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Cartilage-specific deletion of Mig-6 results in
osteoarthritis-like disorder with excessive
articular chondrocyte proliferation
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A deficiency of mitogen-inducible gene-6 (Mig-6) in mice leads to the
development of an early-onset, osteoarthritis (OA)-like disorder in
multiple synovial joints, underlying its importance in maintaining joint
homeostasis. Here we determined what joint tissues Mig-6 is
expressed in and what role chondrocytes play in the Mig-6-deficient
OA-like disorder. A Mig-6/lacZ reporter mouse strain expressing f-ga-
lactosidase under the control of the Mig-6 gene promoter was gener-
ated to determine Mig-6 expression in joint tissues. By f§-galactosidase
staining, we demonstrated that Mig-6 was uniquely expressed in the
cells across the entire surface of the synovial joint cavity, including
chondrocytes in the superficial zone of articular cartilage and in the
meniscus, as well as synovial lining cells. By crossing Mig-6-floxed mice
to Col2a1-Cre transgenic mice, to generate cartilage-specific deletion
of Mig-6, we demonstrated that deficiency of Mig-6 in the chondro-
cytes results in a joint phenotype that only partially recapitulates the
OA-like disorder of the Mig-6-deficient mice: Ubiquitous deletion of
Mig-6 led to the OA-like disorder in multiple joints, whereas cartilage-
specific deletion affected the knees but rarely other joints. Further-
more, chondrocytes with Mig-6 deficiency showed excessive prolifer-
ative activities along with enhanced EGF receptor signaling in the
articular cartilage and in the abnormally formed osteophytes. Our
findings provide insight into the crucial requirement for Mig-6 in main-
taining joint homeostasis and in regulating chondrocyte activities in
the synovial joints. Our data also suggest that other cell types are
required for fully developing the Mig-6—deficient OA-like disorder.
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M itogen-inducible gene-6 (Mig-6) is an immediate early re-
sponse gene encoding a scaffolding adaptor protein which
fine-tunes receptor tyrosine kinase (RTK) signaling such as that
of epidermal growth factor receptor (EGFR) and MET (1, 2). Its
expression can be induced by growth factors including epidermal
growth factor (EGF) and transforming growth factor alpha
(TGF-a), as well as by many forms of stress stimuli, such as
mechanical force (1). Mig-6 is best known for its ability to at-
tenuate EGFR signaling via a negative feedback loop by inter-
acting with EGFR and its downstream signaling molecules (3-7).
It may function as a tumor suppressor and play roles in de-
velopmental and physiological processes such as skin morpho-
genesis and lung development (8-10). Mig-6 plays an essential
role in the postnatal synovial joints: Mice with a Mig-6 deficiency
develop early-onset osteoarthritis (OA)-like disorder in the knee,
ankle, and temporal-mandibular joint (TMJ) (11). An increase
of Mig-6 expression is found in canine osteoarthritic cartilage
(12, 13); this is likely due to activation of certain growth factor
signaling and/or mechanical stress that induces the expression
of Mig-6 for protecting joint integrity. These data underline
the importance of Mig-6 in maintaining joint homeostasis,
and also indicate a potentially crucial role for Mig-6 in OA
pathogenesis.

OA is the most common form of joint disease in humans (14),
and can be triggered and influenced by diverse factors (15-17).
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Nonetheless, the mechanism underlying OA onset and progression
is still poorly understood. The core pathological changes in OA
include articular cartilage degradation and formation of osteo-
phyte (also known as bony outgrowth) and subchondral cysts
(17-20), which can all be observed in the Mig-6—deficient syno-
vial joints (11). Chondrocytes in the articular cartilage synthesize
many cartilage proteins for building the extracellular matrix (ECM)
network that is responsible for withstanding biomechanical force.
They also secrete various anabolic and catabolic cytokines or
growth factors, as well as diverse proteases such as matrix met-
alloproteinases, for ECM remodeling, thereby maintaining a
healthy and elastic cartilage structure (20). An imbalance of
those chondrocyte-derived factors may impose an unwanted
turnover of the ECM, leading to the breakdown of the cartilage
structure and thus to OA (20). Besides chondrocytes, many other
cells in the synovial joints may also participate in the patho-
genesis of OA (17).

In this study, we determined what cells in the joint tissues
express Mig-6 and what role chondrocytes may play in de-
veloping a Mig-6—deficient OA-like phenotype. For determining
Mig-6 expression in joint tissues by p-galactosidase staining, we
generated a Mig-6/lacZ reporter mouse strain that expressed
B-galactosidase under the control of the Mig-6 gene promoter.
We crossed Mig-6—floxed mice to Col2al-Cre transgenic mice
(21) for the conditional deletion of Mig-6 in chondrocytes, and
determined how chondrocytes participate in the pathogenesis of
the Mig-6—deficient OA-like disorder.

Significance

Mitogen-inducible gene 6 (Mig-6) was found to be an impor-
tant factor in maintaining joint homeostasis, and its loss in mice
results in the development of an osteoarthritis (OA)-like dis-
order in multiple synovial joints. However, it was unclear in
what cells Mig-6 was expressed and what cells were causal for
developing the OA-like phenotype. Here we report that Mig-6
is uniquely expressed in the cells surrounding entire surface
of the synovial joint, including chondrocytes in the superficial
zone of the articular cartilage and in the meniscus, and synovial
lining cells. We found that although chondrocytes play a critical
role in developing the OA-like disorder in the knees, other
cell types are likely required for full development of the
Mig-6-deficient joint phenotype.
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Results

Generation of Mig-6/lacZ Reporter Mice. Mig-6 deficiency in mice
leads to the development of OA-like disorder in multiple syno-
vial joints (11), but the origin of the cells causing this phenotype
are not yet known. Identifying the cells expressing Mig-6 will be
a key to understanding the mechanism underlying OA onset and
progression. To determine where and when Mig-6 is expressed in
the synovial joints, we engineered a mouse strain in which the
pB-galactosidase (lacZ reporter) was inserted into the Mig-6 gene
locus under the control of the Mig-6 promoter (Mig-6/lacZ allele)
(Fig. 14). For both ES clones and Mig-6/lacZ reporter mice,
allele-specific PCR was performed to confirm the proper ho-
mologous recombination between the targeting vector and the
wild-type allele of Mig-6 (Fig. 1B). Both the pl-p2 and p3—p8
primer pairs are specific for the Mig-6/lacZ allele, and amplifi-
cation was observed in the Mig-6“?/* and Mig-6"““"*Z ES clones
and mice, but not in the wild-type (Mig-6"'*) (Fig. 1B).

We then performed p-galactosidase staining to reveal the lacZ
reporter activity, which is the indication of Mig-6 expression in
the cells. The lacZ reporter activity was detected in the day-16
joints of Mig-6""“?"*Z embryo (Fig. 1C). A similar staining pat-
tern was also observed in the 2-wk-old knee joints of Mig-6"““%*
mouse (Fig. 1D). Specifically, the cells with high lacZ activity
cover the entire surface of the joint cavity, including the chon-
drocytes in the superficial zone of articular cartilage and in the
surface layer of meniscus, as well as the synovial lining cells (Fig.
1E). In the articular cartilage, the intensity of the lacZ staining
decreased dramatically for chondrocytes in the middle zone and
almost undetected in the deep zone (Fig. 1E). These data in-
dicate that Mig-6 is uniquely expressed in the cells across the
surface of joint cavity to maintain joint homeostasis, and losing
Mig-6 activity in some or all of these cells is likely responsible for
developing the OA-like phenotype (11).

Generation of Mig-6-Floxed Mice. To determine which cell type is
causal for the osteoarthritic phenotype in Mig-6 7'~ joints (11), we
generated another Mig-6 mouse strain that carried flox alleles
for tissue-specific deletion of Mig-6 (Fig. 24). To generate the
Mig-6-floxed mice, we first established ES cells carrying the
targeted allele (Mig-6""*) and generated Mig-6""+ mice (Fig. 2
A and B). Both ES cells and mice carrying the targeted alleles
were confirmed by allele-specific PCR to assure proper homol-
ogous recombination. Both pl-p2 and p3-p4 primer pairs, for
the 5" and 3’ homologous recombination respectively, specifically
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amplified the targeted alleles (Mig-6"*"* and Mig-6""""") but
not the wild type (Mig-6*'*) (Fig. 2B).

We then crossed Mig-6"""* mice to FLPeR mice expressing
Flp recombinase (22) to generate Mig-6"“"*;Flp""* mice. The Flp
recombinase excised the PGK-NEO cassette by recognizing the
two flanking Flippase recognition target (FRT) sequences,
resulting in the generation of Mig-6—flox allele (Fig. 24). The
success of PGK-NEO excision was confirmed by PCR using p5—
p9 primer pair, which specifically amplified the targeted allele
(Mig-6"""*) but not the floxed allele (Mig-6"*""* and Mig-6/"'*)
(Fig. 2C). Because the floxed alleles are carried in the germ line,
we inbred the Mig-6"""*.Flp'/* mice to establish the Mig-6—
floxed mice without the Flp transgene (Mig-6""""*), which were
used for tissue-specific deletion of Mig-6.

To make sure that the floxed allele worked properly, we
crossed Mig-6"""°* mice to the CMV-Cre transgenic mice ubig-
uitously expressing Cre recombinase (23), which recognizes the
two LoxP sites for the deletion of the Mig-6 exons 2-4. Complete
deletion of Mig-6 was confirmed in the Mig-6A/ A-CMVC™ mouse, as
Mig-6 expression was not detected in the tissues derived from the
Mig-6~*;CMV™ mouse but in those of control one (Mig-6"';
CMV*™) (Fig. 2 D and E). Moreover, the Mig-6";CMV“" mice
developed OA-like disorder in multiple synovial joints, including
the knee, ankle, and TMJ, recapitulating the joint phenotype ob-
served in the Mig-6~'~ mice (Figs. 2 and 3).

Development of OA-Like Disorder in Knee Joints with Cartilage-
Specific Deletion of Mig-6. Because Mig-6 expression was high in
the chondrocytes in the articular cartilage and meniscus, we asked
whether they were the cells causing the pathological changes in
Mig-6-deficient joints. We crossed Mig-6"""* mice to Col2al-Cre
transgenic mice (21) to generate Mig-6""""/"*;Col2a1°™ mice,
in which Mig-6 is deleted in the chondrogenic cells (Fig. 34).
Whereas the majority of the Mig-6—deficient mice (Mig-6’/’ and
Mig-6*"%,CMV<") died within 6 mo of age (11), Mig-6""/o*,;
Col2al1“™ mice lived much longer, with the majority living more
than a year. Histopathologically, we observed osteoarthritic changes
in the knee joints of Mig-6""°%:Col2a1“"* mice from ages of
3 mo to over 1y, indicating that chondrocytes do play a role in
developing Mig-6—deficient OA-like disorder in their knee joints.
These pathological abnormalities, including osteophytes, articular
cartilage degradation, and subchondral cyst formation (Fig. 3B),
were similar to those observed in the knee joints of Mig-6~'~ (11)
and Mig-6~"*;CMV" mice (Fig. 2F).
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Fig. 1. Generation of Mig-6/lacZ reporter mice
and determination of Mig-6-expressing cells in sy-
novial joints. (A) The strategy for constructing the
targeting vector to generate Mig-6/lacZ reporter
mice. (B) Allele-specific PCR confirmation of the
Mig-6/lacZ alleles (lacZ/+ and lacZ/lacZ) in the ES
clones and the resulting mice. The p1-p2 and p3-p8
primer pairs amplified a 5-kb and a 3-kb DNA
BT - fragment, respectively, both specific for the Mig-6/
e ‘;s' lacZ alleles after proper homologous recombina-
_’,’-"v\ tion. The p5-p6 primers were used for PCR geno-
: ,’.,f”f' {I,‘ typing to distinguish the wild-type (WT) and Mig-6/
- £

Meniscus

lacZ alleles. (C) p-gal staining of the day-16 em-
bryonic Mig-6*"* and Mig-6""2Z knee joints. (D)
B-gal staining of 2-wk-old Mig-6** and Mig-6'2%'+
knee joints. High lacZ reporter activity was detected
across the entire surface of the joint cavity. (E) High-
< magnification images of Mig-6-expressing cells in-

} 'F_ cluding the articular chondrocytes, chondrocytes
T in the meniscus, and the synovial lining cells (arrows)
(2-weeks Mig-6 ) in a 2-wk-old Mig-6""?"* knee joint.
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Fig. 2. Generation and characterization of Mig-6-floxed mice. (A) The strategy for the generation of Mig-6-floxed mice. (B) Confirmation of proper
homologous recombination by allele-specific PCR. Genomic DNA from ES clones and the resulting mice was used for PCR amplification with primer pairs
(p1-p2 and p3-p4) specific for the targeted alleles (Tar/+ and Tar/Tar). The p7-p8 primer pair was used for distinguishing between WT and the targeted
allele. (C) PCR confirmation of the Mig-6—flox allele using mouse tail DNA. The p5-p9 primers specifically amplified the targeted allele, whereas the p5-
p6 pair separated the WT and floxed alleles. (D) Deletion of Mig-6 in Mig-6*2;CMV*" mice by crossing Mig-6-floxed mice to CMV-cre mice. The p5-p8
primers detected the mutant alleles (Mig-6*> and Mig-6*'*), and the p7-p8 pair detected the WT allele. The presence of CMV-Cre was determined by
Cre-specific PCR. (E) RT-PCR detection of Mig-6 expression in the tissues of the Mig-6*"*;CMV"® and Mig-6*"*;CMV*"® mice. Actin was used as an internal
control. (F) Knee joints from 3.6-mo-old Mig-6*"*;CMV*™ and Mig-6*2;CMV*"™ mice; Mig-6*;CMV™® mice developed OA-like disorder, phenocopying

Mig-6"" mice.

To our surprise, other synovial joints such as the ankle and
TMJ were rarely affected in the Mig-6/">""*;Col2a1“" mice (Fig.
3 C and D). Even after 15 mo of age, we rarely found osteophyte
formation in the ankles of Mig-6""*:Col2a1¢"¢ mice, but the
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Fig. 3. Cartilage-specific deletion of Mig-6 results in OA-like phenotype in
the knee joints. (A) PCR genotyping of tail DNA from a Mig-67of°%;
Col2a1" mouse and from control mice using the p5-p7-p8 triple primer
combination. The p5-p8 primers detected the mutant allele, whereas the
p7-p8 primers detected and distinguished floxed and WT alleles. *Note: Only
a small population of cells in the tails expresses Col2al and thus Cre
recombinase; floxed alleles were unmodified in the cells without Cre ex-
pression, resulting in PCR detection of a weak signal for the mutant allele
together with a strong signal for the flox allele in the Mig-6"":Col2a1"
tail. (B) Knee joints from Mig-67°*;Col2a1® mice and Mig-67°f°%;
Col2a1™ mice at the indicated ages. (C) Ankles from Mig-6""+:Col2a1"®
and Mig-6"2/fX:Col2a1" mice at 15.3 mo, and from Mig-6**;CMV<"® and
Mig-6*%,CMVE mice at 3.7 mo. (D) TMJs from Mig-6"%"+;Col2a1"¢ and
Mig-6"¥/°%.C0/2a1¢" mice at 3 and 6 mo, from Mig-6*'~ and Mig-6="~ mice
at 1 mo, and from a Mig-6**;CMV"® mouse at 3.6 mo. Osteophytes are in-
dicated by “Nod” and subchondral cysts by “Cyst”.
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ankles of Mig-6™*;CMV“™ mice showed extensive changes (swelling,
stiffness, osteophytes, etc.) (Fig. 3C), resembling those found in
Mig-67'~ mice (11). The rarity of OA-like penetration in the TMJ
(Fig. 3D) likely explains why the majority of Mig-6"/"*;Col2al "
mice can live much longer than the Mig-6-deficient mice (11).
These data suggest that, although chondrocytes play a role in
developing OA-like disorder in the Mig-6—deficient knee joint,
other cell types are likely responsible for fully developing the
Mig-6—deficient joint phenotype.

Thickening of Articular Cartilage and an Increase of Chondrocytes in
Mig-6™°*'°%:Col2a1°® Knees. To determine whether deletion of
Mig-6 in the chondrocyte affects the production of extracellular
matrix in the knee joint, we used Safranin O staining to detect
proteoglycans, a major ECM component in cartilage. We found
that the thickness of articular cartilage that was positive for
proteoglycans was much wider in the Mig-6"*:Col2a1" knee
than in the Mig-6"""*;Col2a1" control knee, especially at older
ages (Fig. 44). The osteophytes formed in the Mig-6/>"*;
Col2al“™ knee also synthesized an abundance of proteoglycans
(Fig. 4A4). Proteoglycan distribution was not significantly differ-
ent in the growth plates of the Mig-6"*"°*;Col2a1" mice versus
the growth plates of their control littermates (Fig. 44). Also,
more collagen I was detected across the articular cartilage in the
Mig-6""1°%,Col2a 1" mice than in Mig-6""*;Col2a1°" control
mice, although no such difference was observed in their growth
plates (Fig. 4B). The efficiency of cartilage specific deletion of
Mig-6 was determined by immunohistochemical (IHC) staining
of Mig-6 in the joint tissues. As shown in Fig. 4C, Mig-6 was
detected in the surface layers of the articular cartilage and the
adjacent cells in the Mig-6""+;Col2al1™ knee joints (Fig. 4C),
a pattern that is similar to what was observed in the Mig-6/lacZ
reporter mice (Fig. 1). In contrast, we observed no Mig-6 ex-
pression in the chondrocytes in the articular cartilage and in the
osteophytes of the Mig-6"""*;Col2a1" knee joints (Fig. 4C).
To further study Mig-6"%:Col2a1“" knees versus Mig-6"";
Col2a1°" control knees, we took mice between 13.9 and 16.1 mo
of age and compared their articular cartilage thicknesses. We
found that the distance between the articular surface and the
tidemark was much wider in the Mig-6"""**:Col2a1°" femurs

Staal et al.
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Fig. 4. Proteoglycan and collagen Il distributions and detection of Mig-6
expression in the knee joints of Mig-6"*1*:Col2a1<" and the control mice.
(A) Safranin O staining was used to detect proteoglycan in the knee joints of
the Mig-6""+;Col2a1" and Mig-6"""f°:Col2a1" mice at 3 and 15.3 mo of
age. The osteophytes (labeled “nod”) in the Mig-6"°*°%;Col2a1® joints at
both ages produced an abundance of proteoglycans. The thickness of the
proteoglycan-positive articular cartilage (AC) in both the femur and tibia
was significantly increased in the Mig-6"""f°%:Col2a1" joints especially in
older mice, relative to those of Mig-67°*;Col2a1control joints. The dis-
tribution of proteoglycans in the growth plates (GP) of both strains
appeared similar. (B) IHC staining of collagen Il in the articular cartilage and
growth plate of 3-mo-old Mig-6"°"*;Col2a1<"® and Mig-6"*'"°%;Col2a1¢"®
knee joints. (C) Detection of Mig-6 expression in the Mig-6"*:Col2a1™
and Mig-6"°f1°%;Col2a1" knee joints by IHC staining. The arrows indicate
representative positively stained cells.

and tibias (Fig. 5 A and B). Furthermore, the number of chondro-
cytes in the articular cartilage above the tidemark was two- to
threefold higher in the Mig-6"""°*;Col2a1" femurs and tibias
than in control joints (Fig. 5C). These data indicate that deletion
of Mig-6 in the chondrogenic cells results in chondrocyte over-
proliferation in the articular cartilage, leading to its thickening
and to increased production of proteoglycan and collagen II.

Osteophyte Development Resembles Endochondral Ossification. Be-
sides the thickening of articular cartilage, the most prominent
pathological change in mice having chondrocyte-specific deletion
of Mig-6 was the development of osteophytes within the knee
joints (see Figs. 3 and 4). To determine how these osteophytes

Fig. 5. Chondrocyte-specific deletion of Mig-6 re-
sulted in thickening of articular cartilage accom-
panying increase of chondrocyte numbers. (A) Rep-
resentative knee joints of the Mig-6"°*"*;Col2a1<"
and Mig-6"fX:Co/2a1" mice (age 16.1 mo) are
shown. The arrows indicate the tidemarks, and the
yellow bars measure the distance between the
tidemark and the surface of the articular cartilage.
(B) The distance between the articular surface and
the tidemark is significantly increased in both fe-
murs and tibias of Mig-67*"°%;Col2a1"® mice. (C)
The number of chondrocytes in the articular carti-
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formed, we used IHC staining of collagens type II and X, as well
as the proliferative cell marker proliferating cell nuclear antigen
(PCNA). In the middle zone of the osteophyte were hypertro-
phic chondrocytes that stained positive for collagen type X,
surrounded by many collagen II-positive chondrocytes (Fig. 6 4
and B). In the older mice, the regions in the inner zone sur-
rounded by the hypertrophic chondrocytes appeared with no
viable cells, but only matrix (Fig. 6B). These regions were likely
undergoing mineralization, as previously observed in the osteo-
phytes of Mig-67~ mice (11). PCNA staining showed proliferating
cells at the edge of the osteophytes as well as around the articular
cartilage in the Mig-6"""*;Col2a1“" knee joint (Fig. 6C). The
development of osteophytes in the Mig-6~'~ and Mig-6""°%;
Col2a1°" mice appears to resemble endochondral ossification,
an important bone development process (24, 25).

Detection of Enhanced EGFR Signaling in the Mig-6-Deficient
Chondrocytes. Mig-6 is known to be a negative regulator of the
EGFR pathway in other tissues, so we asked whether EGFR
signaling was affected by the deficiency of Mig-6 in the chon-
drocytes. We found that the chondrocytes in the superficial zone
of articular cartilage as well as in the osteophytes of the Mig-6"*""*;
Col2al“™ knee joint showed significantly elevated EGFR phos-
phorylation, which was hardly detected in the Mig-6""*;Col2a1"
control knee (Fig. 6D). Furthermore, an increased phosphorylation
of extracellular-signal-regulated kinase (ERK), a key signaling
molecule downstream of EGFR, was also observed along with
the elevated p-EGFR in those Mig-6—deficient chondrocytes in
the Mig-6/""1"%;Col2a1“" knee joint (Fig. 6D). Taken together,
these data suggest that the joint disorder in mice with cartilage-
specific deletion of Mig-6 might be due to overactivation of EGFR
signaling in the chondrocytes in which Mig-6 is normally
expressed.

Discussion

Mice with Mig-6 deficiency develop early-onset OA-like disorder
in the synovial joints (11), as well as neoplasia in various tissues
(8, 9). More effort has been made to understand the role of Mig-6
as a tumor suppressor in cancers, but studies of its role in joint
homeostasis has been limited. Mig-6 is essential for maintaining
the integrity of postnatal synovial joints, and loss of its activity
leads to the formation of large osteophytes along with degra-
dation of articular cartilage and subchondral cyst formation in
the joints including knee, ankle, and TMJ (11).

How Mig-6 exerts its protective activity in the synovial joints
and in what cells its activity is required are two fundamental
questions. Addressing these questions will lead to a better un-
derstanding of the role of Mig-6 in the maintenance of joint
homeostasis and in the pathogenesis of OA. In this study, we
generated a Mig-6/lacZ reporter mouse strain that allows precise
determination of when and in what cells Mig-6 is expressed. The
expression pattern of Mig-6 in the joint turned out to be unique.
A high level of p-galactosidase activity was detected in the cells
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Fig. 6. Detection of collagens type Il, type X, PCNA, p-EGFR, and p-ERK in
the Mig-6"f°%:Col2a1"® knee joint. Strong staining of collagen II was
detected within the osteophytes (labeled “nod”) in both 3-mo-old (A) and
15.3-mo-old (B) knee joints. In the inner zones of the osteophytes were
collagen X-positive hypertrophic chondrocytes surrounded by collagen
Il-positive chondrocytes. (C) Detection of proliferating cells in the osteophytes
and articular cartilage by IHC staining of PCNA in knee joint sections derived
from Mig-6""*;Col2a1"® and Mig-6"'°%;Col2a1"® mice at 3 mo of age.
The PCNA-positive cells were detected in osteophytes and around the ar-
ticular cartilage (AC) in the Mig-67°*/f°%:Col2a1<" knee. (D) Detection of
p-EGFR and p-ERK in the Mig-67"°*;Col2a1"® and Mig-6""":Col2a1"® knee
joints by IHC staining. The arrows indicate representative positively stained
(brown) cells.

covering the entire surface of synovial joint cavity, including the
chondrocytes in the superficial zone of articular cartilage and in
the outer layer of meniscus, as well as the synovial lining cells
(Fig. 1). These cells are required for in maintaining a healthy
joint. We assume that this expression pattern can explain the
OA-like phenotype developed in Mig-6—deficient joints, because
the affected regions are where Mig-6 is expressed. Even though
the osteoarthritic changes in Mig-6—deficient mice can be ob-
served at about one month of age, a similar Mig-6 expression
pattern is found in the prenatal day-16 embryonic joint. These
data suggest that Mig-6 activity in these cells is intrinsic for the
joints. The onset of the OA-like phenotype in Mig-6—deficient
mice likely involves other postnatal factors, such as the mechanical
stress on the joints in postnatal activities.

Knowing that Mig-6 is expressed in the chondrocytes of ar-
ticular cartilage and the adjacent locations, we sought to de-
termine what role chondrocytes might be playing in the onset
and progression of OA-like disorder in Mig-6—deficient joints. A
change in the behavior of chondrocytes in the articular cartilage
is believed to play an important role during OA pathogenesis
(18-20). We conditionally deleted Mig-6 in the chondrogenic
cells and, to our surprise, found that the joint phenotype only
partially recapitulated the OA-like disorder of mice with complete
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deletion of Mig-6. Thus, deletion of Mig-6 in chondrocytes alone
might not be sufficient for the onset of the disorder in the joints
other than the knee, and other cell types must be involved in
developing Mig-6—deficient OA-like phenotype in multiple sy-
novial joints. The key to explaining this phenotypic difference
likely lies in the meniscus, because the osteophytes formed in
the knee were mostly close to or extended from the meniscus,
whose surface chondrocytes display significant Mig-6 activity.

Osteophyte formation was the most profound pathological
change observed in the knee joints of Mig-6""%:Col2a1“" mice.
The osteophyte is a common pathological feature in OA and is
one of the defining criteria for diagnosis in humans (26). The
formation of osteophytes in Mig-6—deficient joints closely re-
sembled endochondral ossification, a bone-development process
especially important for long bone growth (24, 25). The osteo-
phytes appeared at the edge of meniscus as newly formed cartilage
rich in proteoglycans and collagens, followed by chondrocyte
maturation, hypertrophy, and mineralization. The formation of
osteophytes is likely the result of inappropriate cell proliferation
in the absence of Mig-6; such proliferative activity was also seen
around the articular cartilage. Recently, it was reported that
specific deletion of Mig-6 in the limbs (Mig-6—flox;Prx]1™ mice)
results in a similar articular cartilage thickening and increased
proliferation of chondrocytes (27). Mig-6 deficiency may also
lead to defects in ECM remodeling by affecting the production
of anabolic and catabolic factors as well as proteases from the
chondrocytes, thereby affecting the health of the articular cartilage.

Another critical unanswered question is: what signaling path-
way(s) is responsible for the onset and progression of the OA-
like phenotype in Mig-6—deficient joints? The most well-established
role for Mig-6 in cancer cells is as a negative feedback regulator
of EGFR (3-6), and EGFR signaling is known to play an im-
portant role in bone development (28-31). TGF-a, one of the
ligands for EGFR, has been reported to be increased in human
osteoarthritic joints (32), and it can induce articular cartilage
degradation in animal models (33, 34). EGFR signaling appears
to be activated in the chondrocytes of the articular cartilage and
in the osteophyte of the Mig-6"""1"*:Col2a1“" knee joints
(Fig. 6D). Therefore, it is possible that overactivation of EGFR
signaling plays a role in the development of the OA-like disorder
in the Mig-6-deficient joints.

In conclusion, our study demonstrates that Mig-6 is expressed
in the cells across the entire surface of the synovial joints and
that chondrocyte-specific deletion of Mig-6 results in a partial
Mig-6—deficient OA-like phenotype. Our findings lay the ground-
work for understanding the role of Mig-6 in the maintenance of
joint homeostasis and in the pathogenesis of OA. Our findings
also indicate the involvement of other cells in fully developing
a Mig-6—deficient OA-like phenotype.

Materials and Methods

Generation of Mig-6/lacZ Reporter Mice. The pPNT vector (35) was used as
a backbone for constructing the Mig-6/lacZ targeting vector. Briefly, a 5-kb
genomic DNA fragment upstream of exon 2 and a 3-kb fragment down-
stream of exon 3 were inserted into the pPNT vector, serving as the 5’ and 3’
homologous recombination arms, respectively. Between the two recombi-
nation arms was a DNA cassette containing lacZ reporter (-galactosidase),
PGK-Neo, and exons 2 and 3 of the Mig-6 gene, flanked by LoxP and FRT
sequences. The lacZ reporter sequence was led by a splicing adaptor (SA) se-
quence derived from the junction of Mig-6 intron 1 and exon 2, and followed
by a SV40 poly-A signal. The targeting vector was confirmed by sequencing
and linearized by unique Notl digestion for transfecting 129Sv embryonic stem
(ES) cells by electroporation. After neomycin selection, positive ES clones were
screened and used for generating Mig-6/lacZ reporter mice. The proper ho-
mologous recombination in the ES cells and mice was confirmed by PCR using
Platinum PCR SuperMix High Fidelity (Invitrogen) and the primers listed in
Table S1.
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Generation of Mig-6-Floxed Mice. To construct the Mig-6 targeting vector,
a 2.5-kb genomic DNA fragment downstream of the exon 4 was first inserted
between the BamHI and EcoRl sites in the pPNT vector, and it served as the 3’
homologous recombination arm. Next, a Mig-6 gene sequence containing
exons 2-4 was flanked by an FRT and a LoxP sequence and was inserted into
the Xhol and BamHl sites in the pPNT vector containing the 3’ recombination
arm. Lastly, a DNA cassette containing a 5-kb Mig-6 genomic DNA fragment
upstream of the exon 2 (serving as the 5" homologous recombination arm),
a LoxP and a FRT sequence, and the PGK-Neo was constructed into the
pBluescript Il SK vector (Stratagene), and then transferred into the pPNT
vector derivative between the Notl and Xhol sites. The resulted targeting
vector was confirmed by sequencing and used for generating Mig-6—floxed
ES cells and mice. The primers used for confirmation of proper homologous
recombination and genotyping are listed in Table S1.

Sources of Other Mouse Strains. Co/2a7-Cre transgenic mice, which express
Cre recombinase under the control of the mouse type Il collagen gene
(Col2aT1) regulatory regions (21); CMV-Cre transgenic mice, which express Cre
under the control of a human cytomegalovirus minimal promoter (CMV)
(23); and FLPeR mice (22) were all obtained from The Jackson Laboratory.
The Mig-6~"~ mice have been described (11). All mouse studies were ap-
proved by the Institutional Animal Care and Use Committee of Van Andel
Research Institute.

PCR Genotyping and RT-PCR. For routine genotyping, genomic DNA was
extracted from mouse tails, and PCR was performed using GoTaq Green
Master Mix (Promega). For RT-PCR analysis, total RNA was extracted from
mouse tissue using TRIzol reagent (Invitrogen), first-strand cDNA was syn-
thesized from 1 pg of RNA using SuperScript Il Reverse Transcriptase (Invi-
trogen), and then PCR amplification was performed using the following
primer pairs: Mig6-F and Mig6-R for Mig-6, and Actin-F and Actin-R for
mouse p-actin (see Table S1 for primer sequences).

Skeletal Preparation and Histology. Mouse limbs and skulls were harvested,
trimmed to remove skin and soft tissues, fixed in formalin overnight, decalcified
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in Immunocal (Decal Chemical Corp) for a week at 4 °C, and embedded in
paraffin. The formalin-fixed paraffin-embedded (FFPE) blocks were cut for
preparation of 5-um sections. The sections were stained with hematoxylin
and eosin (H&E) for histological analyses. Safranin O staining was used for
detection of proteoglycan in the cartilage.

Immunohistochemistry. The FFPE sections were deparaffinized and incubated
in 0.5 M glacial acetic acid containing 0.1% pepsin for 2 h at 37 °C for antigen
retrieval. The immunohistochemical staining was performed using a M.O.M.
kit and a VECTASTAIN ABC kit, and was visualized using a DAB Peroxidase
Substrate kit (Vector Laboratories). The primary antibodies used were anti-
bodies against PCNA (Santa Cruz Biotechnology), collagen type Il (Chemicon
International), collagen type X (Quartett), Mig-6 (Proteintech), p-EGFR, and
p-ERK (Cell Signaling). Sections were counterstained with Methyl Green.
PCNA staining was done without antigen retrieval. For Mig-6, p-EGFR and
p-ERK staining, antigen retrieval was done by incubating FFPE sections in
Digest-All 1 (Ficin Solution; Invitrogen) for 10 min at 37 °C.

p-Galactosidase Staining. Embryos and limbs were embedded in optimal
cutting temperature (OCT) compound on dry ice, and 5-um frozen sections
were prepared for p-galactosidase staining. Briefly, frozen sections were
fixed for 5 min in PBS containing 2% (wt/vol) paraformaldehyde and 0.125%
glutaraldehyde. The sections were stained at room temperature overnight in
B-gal staining solution containing 5 mM K4Fe(CN)g, 5 mM KsFe(CN)g, 1 mM
MgCl;, 0.01% sodium desoxycholate, 0.02% Nonidet P-40, and 2 mg/mL
X-gal. After X-gal staining, the sections were counterstained with Nuclear
Fast Red, mounted with mounting medium, and cover-slipped.
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