using a GE eXplore
speCZT micro-CT scanner at a resolution of 50 z/voxel. High-resolution scans of the left
knee of 12-week-old mice were conducted using a GE eXplore RS micro-CT scanner at a
resolution of 20 g/voxel. Mice were evaluated for morphologic changes using GE Healthcare
MicroView software (v2.2) to generate 2-dimensional (2-D) maximum intensity projection
(MIP) and 3-D isosurface images (34,35). Abnormal tissue was manually highlighted in red
in Adobe Photoshop CC.

Statistical analysis

RESULTS

Data are presented as the mean + SEM. All statistical analyses were performed using
GraphPad Prism software (v6.0).

Normal early bone development in cartilage-specific MIG-6—KO mice

Excision of Mig6 from the Col2al-expressing tissues of Mig-6f/fICol2a1-Cre*/~(KO) and
Mig-67/*Col2a1-Cre™~ (heterozygous) animals was confirmed using PCR amplification for
an excision-specific product (433 bp) (Figure 1A). Xiphoid cartilage, meniscus, and ectopic
growths (described below) demonstrated excision of Mig6, which was not seen in control
liver tissue (Figure 1A) or in the brain or heart (results not shown). MIG-6-KO mice
appeared outwardly normal and healthy at weaning (Figure 1B). Genotype analyses based
on 644 pups in 86 litters demonstrated no evidence of embryonic or postnatal lethality
(Figure 1C). The weights of animals were comparable from birth through adulthood (Figure
1D). Measurement of the femur, tibia, humerus, radius, and ulna showed no statistically
significant differences in long bone length on postnatal day 40 in female animals (Figure
1E).

Further evaluation of overall skeletal morphology by alizarin red/Alcian blue staining
showed no overt differences in the development of the axial or appendicular skeleton on
postnatal day 40 in female M1G-6—KO animals (Figure 1F). Despite a lack of overall
skeletal phenotype, evidence of early ectopic growth development in knee joint tissue was
seen on postnatal day 40 in some female KO animals, as indicated by diffuse alizarin red/
Alcian blue staining of tissue from the anterior meniscus (Figure 1G). The majority of male
and female KO mice developed ectopic growths in one or both knee joints, with few
exceptions (data available upon request from the corresponding author). Based on these data
and on the similar knee joint histopathologic features between the sexes (data not shown),
females were chosen for detailed analyses for the remainder of this study.

Anabolic buildup of articular cartilage in KO mice

Proteoglycan staining (Safranin O) of tissue sections appeared to be increased in the
articular cartilage of KO mice at 12 weeks, but decreased at 36 weeks (Figures 2A-D).
Picrosirius red staining for collagens showed increased staining in the highly cellular areas
in the articular cartilage of KO mice (Figures 2E and F). Further examination of picrosirius
red—stained sections under polarized light revealed strong red birefringence of collagen
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fibers in subchondral bone, with weaker green/yellow birefringence of the articular cartilage
in control mice (Figures 2G and H). Interestingly, the superficial and mid-zone articular
cartilage of KO animals tended to show more red birefringence as compared to that in
control mice, particularly at 12 weeks of age. This may indicate that the ECM organization
in these areas is altered compared to controls (Figures 2G and H).

The thickness of the articular cartilage was increased ~1.5-fold in MIG-6—-KO mice at 12
weeks of age in all 4 quadrants of the knee joint (Figure 2I). This increase in cartilage
thickness in KO mice was reduced at 36 weeks (data not shown). Cellular density was
increased in the articular cartilage of the medial tibial plateau and medial femoral condyle of
12-week-old KO mice as compared to control mice (Figure 2J). No abnormalities in cell
number, organization, or phenotype were noted in the growth plate of MIG-6—-KO animals.

Immunohistochemistry for SOX9, a key regulator of chondrocyte gene expression, showed
clear nuclear staining in the expanded articular cartilage of the knee joints of 12-week-old
KO animals (Figure 3A). COL2A1 staining in the superficial and mid zone of the knee
cartilage from 12-week-old KO animals was similar to that in the controls (Figure 3B).
Immunohistochemical staining for phospho-EGFR (Tyr-1173) was increased in the articular
cartilage of 12- and 36-week-old KO animals (Figures 3C and D), as expected upon deletion
of a negative regulator. Immunostaining for the proliferative marker PCNA in articular
cartilage was increased in 12-week-old KO animals (data available upon request from the
corresponding author). In the growth plate, staining for phospho-EGFR, SOX9, and PCNA
(data available upon request from the corresponding author) in KO animals appeared similar
to that in the controls. TRAP staining for osteoclasts was increased in the subchondral
(Figure 3E) and trabecular bone (Figure 3F) of 12-week-old KO animals.

Elbow joints from 36-week-old female and male KO mice also demonstrated thickened
articular cartilage, increased cell density, and SOX9 staining (data available upon request
from the corresponding author).

Formation of chondro-osseous nodules upon cartilage-specific deletion of Mig6

The formation of osteophyte-like chondro-osseous nodules in the knee joints was observed
in nearly all skeletally mature KO mice examined (data available upon request from the
corresponding author). At 4 weeks of age, knee joints from control and KO mice showed no
discernible differences by micro-CT (Figure 4A). However, by 12 weeks of age, all female
KO mice had developed visible nodules in at least 1 knee joint (data available upon request
from the corresponding author). These nodules appeared as enlarged growths associated
with the patella and patellar tendon (data available upon request from the corresponding
author). By 36 weeks of age, most KO animals had developed nodules in both knees that
prevented normal ambulation (data available upon request from the corresponding author);
we were unable to bend and extend these joints harvested from KO mice, but were able to
easily bend and extend the joints harvested from control mice.

At 12 weeks of age, micro-CT analyses identified calcified tissue in the joint space of KO
mice as a diffusely radiopaque material (Figure 4B). This tissue appeared to show less
intensity than bone and filled the anterior joint space and posterior areas of the joint (Figure
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4B). By 36 weeks, the nodules had developed an intensity similar to bone and had integrated
fully with the surrounding joint structure (Figure 4C).

Further examination of similar synovial joints by micro-CT showed no evidence of calcified
tissue in the elbow, ankle, or temporomandibular joint (TMJ) (Figure 4D). However, growths
along the spine were detected in multiple animals (Figures 4E-G) (additional data available
upon request from the corresponding author). Nodules at the base of the skull were observed
in KO animals, one of which seemed to integrate with the transverse ligament of C1 (atlas)
(Figure 4E). Fusion of the C7 vertebra with the T1 vertebra was observed in 1 of the KO
mice (Figure 4F). Another KO mouse developed nodules extending laterally from the
transverse processes of T10 and T11 (Figure 4G).

Histologically, the nodules appeared to be composed largely of highly cellular cartilaginous
tissue at earlier time points (12 weeks) (Figure 2A), staining strongly with Safranin O. As
the animals aged, histologic analysis showed a transition to a mixed chondro-osseous tissue
(36 weeks) (Figures 2B and 5A). Examination of sections under polarized light showed
strong red birefringence in the meniscus that transitioned to less intense birefringence in the
proteoglycan-rich regions of the nodules (Figure 5B). However, calcified regions of the
nodule showed strong birefringence similar to that of bone (data not shown). Highly positive
TRAP staining was observed in the areas bordering cartilaginous and ossified tissues in the
nodular growths from the knees of 12-week-old animals (Figure 5C).

Cells composing the nodules stained strongly for SOX9 (Figure 5D), Col2al (Figure 5E),
and PCNA (data available upon request from the corresponding author) at 12 weeks. Nodule
cells also showed intense staining for phospho-EGFR (Tyr-1173) at both 12 weeks (Figure
5F) and 36 weeks (Figure 5G).

Erosion of bone at ligament entheses in KO mice

Large lesions presenting as radiotransparent noncalcified or partially calcified tissue were
visible in the knee joints of MIG-6—-KO mice at the age of 12 and 36 weeks, but not at the
age of 4 weeks (Figures 6A-D). Histologic analysis revealed that the lesions were associated
with ligament entheses, particularly of the anterior and posterior cruciate ligaments (Figure
6E). In the anterior portion of the knee joint, highly cellular, fibrocartilage-like tissue with
poor staining for glycosaminoglycan content appeared to invade the subchondral bone via
the ligament entheses and did not seem to originate from the articular cartilage (Figures 2A,
B, E, and F and Figure 6E). Consistent with these observations, TRAP staining also
appeared to be increased in the areas of erosion associated with the ligament entheses
(Figure 6F). The growth plate may also be involved in nodular growths and erosion of bone,
as invading tissue was associated with a locally disrupted growth plate in severely affected
KO mice (Figures 2B, E, and F).

DISCUSSION

Data from this study suggest that disruption of Migé6 function in mouse cartilage leads to a
complex mixture of anabolic and catabolic effects in the joints. MIG-6 has been studied
extensively for its role as a tumor suppressor in cancer (36-38), but its role in joint
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development and homeostasis is not well understood, despite the striking joint phenotypes of
mice with ubiquitous or PrxI-Cre-driven Migé6 deletion (8,25-28). In the present study, we
selectively deleted Mig6 from chondrocytes using a Co/2al-driven Cre/lox-transgenic
mouse to examine the effects of Migé deletion in cartilage. Based on the available
information, we believe that all or most of the described phenotype in our KO mice was due
to increased EGFR signaling. We cannot, however, exclude the possibility that other cellular
pathways (e.g., signaling from other receptor tyrosine kinases) contribute to some degree.

Suppression of cellular proliferation by Mig6 has previously been shown under multiple
experimental conditions in vitro and in vivo (39-41), for example, in keratinocytes (25-27).
Our previous work demonstrated that EGFR activation by TGFa promotes proliferation in
cultured chondrocytes (15,18). Here, we demonstrated an increase in cellular density in the
articular cartilage and high cellularity in chondro-osseous nodules in the cartilage-specific
MIG-6-KO animals. Consistent with this finding, the increased staining for PCNA in KO
animals points to an increase in proliferation in the articular cartilage. Greater numbers of
cells expressing SOX9 and displaying EGFR activation (e.g., phospho-EGFR staining) were
present in both the articular cartilage and nodules from KO animals. An increase in SOX9
has also been shown in response to EGFR ligands (amphiregulin, HB-EGF, and others) in
human urethral cancer cells (42). Furthermore, a recent study has demonstrated that PrxZ-
Cre-driven deletion of Mig6 causes increased SOX9 and EGFR activation in cartilage as
well as increased cell proliferation in the knee joint (28), similar to what we found in the
present studies. In contrast, in our in vitro studies, TGFa was found to decrease Sox9
expression (15,18).

One potential explanation for these seemingly contradictory findings is that our previous
studies examined Sox9 messenger RNA levels on a per cell base, whereas here, we studied
the expression domain of SOX9 protein in tissue sections. It is therefore feasible to speculate
that the increased expression of SOX9 in our MIG-6—-KO mice is secondary to increased
chondrocyte proliferation, which results from activation of EGFR signaling.

With an increase in chondrocyte number in the articular cartilage of MIG-6—-KO animals, an
increase in cartilage thickness is not unexpected. Examination of picrosirius red staining
under polarized light revealed that the structure of the articular cartilage ECM in KO mice
was altered compared to that of control mice. The noncalcified articular cartilage of control
animals showed little red-orange birefringence, while that from KO animals showed
increased intensity, which may indicate a disruptive shift toward larger, organized collagen
fibers (33). The resultant altered stiffness of the cartilage may have an impact on the
structural integrity of the cartilage (43). Even so, we were surprised to find that even at 36
weeks of age, the degeneration of articular cartilage from the MIG-6-KO animals was far
milder than in previously described whole-body- and limb mesenchyme-targeted KO
animals (25,28). Increased subchondral bone stiffness can contribute to the degeneration of
overlying cartilage by subjecting it to increased load (2,44), and synovial tissue may also
secrete catabolic factors (2). Normal levels of MIG-6 in the bone and other joint tissues of
our animals could explain the lack of articular cartilage damage compared to whole-joint
levels in MIG-6-KO mice.
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However, the difference in cartilage thickness between KO and control mice was much less
pronounced at 36 weeks than at 12 weeks. Since the superficial zone appeared to be
structurally intact (although with decreased Safranin O staining), the relative loss of
cartilage in older KO mice might be due to an advance of the tidemark and, ultimately,
replacement of cartilage by bone through endochondral ossification. This model is supported
by increased TRAP staining in subchondral bone, as well as by earlier studies showing that
TGFa/EGFR signaling in cartilage promotes RANKL expression, osteoclast recruitment,
and cartilage-to-bone transition (12,13). Moreover, these data suggest a biphasic mode of
EGFR/MIG-6 signaling, where it initially promotes articular cartilage growth through
chondrocyte proliferation, but ultimately causes events associated with cartilage maturation
and replacement by bone.

Loss of Mig6 has been shown to induce the production of abnormal skeletal growths.
Whole-body KO of Migé6 leads to the formation of osteochondral nodules in the knee, ankle,
and TMJ (25,26). Conditional knockout of Mig6in the limb mesenchyme also results in
growths that have been described as central and lateral osteophytes in the knee, although
their presence in other joints was not reported (28). In our study, targeted deletion of Mig6in
chondrocytes resulted in the formation of chondro-osseous nodules primarily in the knee
joint. In contrast to previous findings (25,26), we did not identify abnormal calcified tissue
in any other appendicular synovial joints or in the TMJ. Histologic analysis also failed to
show abnormal tissue in the elbows of 36-week-old MI1G-6-KO animals. However, calcified
nodular growths were identified in the spine of 36-week-old animals, indicating that the
nodule phenotype is not restricted to the knees.

In many of the MI1G-6—KO animals used in this study, nodules did not form with the same
dynamics in both knees. Differences in size or complete absence of nodular formation in one
knee occurred in both sexes at 12 weeks of age. However, by 36 weeks, the nodules had
grown substantially and were present bilaterally in nearly every animal. Osteophytes, which
are similar to these nodules, commonly form as a result of surgical insult to the joint in many
rodent models (5-7), although usually not as exaggerated as in this study. Induction of
MIG-6 has been shown in canine impact models of OA (45,46) and induction of TGFa in rat
surgical models of OA (18), demonstrating that EGFR signaling is sensitive to joint injury
and mechanical stress. This may indicate that an insult to the joint is required to initiate the
process of abnormal growth, perhaps in a dysregulated attempt to repair localized damage.

One open question is the cellular origin of the nodules. Since cells in the nodules show high
levels of phospho-EGFR, it seems likely that they derive directly from cells in which the
Migé6 gene has been inactivated (e.g., in which type Il collagen—Cre is or was expressed).
This is further supported by the findings of our PCR analyses of genomic recombination.
While it is possible that Co/2al-Cre-mediated Migé6 deletion during development of the
synovium may also be involved (47), the lack of nodules observed in other synovial joints
indicates that a structure specific to the knee is most likely the source of this pathologic
change. Indeed, many nodules appear to start from the meniscus, which expresses Col2al
during its formation (48).
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Novel to this study, cartilage-specific MIG-6—KO mice developed erosive lesions
surrounding ligament entheses and exhibited increased TRAP staining in the trabeculae,
subchondral bone plate, and cartilaginous tissue—ossified tissue junctions that form in the
knee nodules of KO animals. The EGFR pathway has previously been identified as a
regulator of osteoclast recruitment to developing bone as a normal component in
endochondral ossification (12—-14,20). Diminished EGFR signaling through deletion of
TGFa or pharmacologic inhibition of EGFR results in decreased RANKL expression in
cartilage and decreased TRAP staining in the underlying trabecular bone (12,13,49).
However, it is still unclear how osteoclasts would be recruited and sustained at the ligament
entheses to create the levels of damage observed at such an early age in our MI1G-6—KO
animals.

Recent studies described by Staal et al (50) produced data in similar animal models that
support the results shown here. Taken together, these studies suggest that a fine balance in
EGFR signaling is required to maintain joint homeostasis. Under controlled conditions,
therapeutic agents that increase EGFR signaling may be a viable option for promoting
anabolic activity in articular cartilage. However, the complications of over-stimulation of the
EGFR pathway have been demonstrated here, and additional work is required to further
elucidate this complex pathway and its effects in cartilage and joint homeostasis.
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Figure 1.
Normal skeletal development in cartilage-specific mitogen-specific gene 6 (MIG-6)—

knockout (KO) mice and control mice. A, Presence of 433-bp polymerase chain reaction
product (indicating recombination) only in joint tissues, but not control tissues (such as the
liver), from heterozygous (HET) and KO mice as compared with wild-type (WT) control
mice. Nod. = nodule (ectopic growth). B, Photograph of representative 28-day-old (postnatal
day 28 [P28]) female control and KO mice used in the studies. Bar = 1 cm. C, Observed
(Obs.) genotype frequencies of male and female weanling (P21) mice, showing no
statistically significant difference from expected (Exp.) values (P = 0.280), by chi-square
test. D, Changes in the weights of mice from P21 to P252, showing no statistically
significant differences. E, Lengths of long bones obtained from 40-day-old mice, showing
no statistically significant differences. Values in D and E are the mean + SEM. F,
Representative alizarin red/Alcian blue—stained skeletons of 40-day-old mice. Bar = 1 cm.
G, Alizarin red/Alcian blue—stained knee joints from 40-day-old mice, showing normal joint
morphology but abnormal staining of the tissue anterior to the meniscus (arrow) in the KO
mouse. Images are representative of 5 or more mice per group. Bar = 1 mm.
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Figure 2.
Histologic evaluation of knee articular cartilage in 12-week-old and 36-week-old cartilage-

specific mitogen-specific gene 6-knockout (KO) mice and control mice. A-D, Safranin O-
fast green—stained sagittal sections of knee joints from 12-week-old (A and C) and 36-week-
old (B and D) mice show large chondro-osseous nodules (nod.) and bone infiltration
(arrowhead and arrow) in the KO mice. Images in C and D are higher-magnification views
of the boxed areas in A and B, respectively. E-H, Picrosirius red—stained sagittal sections of
the knee joints from 12-week-old (E and G) and 36-week-old (F and H) mice show tissue
infiltrating into bone (arrowhead and arrow) in the KO mice. Images in G and H are
higher-magnification views of the boxed areas in E and F, respectively, under polarized
light. Areas between the broken lines mark superficial and mid-zone cartilage. Images are
representative of 5 mice per group. Bars = 200 ym. 1, The average thickness of the articular
cartilage in the lateral femoral condyle (LFC), medial femoral condyle (MFC), lateral tibial
plateau (LTP), and medial tibial plateau (MTP) is significantly increased in the KO mice. J,
Cell density in the medial femoral condyle and medial tibial plateau are significantly
increased in the KO mice. Values in | and J are the mean + SEM. *** = p<0.001; **** =
£<0.0001 by two-way analysis of variance with Bonferroni multiple comparisons test.
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Figure 3.
Staining for anabolic/catabolic markers in the knees of 12-week-old and 36-week-old

cartilage-specific mitogen-specific gene 6—knockout (KO) mice and control mice.
Immunohistochemistry for SOX9 (A), Col2al (B), and phosphorylated epidermal growth
factor receptor (pEGFR; Tyr-1173) in 12-week-old animals, for pEGFR in 36-week-old
animals (D), and for tartrate-resistant acid phosphatase (TRAP) in the subchondral (E) and
trabecular (F) bone in 12-week-old animals was performed on joint sections from control
(top) and KO (bottom) mice. Images are representative of 5 mice per group. Bars = 100 zm.
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Figure 4.
Calcified nodules in the knee and spine of 12-week-old and 36-week-old cartilage-specific

mitogen-specific gene 6-knockout (KO) mice and control mice. Control and KO mice were
scanned by micro—computed tomography at the indicated ages. A-C, Sagittal plane
maximume-intensity projection (MIP) images (left) and 3-dimensional isosurface images
(right) obtained at age 4 weeks (A), 12 weeks (B), and 36 weeks (C), showing ectopic
calcified tissue (arrowheads and red manual contrast versus white for bone) and bone
erosion (arrow) in the KO mice. D, MIP images of 36-week-old mice. E-G, Three-
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dimensional isosurface images, showing the presence of calcified material (red manual
contrast versus white for bone) in some of the 36-week-old KO animals at the base of the
skull (E), as a fusion between the C7 and T1 vertebrae (F), and between the T10 and T11
vertebrae (G). Images are representative of 3 or more mice per group. Bars =1 mm in A-C
and E-G; 1cminD.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 March 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Pest et al.

Page 19

36 Weeks 36 Weeks 12 Weeks

12 Weeks

Rl L

Y

SOX9 COL2A1 pEGFR

Figure 5.
Histology of nodular growths in 12-week-old and 36-week-old cartilage-specific mitogen-

specific gene 6-knockout (KO) mice. A, Safranin O (SafO)-fast green stained sections of
knee joints from a 36-week-old KO mouse with a nodule. Image at the right is a higher-
magnification view of the boxed area in the image at the left. B, Polarized light microscopy
[pol.] of a picrosirius red (Picro)—stained nodule (nod.) adjacent to the anterior meniscus
(menis.; delineated by the broken line) in section from a 36-week-old KO mouse. C,
Tartrate-resistant acid phosphatase (TRAP)-stained nodule in a section from a 12-week-old
KO mouse. D-G, Immunohistochemistry for SOX9 (D), Col2al (E), and phosphorylated
epidermal growth factor receptor (pEGFR; Tyr-1173) in nodule sections from a 12-week-old
female KO mouse and for phospho-EGFR in a nodule section from a 36-week-old female
KO mouse. Images are representative of 5 mice per group. Bars = 100 gm.
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Bone erosion in the knee joints of female 12-week-old and 36-week-old cartilage-specific
mitogen-specific gene 6-knockout (KO) mice and control mice. Control and KO mice were
scanned by micro—computed tomography at the indicated ages. A—-C, Frontal maximum
intensity projection (MIP) images obtained at age 4 weeks (A), 12 weeks (B), and 36 weeks
(C), showing erosions at the insertion of the cruciate ligament (arrows) in KO mice. D,

E‘:> Three-dimensional isosurface images of 12-week-old control and KO mice, showing erosion

§ of the femur (arrowheads) in the posterior portion of the knee joint of the KO mouse. E,

% Toluidine blue—stained frontal knee joint sections from 12-week-old control and KO mice,

@ showing a subchondral cyst (asterisk), bone erosion (arrowheads), and abnormal tissue

g (arrow) at the insertion of the femoral cruciate ligament in the KO mouse. Images at the

Q bottom are higher-magnification views of the boxed areas in the images at the top. F,

=1 Tartrate-resistant acid phosphatase (TRAP)-stained section of ligament enthesis from 12-
week-old control and KO mice, showing increased staining in the areas of erosion associated
with the ligament entheses (arrowheads). Images are representative of 3 mice per group in
A-D and 5 mice per group in E and F. Bars =1 mm in A-D; 200 ym in E and F.
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