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Osteoarthritis (OA) is a disease of synovial joints, charac-
terised by progressive, focal erosion of articular cartilage, osteo-
phyte formation, subchondral bone erosion and moderate
inflammation. Histologically, OA is characterised by cartilage
fibrillation, collagen II degeneration, aggrecan loss, blood vessel
invasion, chondrocyte hypertrophy and cartilage calcification.

Articular cartilage and growth plate chondrocytes are
thought to share a common chondroprogenitor. However,
whereas growth plate chondrocytes undergo a maturation
process involving proliferation, hypertrophy, terminal differ-
entiation, mineralisation and cell death, normal articular
chondrocytes do not progress along this pathway unless they
become osteoarthritic'. Articular chondrocytes in human OA
cartilage often become hypertrophic and die as the cartilage
mineralises'. Chondrocytes in OA cartilage express several
matrix molecules, enzymes and transcription factors involved
in growth plate differentiation and maturation including type
X collagen**, MMP-13*, MMP-9 and Indian hedgehog’.
Type I collagen’, osteocalcin and alkaline phosphatase asso-
ciated with mineralisation* and are also expressed in OA car-
tilage, as is the apoptotic proteinase, caspase 3°.

Numerous studies have shown that fragments of matrix mol-
ecules are involved in cellular feedback mechanisms in carti-
lage explant and chondrocyte culture systems. Some fragments
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induce expression of active proteinases leading to increased
matrix degradation®*". Other fragments increase matrix syn-
thesis'*"” and cellular proliferation'®. Several studies have sug-
gested that type II collagen fragments might influence chon-
drocyte differentiation in endochondral ossification™**!*, and
we hypothesise that collagen II fragments might also promote
cellular hypertrophy when they are over-produced in OA.
Collagen II fragments have been of interest to researchers
investigating arthritic disease for some time. Initially they
were studied for their utility as biomarkers to monitor colla-
gen synthesis and degradation'’. Assays for the collagen II
N- and C-propeptides have been developed as markers of
collagen biosynthesis, whereas assays for peptides derived
from the telopeptide and triple helical regions are in devel-
opment as markers of degradation. More recently, in vitro
studies have suggested that collagen II fragments might
exacerbate osteoarthritis by stimulating induction and acti-
vation of matrix metalloproteinases which further degrade
the collagen matrix and initiate a positive feedback
loop®'**!8, For example, stimulation of cartilage explants
with collagen II fragments generated by bacterial collagenase
(which cleaves a highly repetitive amino acid sequence in
collagen triple helices) causes an increase in gelatinases
MMP-2 and -9; once cleaved at the primary cleavage site by
collagenases, collagen II is readily degraded by gelatinas-
es*'®. In other examples, stimulation of cartilage explants
with collagen II fragments generated by cyanogen bromide,
increases MMP-13 expression and collagen degradation'*",
The cyanogen bromide peptides of collagen II also induce
chondrocyte hypertrophy, type X collagen expression and
apoptosis in vitro'™. Although none of these fragments are
physiological in their origin, the results do suggest that type
IT collagen fragments might have a role in hypertrophy in
endochondral ossification. More importantly, the results
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also support earlier studies in which differentiation-related
genes were co-localised with focal areas of elevated collagen
I degradation in cartilage from osteoarthritis patients’.

The most compelling evidence that collagen fragments
might influence the differentiation and hypertrophy of chon-
drocytes comes from a study showing that a specific MMP-
13 inhibitor prevented the differentiation of prehypertrophic
chondrocytes’. The inhibitor blocked expression of hyper-
trophic markers including type X collagen and Cbfal, which
regulates MMP-13 expression. It also blocked mineralisation
and inhibited degradation of type II collagen”.

We have produced and characterised a collagen II knock-
in mouse whose type II collagen resists cleavage at the pri-
mary collagenase site, at Gly””|”°Leu"’. The knock-in muta-
tion that confers resistance to collagenase cleavage is identical
to the knock-in mutation made previously in type I collagen®”
2 Femorotibial joints from collagen II knock-in mice have
elongated growth plates and delayed mineralization, suggest-
ing that the program for chondrocyte hypertrophy and differ-
entiation is disturbed. In further studies to identify the under-
lying mechanism we measured proliferation by in vivo incor-
poration of BrdU and found that whereas cells in the hyper-
trophic zone of wildtype cartilage stop proliferating, cells in
the elongated hypertrophic zone of collagen II knock-in carti-
lage continue to proliferate. This result suggests that hyper-
trophic chondrocytes in collagen II knock-in mice are not
receiving, or not responding to signals to cease proliferation.

At the bottom of the growth plate, hypertrophic chondro-
cytes reach terminal differentiation and die. In wildtype
mice, these terminally differentiated cells have no nuclei and
only sparse cytoplasmic contents. In striking contrast, many
hypertrophs at the bottom of collagen II knock-in growth
plates retain intact nuclei with well-organized cytoplasm,
suggesting that they have failed to enter terminal differenti-
ation and have instead, survived, by reverting to a less-dif-
ferentiated phenotype. These results strongly suggest that
chondrocytes in collagen II knock-in mice respond inappro-
priately to the signals intended to direct their progression
through the proliferative, hypertrophic and terminal stages
of differentiation. Hypertrophic chondrocytes undergoing
ER stress exhibit similar features of interrupted terminal dif-
ferentiation; they re-enter the cell cycle and express a more
de-differentiated phenotype®.

Based on the phenotype of the collagen II knock-in
mouse, we propose that collagen II fragments in growth
plate cartilage are bioactive molecules that provide signals
for directing chondrocyte hypertrophy and differentiation.
When these signals are absent, hypertrophy and differentia-
tion are interrupted and proceed abnormally. Accordingly,
we also propose that collagen II fragments that are abun-
dantly produced in adult OA cartilage provide signals that
initiate hypertrophy in an inappropriate context that con-
tributes to the pathology of OA. Because collagen II frag-
ments are absent in the collagen II knock-in mice, these mice
provide an opportunity to assess the potential role of colla-
gen II fragments in driving cellular hypertrophy in OA.
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