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Using transcriptome profiling to determine differential gene
expression between the permanent mouse articular cartilage
and the transient growth plate cartilage, we identified a highly
expressed gene, Cilp2, which is expressed differentially by artic-
ular chondrocytes. CILP-2 is highly homologous to CILP-1 (car-
tilage intermediate layer protein 1), which is expressed in the
intermediate zone of articular cartilage and has been linked to
cartilage degenerative diseases. We demonstrated that Cilp2
has a restricted mRNA distribution at the surface of the mouse
articular cartilage during development, becoming localized to
the intermediate zone of articular cartilage and meniscal carti-
lage with maturity. Although the extracellular CILP-2 protein
localization is broadly similar to CILP-1, CILP-2 appears to be
more localized in the deeper intermediate zone of the articular
cartilage extracellular matrix at maturity. CILP-2 was shown to
be proteolytically processed, N-glycosylated, and present in
human articular cartilage. In surgically induced osteoarthritis in
mice, Cilp1 and Cilp2 gene expression was dysregulated. How-
ever, whereas Cilpl expression was increased, Cilp2 gene
expression was down-regulated demonstrating a differential
response to mechanically induced joint destabilization. CILP-2
protein was reduced in the mouse osteoarthritic cartilage. Ultra-
structural analysis also suggested that CILP-2 may be associated
with collagen VI microfibrils and thus may mediate interactions
between matrix components in the territorial and inter-territo-
rial articular cartilage matrix. mRNA expression analysis indi-
cated that whereas Cilpl and Cilp2 are expressed most abun-
dantly in cartilaginous tissues, expression can be detected in
muscle and heart.

During limb development, chondrocytes follow alternative
developmental pathways. Chondrocytes that form at the epiph-
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yseal surface of long bones develop into permanent articular
chondrocytes and form the smooth articular cartilage neces-
sary for effective weight-bearing and joint movement. The
other group of chondrocytes, the transient epiphyseal chondro-
cytes, are organized into growth plates, and undergo a sequen-
tial maturation program from resting cells to proliferative,
prehypertrophic, and ultimately hypertrophic end-stage chon-
drocytes that are replaced with bone during endochondral ossi-
fication. Both populations of chondrocytes are critical for the
formation of the skeleton and disturbances to normal chondro-
cyte development and function results in chondrodysplasias
(reviewed by Refs. 1-3).

One of the important determinants of cartilage function is
extracellular matrix (ECM)? structure and composition. To
identify new ECM determinants of the articular cartilage, we
compared the gene expression profile of mouse articular carti-
lage with growth plate cartilage. These studies revealed that the
most highly differentially expressed cDNA on the array was a
Riken clone that corresponded to Cilp2 (cartilage intermediate-
layer protein, isoform 2), recently reported as a product of car-
tilage cells (4, 5). CILP-2 is highly homologous to a known car-
tilage protein, CILP-1 (5). CILP-1 is a large secreted
glycoprotein that is thought to play a role in cartilage scaffold-
ing (6). It was isolated from human articular cartilage and its
expression has been reported to be localized to the intermedi-
ate zone of articular cartilage in the territorial matrix (6).
CILP-1 is a pro-form of two polypeptides, and is cleaved into
distinct N- and C-terminal fragments at a furin endoprotease
consensus site (7). The N-terminal of CILP-1 has been shown to
bind to and inhibit TGFB1 in vitro (8), and CILP1 mRNA is
induced by TGFB1 (9). CILP-1 levels have been shown to
increase with age (6, 10) and in patients with early stage osteo-
arthritis (11). The association of single nucleotide polymor-
phisms in the CILPI gene with musculoskeletal disorders
including osteoarthritis (12—14), and lumbar disc disease in a
Japanese population (8) implies that CILP proteins may be
important in cartilage structure and disease. In contrast to
CILP-1, little is known about the mRNA and protein expression

3 The abbreviations used are: ECM, extracellular matrix; CILP-2, cartilage inter-
mediate layer protein 2; qPCR, quantitative PCR; TSP-1, thrombospondin
type 1; DMM, medial meniscal destabilization; OA, osteoarthritis; P14, post-
natal 14.
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of CILP-2 in cartilage and noncartilaginous tissues. Our studies
show that Cilp2 has a restricted mRNA distribution at the sur-
face of the mouse articular cartilage during development,
becoming localized to the intermediate zone of articular carti-
lage and meniscal cartilage with maturity. We show that CILP-2
is a glycoprotein and is proteolytically processed, similar to
CILP-1. CILP-2 protein is present in human articular cartilage
and ultrastructural studies demonstrated that CILP-2 may be
associated with collagen VI containing suprastructures. Impor-
tantly, our studies show that in a mouse experimental model of
mechanically induced osteoarthritis Cilp2 gene expression is
down-regulated suggesting a role for loss of CILP-2 in the
pathophysiology of arthritis. In addition, our studies show for
the first time the expression of Cilp1 and Cilp2 in skeletal mus-
cle, suggesting that the CILPs can have additional roles in non-
cartilaginous tissue ECM structure and function.

EXPERIMENTAL PROCEDURES

Dissection and RNA Preparation—Dissection and RNA
extraction from mouse articular cartilage was performed as
previously described for growth plate cartilage (15). Briefly,
14-day-old (P14) Swiss white mice were sacrificed in accord-
ance with Institutional Animal Ethics guidelines and femurs
were dissected. The tissue was immersed in Tissue-Tek OCT
embedding compound (Sakura Finetechnical), sectioned (5
pm) on a cryostat (Reichert-Jung), dehydrated in graded etha-
nol series, and air-dried. Slides were then immobilized on an
inverted microscope (Leica) and the articular cartilage, and
proliferative, prehypertrophic, and hypertrophic growth plate
cartilage was dissected using an ophthalmic scalpel (Feather)
(supplemental Fig. S1). Total RNA was extracted using the
PicoPure RNA isolation kit (Arcturus Bioscience) and linearly
amplified in two rounds using the MessageAmp aRNA kit
(Ambion) following the manufacturer’s instructions.

Mouse Osteoarthritis Model—Animal experimentation was
approved by the Institutional Animal Ethics Committee.
Osteoarthritis (OA) was induced in 10-week-old male C57BL6
mice by medial meniscal destabilization (DMM) of the right
knee (16). Joints subjected to sham-operation (exposure of the
medial menisco-tibial ligament but no transection) were used
as controls. Animals were sacrificed at 2 and 6 weeks after sur-
gery (n = 4 per time point). The joints were dissected to expose
the articular cartilage, tibial epiphyses were isolated and placed
in RNALater (Ambion) containing 20% EDTA, decalcified at
4 °Cfor 72 h, and then embedded in OCT and stored at —80 °C.
Serial 7-um coronal cryosections were fixed in ethanol, air-
dried, and noncalcified medial tibial plateau articular cartilage
from previously assigned areas of cartilage fibrillation and loss
of toluidine blue staining were laser-microdissected (Arcturus).
Total RNA was extracted and amplified as described above.

RT PCR Analysis—5 ng of aRNA from articular cartilage and
growth plate cartilage was reverse transcribed (RT) in a reac-
tion volume of 20 ul using SuperScript I1I reverse transcriptase
(Invitrogen) at 50 °C for 1 h. PCR was performed as previously
described (15) except that amplification consisted of 35 cycles
of denaturation for 30 s at 94 °C, annealing for 30 s at 58 °C, and
extension for 30 s at 72 °C. Primer sequences for Cilpl and
Cilp2 are listed under supplemental Table S1. For multitissue
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RT-PCR to compare Cilpl and Cilp2 expression, tissues were
dissected from outbred Swiss white mice and total was RNA
isolated using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s directions. RNA quality was assessed on an
RNA pico/nano labchip (Agilent Technology Bioanalyzer).

Microarray Expression Profiling—cDNA microarray analysis
of the individually microdissected proliferative, prehypertro-
phic, and hypertophic zones of the growth plate cartilage has
been previously described (15). Microdissected articular carti-
lage analysis was performed similarly using microarray slides
printed with the 15k NIA ¢cDNA mouse clone set (Australian
Genome Research Facility). Microarray expression profiling
was performed on amplified RNA from the DMM-operated
and Sham-operated mouse cartilage using duplicate microar-
rays (Cy3/Cy5 dye-swap with replicate RNA samples). Labeled
RNA was hybridized to 44k whole genome oligo microarrays
(G4122A, Agilent Technologies). All arrays were scanned on an
Axon 4000B scanner and features were extracted with GenePix
Pro 4.1 software (Axon Instruments). Raw data were processed
using a print-tip Loess normalization (17) using limmaGUI
software (18, 19). Mean log2-transformed expression ratios and
B-statistic values (log posterior odds ratio (17, 20) were calcu-
lated for all direct comparisons.

Quantitative Real Time PCR—Quantitative real time PCR
(qPCR) was used for validation of differential expression of
Cilp2 in articular and on the pooled amplified aRNA of the
different zones of the growth plate cartilage. Gene-specific
primers and prevalidated probes were designed using online
software (from Roche Applied Science) and are listed under
supplemental Table S1. qPCR was performed using the Univer-
sal ProbeLibrary System (Roche Applied Science) as previously
described (22). mRNA was quantitated using the comparative
Cmethod (23), using Mapkl as the internal control because it
was not differentially expressed between the growth plate zones
and articular cartilage. In expression studies on DMM mouse
cartilage, gene expression values were normalized using the
geometric mean expression of two housekeeping genes, Atp5b
and Rpl10. These housekeeper genes were shown by microarray
expression profiling to be unchanged during the onset and pro-
gression of OA in the DMM mouse model (data not shown).

In Situ Hybridization—XKnee joints of 14-day-old Swiss white
mice were embedded and 8-um cryosections were mounted
onto SuperFrost Plus slides and in situ hybridization was per-
formed using antisense [*°S]CTP-RNA probes as described
previously (15). To prepare the probes PCR amplification was
performed and consisted of 35 cycles of denaturation for 1 min
at 94 °C, annealing for 1 min at 58 °C, and extension for 1 min at
72 °C using specific primer sets for Cilpl and Cilp2 (supple-
mental Table S1). Hybridization and autoradiography was per-
formed as previously described (15).

Antibodies—Polyclonal antisera against the CILP-2 mouse
sequence TLLDRRQQGSPHELE was produced in rabbits (Mil-
lipore). The CILP-2 antisera bound to the peptide antigen in a
dose-dependent manner by standard enzyme-linked immu-
nosorbent assay and immunodot blots (data not shown). The
CILP-2 polyclonal antibody was further affinity purified against
the antigen using the 1-ml HiTrap™ NHS-activated pre-
packed column (GE Healthcare) according to the manufactur-
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er’s instructions. The purified CILP-2 polyclonal antibody was
tested by standard enzyme-linked immunosorbent assay and
immunoblotting and was found to bind to antigen and CILP-2
protein in cartilage extracts (data not shown). Serum from the
same rabbit, taken prior to immunization with the CILP-2 pep-
tide antigen, was used as a negative control. The rabbit anti-
human CILP-1 antibody raised against peptide sequences in the
N-terminal region of CILP-1 was generously provided by Dr.
Pilar Lorenzo, Lund University, Sweden.

SDS-PAGE and Immunoblotting—14-day-old Swiss white
mice were sacrificed and the femoral heads were harvested
from the hip joints. Protein extraction from cartilage was per-
formed as previously described (24). Briefly, 10 femoral heads
were solubilized in 1 ml of 4 M guanidine HCl, 50 mm sodium
acetate, pH 5.8, containing 10 mm EDTA, and mini-protease
inhibitor mixture (Roche Applied Science) at 4 °C for 24 h.
Insoluble material was removed by centrifugation at 13,0006 X
gfor 20 min at4 °C. The supernatant was precipitated overnight
at —20 °C using 9 volumes of ice-cold ethanol, followed by one
wash in 70% ethanol to remove residual guanidine HCI and
other salts. The precipitate was resuspended and denatured in
reducing Laemmli sample buffer (Bio-Rad), separated on a 10%
polyacrylamide gel, and transferred to Immobilon™"-P polyvi-
nylidene difluoride membrane (Millipore). Immunoblotting
was performed as previously described (25) with some modifi-
cations. The membrane was blocked in 5% skim milk powder in
PBS for 1 h and then incubated in antibody buffer (0.5% skim-
milk powder in PBS with 0.1% Tween 20) containing rabbit
anti-mouse CILP-2 antibody (10 ug/ml) for 1 h. Following six
washes in PBS with 0.1% Tween 20, anti-rabbit IgG horseradish
peroxidase secondary antibody (Dako) was added at a dilution
of 1:10,000 in antibody buffer and incubated for 1 h. Following
washing, the signal was developed with the ECL Plus Western
blotting detection system (GE Healthcare) and autoradiogra-
phy using X-Omat film.

N-Glycosidase F Treatment—For N-glycosidase F digestion,
40 pg of protein extracted from cartilage (described above) was
resuspended in 25 ul of phosphate buffer (0.02 M sodium phos-
phate, pH 7.0, 0.1% SDS, 0.05 M EDTA, and 0.5% Nonidet P-40)
and boiled for 2 min. Then 5 units of N-glycosidase F (Roche
Applied Science) enzyme was added to the sample. Deglycosy-
lation was performed in a heating block at 37 °C for 8 h. Follow-
ing deglycosylation, samples were denatured in reducing
Laemmli sample buffer (Bio-Rad), separated on a 7.5% poly-
acrylamide gel, and transferred to Immobilon-P polyvinylidene
difluoride membrane. Immunoblotting was performed as
described above.

Immunohistochemistry—Human articular cartilage from
cadaveric donors aged 60 to 75 years were obtained from The
International Institute of Advancement in Medicine (Jessup,
PA; a division of the Musculoskeletal Foundation). Formalin-
fixed paraffin-embedded tissue sections were de-paraffinized in
xylene and rehydrated. To facilitate antibody penetration sec-
tions were treated with 30 wg/ml of Proteinase K in 50 mm Tris,
pH 6.0, 5 mm CaCl, at 37 °C for 30 min, and 0.2% hyaluronidase
(bovine, type IV; Sigma) for 1 h at 37 °C. Sections were then
treated with 0.3% H,O, in PBS to inactivate endogenous per-
oxidases. After blocking with 1% goat serum in 1% BSA in PBS
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overnight at 4 °C, the sections were immunolabeled with rabbit
anti-human CILP-2 antisera or nonimmune serum (dilution
1:200in 1% BSA in PBS; antibodies a gift from Dr. Pilar Lorenzo,
University of Lund, Sweden) and detected using the Vectastain
Elite ABC kit (Vector Laboratories). Bound antibodies were
visualized using Sigma FAST™ DARB tablets (Sigma), and sec-
tions were counterstained with hematoxylin. For immunohis-
tochemistry on mouse tissue, serial sections of frozen, unfixed
tissue were cut at 8-um thickness on a Leica CM1580 cryostat
at —20 °C, and thaw-mounted onto superfrost plus glass slides.
The sections were fixed in HistoChoice® Tissue Fixative
(Amersco) for 15 min at 4 °C then washed in 3 changes of PBS.
Immunohistochemistry was performed as described for paraf-
fin sections, except the sections were immunolabeled with rab-
bit anti-mouse CILP-2 antibody or preimmune serum diluted
1:500 in 1% BSA (w/v) in PBS.

Immunoelectron Microscopy—Fragments of suprastructural
aggregates were obtained from human articular cartilage as
previously described (26). In brief, slices of cartilage were twice
homogenized in 15 volumes of 150 mm NaCl, 2 mm sodium
phosphate buffer, pH 7.4 (PBS), containing a mixture of prote-
ase inhibitors, and centrifuged at low speed for clarification.
This procedure was repeated twice. Aliquots of supramolecular
fragments were spotted onto sheets of parafilm. Nickel grids
covered with formvar and coated with carbon were floated on
the drops for 10 min to allow adsorption of material, subse-
quently washed with PBS, and treated for 30 min with 2% (w/v)
dried skim milk in PBS. Next, the adsorbed material was
allowed to react for 2 h with polyclonal antibodies against
CILP-2 and monoclonal antibodies against collagen VI (AF
6210, Medicorp) diluted 1:100 in PBS containing 0.2% dry milk.
After washing five times with PBS, the grids were put on drops
of 0.2% (w/v) milk solution containing colloidal gold particles
coated with antibodies to rabbit (18-nm gold particles, Jackson
ImmunoResearch) and mouse immunoglobulins (12-nm gold
particles, Jackson ImmunoResearch). Finally, the grids were
washed with distilled water and negatively stained with 2% ura-
nyl acetate for 7 min. Control experiments were undertaken
with the first antibody omitted. Electron micrographs were
taken at 80 kV with a Philips EM 410 electron microscope.

RESULTS

Identification of Differential Expression of Cilp2 in Articular
Cartilage in Vivo—Microarray analysis of the 15 K NIA mouse
clone set revealed 50 genes that were up-regulated by 14-day-
old mouse articular cartilage chondrocytes greater than 5-fold
compared with growth plate chondrocytes (combined prolifer-
ative, pre-hypertrophic and hypertrophic zones) (Table S2).
The most highly differentially expressed gene (>30-fold
increase) in 14-day mouse articular cartilage compared with
growth plate cartilage is Riken clone 1110031K21. This unan-
notated clone was identified as Cilp2. Differential expression of
Cilp2in articular cartilage was validated by PCR analyses where
Cilp2 was detected in articular cartilage, but not in growth plate
cartilage (Fig. 14). Quantitative RT-PCR confirmed that the
expression of Cilp2 was expressed ~100-fold more highly in
articular versus growth plate cartilage (data not shown). In situ
hybridization analysis revealed localized expression of Cilp2
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FIGURE 1. Cilp2 is expressed in joint cartilage but not in growth plate
cartilage. A, RT-PCR analysis demonstrates that Cilp2 is expressed in articular
cartilage (AC) but not in proliferative (PR), prehypertrophic (PH), and hyper-
trophic (H) growth plate cartilage. Articular cartilage, and proliferative, pre-
hypertrophic, and hypertrophic growth plate cartilage was microdissected
from 2-week-old wild type mice. The RNA was isolated, linearly amplified,
reverse transcribed, and subjected to 30 rounds of PCR. Gapdh was used as a
positive control. B, an antisense probe was used to determine the distribution
of Cilp2 mRNA in joint and growth plate cartilage. Darkfield images show that
Cilp2 was expressed in at the surface and in the intermediate zone of joint
cartilage and throughout meniscal cartilage. Cilp2 mRNA was not detected in
growth plate cartilage. No hybridization with the sense probe was detected.
MC, meniscal cartilage; R, resting zone; PR, proliferative zone; PH, prehyper-
trophic zone; H, hypertrophic zone; TB, trabecular bone. Scale bar, 100 um.

mRNA to the superficial and intermediate zones of 14-day-old
mouse articular cartilage, as well as throughout the meniscus
but was not detected in growth plate cartilage (Fig. 1B).
Sequence analysis demonstrated that CILP-2 is highly homol-
ogous to a cartilage matrix molecule called CILP. CILP was
originally isolated from human articular cartilage, is a large
secreted glycoprotein, and is thought to play a role in cartilage
scaffolding (6). CILP has been associated with osteoarthritis
(12-14), and more recently with lumbar disc disease in a Japa-
nese population (8), and will be referred to hereafter as CILPI1
(5). We and others have shown CILP-1 and CILP-2 to be struc-
turally similar (5) (supplemental Fig. S2), with both polypep-
tides containing a thrombospondin type 1 (TSP-1) repeat
domain, and an immunoglobulin-like domain. Both proteins
contain a signal peptide, putative N-glycosylation sites, cysteine
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residues forming disulfide bonds, and a furin endoprotease
consensus site, but only CILP-1 has a putative phosphate-bind-
ing loop (P-loop) motif.

Cilp1 and Cilp2 Have Distinct mRNA and Protein Expression
in Mouse Articular Cartilage—The spatial distribution of Cilp1
and Cilp2 in the developing mouse knee joint was assessed dur-
ing development at E16.5, newborn, and later in the 2- and
8-week-old knee joints (Fig. 2). In situ hybridization was per-
formed to compare mRNA distribution, and immunohisto-
chemistry was performed using the polyclonal peptide antibody
raised to the amino acid sequence spanning residues 310 -324
of CILP-2 with the corresponding preimmune sera used as a
negative control.

At E16.5, the anlage is mostly cartilaginous, the different
zones of the growth plate are well defined, differentiation and
ossification are underway and the process of joint cavitation has
begun. At this stage of development, Cilpl mRNA was also
localized to both the femoral and tibial surface articular carti-
lage and absent from growth plate cartilage (Fig. 2E). Cilp2
expression during early chondrogenesis (E11.5-13.5) was not
detected in microarray analysis (22) but was expressed after
developing joints have begun to cavitate at E16.5 (Fig. 21). Cilp2
mRNA was detected in the cells at the newly formed joint sur-
face (superficial zone of articular cartilage). No expression was
detected in the underlying epiphyseal cartilage. Newborn
mouse knee joints have had minimal exposure to load bearing,
and the secondary center of ossification has not begun to
develop. Both CilpI and Cilp2 mRNA were confined to the
surface of articular and meniscal cartilage (Fig. 2, F and ) and
both were not detected in growth plate cartilage (data not
shown). The most striking difference in mRNA expression
between CilpI and Cilp2 occurs 2 weeks postnatal, after devel-
opment of the secondary center of ossification. Cilpl expres-
sion remains confined to the surface of articular and meniscal
cartilage of both the femur and tibia (Fig. 2G). This is in contrast
to the mRNA localization of Cilp2, which is expressed through-
out the intermediate zone of articular cartilage of the femur and
tibia, and widely expressed throughout meniscal cartilage (Fig.
2K). However, by 8 weeks postnatal development, when mice
are approaching skeletal maturity, the expression of CilpI is
detected in the intermediate zone of articular cartilage (Fig.
3H), which is comparable with that of Cilp2 (Fig. 2L). Likewise
the expression of Cilp1 and Cilp2 in the meniscal cartilage are
similar by 8 weeks of age (Fig. 4, A and C), confirmed at the
protein level by immunohistochemistry (Fig. 4, B and D).

Immunostaining of CILP-1 and CILP-2 was unable to detect
protein in newborn mouse knee joints (Fig. 3, E and ). In
2-week-old knee joints, CILP-2 protein was detected in the sur-
face layer of the cartilage matrix of articular cartilage, and also
in the inter-territorial matrix of articular cartilage in the inter-
mediate zone (Fig. 3/). CILP-1 was unable to be detected at this
stage (Fig. 3F). With maturity (by 8 weeks of age), CILP-2 pro-
tein was present in the intermediate to deep zone of mouse
articular cartilage in the interterritorial matrix (Fig. 3K). This is
in contrast to CILP-1, which at 8 weeks of age was detected
predominantly in the pericellular zone of the cartilage matrix,
extending from the superficial zone to the deep zones (Fig. 3G).
Specific localization of CILP-2 to the deeper zones of mature
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E16.5

Ciip1 Histology

Cilp2

FIGURE 2. Expression of Cilp1 and Cilp2 mRNA during mouse cartilage development Insitu hybr|d|zat|on onembryonic (E16.5), newborn (P0), 2-week (P14)
and 8-week (P56) postnatal mouse femurs. Articular cartilage morphology of mouse femur and tibia stained with toluidine blue (A) or hematoxylin and eosin
(B-D) at different time points during development: E16.5 (A), PO (B), P14 (C), and P56 (D). Dark and bright field images indicate that Cilp 7 (E-H) and Cilp2 (I-L) are
expressed in the articular and meniscal cartilage. No hybridization with the sense probe was detected (data not shown). AC, articular cartilage; MC, meniscal
cartilage. Scale bar, 100 um.
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FIGURE 3. Distribution of CILP-1 and CILP-2 protein in articular cartilage. Immunohistochemistry was performed on newborn (P0), 2-week (P14), 8-week
(P56), 3-month (P84), and 6-month (P782) old mouse femurs. Control sections were probed with preimmune sera (A-D). CILP-1 protein was not detected in
newborn (E) or 2-week-old mouse femurs (F), but was detected in 8-week-old mouse femurs (G) where CILP-1 immunostaining was pericelluar throughout the
superficial to intermediate zones of articular cartilage. CILP-2 protein was unable to be detected in newborn femurs (/), was present at the surface of 2-week-old
mouse femurs (J), and in the deep zone of 8-week-old mouse femurs (K). CILP-2 protein remained present in the deep zone of articular cartilage in 3- (H) and
6-month (L) old mouse femurs. Scale bar, 50 um.
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FIGURE 4. Distribution of CILP-1 and CILP-2 mRNA and protein expression
in meniscal cartilage. Bright field images of in situ hybridization for Cilp1 (A)
and Cilp2 (C) mRNA expression in adult mouse meniscal cartilage shows
mRNA expression in the surface zones. No hybridization with the sense probe
was detected (data not shown). Meniscal cartilage was also probed with anti-
bodies against CILP-1 (B) or CILP-2 (D). Both CILP-1 and CILP-2 protein were
strongly present in the fibrocartilage matrix of the meniscus in 8-week-old
mice. CILP-1 had a pericellular localization in the center of the meniscus (B),
and CILP-2 was apparent not only in the center of the tissue, but toward the
outer zones of the meniscus (C). No staining was observed with the preim-
mune sera (E). Scale bar, 50 um.

cartilage was further confirmed in 3- and 6-month-old mice
(Fig. 3, H and L). The localization of CILP-1 and CILP-2 to
articular and meniscal cartilage suggests that these ECM pro-
teins may be components of such permanent cartilages, rather
than the transient growth plate cartilage.

CILP-2 Is Proteolytically Processed, Glycosylated, and Inte-
grated into the Articular Cartilage ECM—Extraction of human
articular cartilage with a strong denaturant, 4 m guanidine HCl,
had previously been shown to solubilize the CILP-1 protein (6).
This was found to be the same for the CILP-2 protein. Extraction
of mouse femoral cartilage with 4 M guanidine HCl solubilized the
CILP-2 protein, which was detected as a major band on SDS-poly-
acrylamide gels migrating at ~90 kDa under reducing conditions
(Fig. 5A). Given that the full-length molecular mass of CILP-2 is
125 kDa, this indicates that most CILP-2 protein in articular car-
tilage is cleaved, mostly likely at the furin cleavage site. This is also
true for CILP-1 (6). That both CILP-1 and CILP-2 need to be sol-
ubilized by such a strong denaturant indicated that both proteins
are interacting components of the cartilage ECM, which is similar
to other cartilage ECM proteins, such as WARP (25) and matri-
lin-1 (27).

In addition, the relative mobility of CILP-2 changed with
treatment of N-glycosidase F (Fig. 5B), from ~90 to ~80 kDa,
confirming that CILP-2 contains N-linked oligosaccharides.
This finding is consistent with bioinformatic data indicating
putative N-glycosylation sites (supplemental Fig. S3), and is
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FIGURE 5. CILP-2 is cartilage extracellular matrix glycoprotein. A, immu-
noblot analysis of CILP-2 in 2-week-old cartilage guanidine HCl extract reveals
the N-terminal fragment at ~90 kDa. B, cartilage protein extract was sub-
jected to N-glycosidase treatment. Products of the reaction were reduced and
resolved on a 7.5% SDS-PAGE gel. The proteins were blotted to a PVDF mem-
brane and probed with CILP-2 antiserum. The relative shift in mobility with
N-glycosidase treatment indicates that CILP-2 contains N-linked
oligosaccharides.

similar to CILP-1, in which up to 10% of CILP-1 content can be
attributed to N-linked oligosaccharides (6).

CILP-2 Is Co-localized with Collagen VI ECM Supra-
structures—In human articular cartilage, CILP-2 protein was
detected in the inter-territorial matrix, in the intermediate to
deep zone (Fig. 6B), and in particular in the pericellular matrix.
To investigate the suprastructural organization of CILP-2 in
human cartilage, CILP-2 was visualized in homogenates of
human cartilage by immunogold electron microscopy using the
polyclonal CILP-2 antibody generated in this study. Immuno-
gold labeling of articular cartilage confirmed the occurrence
and the distribution of CILP-2 in this tissue. CILP-2 was
located in the amorphous extrafibriller material (Fig. 6C)
and in close association with the heterotypic collagen con-
taining II fibrils, visible as large cross-banded fibrils (Fig.
6D). Because collagen VI expression overlaps CILP-2 expres-
sion, and is also localized to the pericellular matrix of chon-
drocytes (supplemental Fig. S4), we used immunogold elec-
tron microscopy to study localization of CILP-2 (18-nm
particles) and collagen VI (12-nm particles) in human carti-
lage samples. This revealed that a number of CILP-2 parti-
cles were located in close proximity to collagen VI particles
(Fig. 6, C and D) suggesting that in human articular cartilage
CILP-2 may associate with collagen VI into larger multim-
eric suprastructures.

Cilp2 Expression Is Down-regulated during Experimental
Osteoarthritis—Cilpl and Cilp2 mRNA expression was deter-
mined in articular cartilage from mice where OA is induced by
surgical DMM. In this model at 2 weeks postsurgery early focal
degeneration in the medial tibial plateau is evident, exemplified
by loss of aggrecan in the noncalcified articular cartilage. By 6
weeks aggrecan loss had progressed and cartilage fibrillation is
evident (16). Cartilage was microdissected from the region of
focal lesion in DMM joints, and from the same region in sham-
operated contralateral joints that do not develop OA. Microar-
ray expression profiling showed that at 2 weeks after surgery
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" Pre-immune—

CIEP2.

A and B, in human articular cartilage, CILP-2 protein was detected in the
inter-territorial matrix, in the intermediate to deep zone (B). Control sec-
tions were probed with CILP-2 preimmune sera (A). Scale bar, 50 um. Cand
D, representative micrographs confirming CILP-2 distribution in human
articular cartilage visualized by electron microscopy. Immunogold parti-
cles (CILP-2, 18-nm particles black arrowheads; collagen VI, 12-nm parti-
cles, white arrowheads) were localized within collagen VI containing
suprastructures (C), and also as part of collagen VI containing suprastruc-
tures in close association with the heterotypic collagen Il containing car-
tilage fibrils (D). Scale bar, 100 nm.

(early OA) Cilp1 expression was increased 3.6-fold (n = 4, p =
0.026) and Cilp2 expression decreased 1.7-fold (n = 4, p =
0.023). At 6 weeks Cilp2 expression decreased 1.8-fold (n = 4,
p = 0.012). The change in CilpI and Cilp2 expression measured
using qRT-PCR showed some variability between the individ-
ual animals (Fig. 7). Nevertheless, the mean fold-change had a
similar temporal pattern to that observed in microarray analy-
sis. Although there was an increase in CilpI at 2 weeks (mean
change 5.2-fold, n = 4), Cilp2 expression was slightly down-
regulated (mean change —1.3-fold, n = 4). However, at 6 weeks
postsurgery, Cilp2 expression was significantly down-regulated
compared with the sham joint (mean change —3.0-fold, n = 4).
These data, showing an increase in CilpI and decrease in Cilp2
expression in surgically induced OA in mice, were further con-
firmed in an independent expression profiling experiment on
pooled microdissected cartilage lesion tissues from 1, 2, and 6
postsurgery DMM and sham-operated mouse joints (data not
shown). Immunohistochemical analysis of the medial tibial pla-
teau cartilage demonstrated reduced CILP-2 protein at 4 and 8
weeks postoperative DMM (Fig. 8, B, C, E, and F) compared
with control cartilage (Fig. 8, A and D) consistent with the loss
of aggrecan in the developing OA cartilage lesion (Fig. 8, H
and I).

Cilp1 and Cilp2 Are Also Expressed in Specific Noncartilagi-
nous Tissues—The expression of CilpI and Cilp2 was analyzed
by RT-PCR on various mouse tissues (Fig. 9). CilpI and Cilp2
were expressed in muscle and heart tissue. In addition, Cilp2
was expressed in the brain.
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FIGURE 7. Cilp1 and Cilp2 mRNA expression in a mouse model of osteoar-
thritis. qPCR of Cilp7 and Cilp2 expression in sham and DMM joints at 2 and 6
weeks postsurgery. The results of four mice at each time point are shown
(average of three technical replicates) and the data from sham and DMM
cartilage of each mouse are shown in corresponding colors. The results are
shown as the AC; between CilpT and Cilp2 and the geometric mean expres-
sion of two housekeeping genes, Atp5b and Rpl10 (HKGs). The median result
at each time point is indicated by a horizontal line.

DISCUSSION

Although investigating the differential transcriptome of per-
manent articular cartilage and transient growth plate cartilage,
we identified a novel ECM molecule, CILP-2 that is expressed
uniquely by articular chondrocytes. We characterized the
mRNA and protein distribution of CILP-2 in developing carti-
lage, compared it to its isoform CILP-1. We report that CILP-2
is structurally similar to CILP-1, specifically localized to the
intermediate to deep zone of mature articular cartilage where it
is deposited in the inter-territorial matrix and is also expressed
throughout the meniscal cartilage. Our data also suggests that
CILP-2 may be part of collagen VI containing suprastructures
in human articular cartilage. We also demonstrated distinct
differences in the regulation of CILP-1 and CILP-2 expression
in articular chondrocytes during the development of post-trau-
matic OA.

CILP-2 protein and mRNA is restricted to articular cartilage
and the meniscus, and was not expressed throughout the carti-
lage anlage of the developing limb. The absence of Cilp2 mRNA
and protein in growth plate cartilage suggests that CILP-2 is a
component of permanent cartilage, rather than transient carti-
lage that will undergo ossification, and further defining the spe-
cialized composition of the extracellular matrix synthesized by
articular chondrocytes. Although CILP-1 and CILP-2 are struc-
turally similar and may have redundant functions, we uncov-
ered some differences in their mRNA and protein expression,
suggesting possible functional differences. mRNA expression
of CilpI and Cilp2 is broadly similar until 2 weeks postnatal,
where Cilp2 is expressed throughout the intermediate zone of
articular cartilage and widespread in the meniscus, but Cilp1 is
restricted to the surface of articular and meniscal cartilage.
However, by 8 weeks postnatal, both Cilpl and Cilp2 are
expressed throughout the intermediate zone of articular
cartilage.
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FIGURE 8. CILP-2 protein is reduced in during cartilage degeneneration in a mouse model of osteoarthritis. Immunohistochemistry for CILP-2 in
control (A and D) and DMM joints at 4 weeks postsurgery (B and E) and 6 weeks postsurgery (Cand F) show loss of CILP-2 protein from the chondrocyte
territorial and inter-territorial matrix in the deep articular cartilage zone during cartilage degeneration, visualized by loss of toluidine staining (H and /).
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FIGURE 9. Cilp1 and Cilp2 are expressed in noncartilaginous tissues. RT-
PCR analysis of various mouse tissues demonstrates that Cilp7 is also
expressed in heart and skeletal muscle as well as cartilage. Cilp2 is also
expressed in heart, skeletal muscle, and brain in addition to cartilage. Gapdh
is shown as a loading control. The control sample contains water, and -RT
indicates cDNA synthesized without the presence of reverse transcriptase
enzyme.

The lack of similarity between CILP-2 and other proteins
(apart from CILP-1), and the absence of knock-out or trans-
genic mouse models of CILP-1, makes it difficult to speculate
on the function and role of CILP-2 in articular cartilage. Initial
studies reported that a fragment of CILP-1 (C-terminal) was a
homologue to porcine nucleotide pyrophosphohydrolase
(NTPPH) and was possibly linked to NPP activity (10). How-
ever, neither the CILP-1 or CILP-2 genes have the domains
required for NPP activity. Testing recombinant CILP-1 and
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CILP-2 for NPP activity confirmed that CILP-1 and CILP-2 did
not exhibit intrinsic NPP activity (5).

The presence of a TSP-1 domain in CILP-2 raises the possi-
bility that it may be able to anchor to other matrix constituents.
The functions of the three type 1 repeated sequence motifs that
are present in TSP-1 have been extensively studied. They
reportedly function as () attachment sites for many cell types,
(b) inhibitors of angiogenesis, (c) protein-binding sites, and (d)
glycosaminoglycan (GAG)-binding sites (reviewed by Refs. 29
and 30)). The ability to bind GAGs is important to the function
of many extracellular and membrane proteins and TSP-1 repeat
sequence motifs have been reported to mediate GAG binding in
several proteins. When the TSP-1 domain is deleted in
ADAMTS-4, a cartilage enzyme, it is unable to bind to the gly-
cosaminoglycans of the aggrecan molecule suggesting that the
TSP-1 domain is critical for substrate recognition and cleavage
(31). The W(S/G)XW has been implicated in the interaction of
thrombospondin with the sulfated GAG chains of heparin, hep-
arin sulfate, and chondroitin sulfate (32, 33), whereas the
CSVTCG motifis able to bind to CD36, which is the thrombos-
pondin receptor (34). Additionally, the W(S/G)XW motif is a
well defined consensus sequence within the TSP-1 domain that
is able to bind to TGF-1 (35, 36). Recently, the CILP-1 protein
has been shown to bind to and inhibit TGF-£1 (8) and CILP-1
mRNA expression has been shown to be induced by TGF-g1
and dependent upon signaling via TGF- receptors (9). These
motifs are conserved in CILP-2, thus CILP-2 may have the
potential to recognize and bind to other matrix constituents.
We present data in support of this hypothesis. We show that
CILP-2 is located in the human cartilage matrix in close prox-
imity to collagen VI containing suprastructures. This data sug-
gests a potential interaction between CILP-2 and collagen VI,
or that CILP-2 may be associated with collagen VI containing
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microfibrils via intermediate molecules. The latter is observed
with matrilin-1, where biglycan/matrilin-1 or decorin/matri-
lin-1 complexes act as a linkage between collagen VI microfi-
brils (37).

Our studies show for the first time that Cilp2 gene expression
is dysregulated during cartilage degeneration in a mouse model
of osteoarthritis reduced severalfold compared with sham
operated joints (—1.8-fold by microarray; —3-fold by qPCR) at
6 weeks postsurgery. At this stage cartilage erosion is appar-
ent and the altered expression may result as a consequence of
cartilage degradation. This would be consistent with greater
effects on Cilp2 with OA progression, that is, a greater effect
at 6 weeks than at 2 weeks. However, it is also possible that
reduced Cilp2 expression may result from the biomechanical
changes in this joint destabilization model. Furthermore, we
show that at the protein level CILP-2 is significantly reduced
in the deep cartilage underlying the OA lesion. This reduc-
tion in CILP-2 may be a direct result of the reduced Cilp2
transcription, or may also involve CILP-2 degradation.
Whereas CILPI has been linked to a number of cartilage
degenerative diseases (8, 13, 14) this is the first connection
between Cilp2 and cartilage disease. The down-regulation of
Cilp2isin stark contrast to the up-regulation of CilpI in OA,
demonstrated in our studies and previously reported (11) in
human OA cartilage. This differential response suggests that
Cilp1 and Cilp2 may play distinct roles in disease pathology.

Expression of Cilp2 at the surface of articular cartilage and
throughout the meniscus, and the reduced CILP-2 in the mouse
OA cartilage therefore suggests that CILP-2 may be useful to
explore as a biomarker for the detection of cartilage damage in
joint diseases. Recently, the C-terminal polypeptide of CILP-2
has been shown to be susceptible to specific metalloprotease
proteolysis in diseased cartilage (38). Four CILP-2 peptides
were identified as part of the 20 most abundant peptide frag-
ments released from cartilage by metalloproteases. These data
are consistent with our finding of reduced CILP-2 protein in
mouse OA cartilage and suggest that CILP-2 peptides could be
potential biomarkers of arthritis or of metalloprotease activity
in articular cartilage (38).

Our data also demonstrates that CILP-1 and CILP-2 are not
exclusively produced by chondrocytes. We detected CilpI and
Cilp2 in heart and skeletal muscle. A number of matrix mole-
cules are components of both tissues, including collagen types],
III, V, and VI (39 — 43), tenascin-C, and decorin (6, 21, 28), thus
CILP-2 may contribute to the structural organization and
matrix architecture within these connective tissues.
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