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Cytokine-like 1 Knock-out Mice (Cyt/1~'~) Show Normal
Cartilage and Bone Development but Exhibit Augmented
Osteoarthritic Cartilage Destruction™
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We have shown that cytokine-like 1 (Cytll) is a novel auto-
crine regulatory factor that regulates chondrogenesis of mouse
mesenchymal cells (Kim, J. S., Ryoo, Z. Y., and Chun, J. S. (2007)
J. Biol. Chem. 282, 29359-29367). In this previous work, we
found that Cytl1 expression was very low in mesenchymal cells,
increased dramatically during chondrogenesis, and decreased
during hypertrophic maturation, both in vivo and in vitro.
Moreover, exogenous addition or ectopic expression of Cytll
caused chondrogenic differentiation of mouse limb bud mesen-
chymal cells. In the current study, we generated a Cyt/I knock-
out (Cytl17'~) mouse to investigate the in vivo role of Cytll.
Deletion of the Cytl1 gene did not affect chondrogenesis or car-
tilage development. Cyt/I~'~ mice also showed normal endo-
chondral ossification and long bone development. Additionally,
ultrastructural features of articular cartilage, such as matrix
organization and chondrocyte morphology, were similar in
wild-type and Cytll1~'~ mice. However, Cytll1~'~ mice were
more sensitive to osteoarthritic (OA) cartilage destruction.
Compared with wild-type littermates, Cytl1~'~ mice showed
more severe OA cartilage destruction upon destabilization of
the medial meniscus of mouse knee joints. In addition, expres-
sion levels of Cytl1 were markedly decreased in OA cartilage of
humans and experimental mice. Taken together, our results
suggest that, rather than regulating cartilage and bone develop-
ment, Cytl1 is required for the maintenance of cartilage home-
ostasis, and loss of Cytl1 function is associated with experimen-
tal OA cartilage destruction in mice.

Cartilage development is initiated by the differentiation of
mesenchymal cells into chondrocytes (1-4). Differentiated
chondrocytes synthesize cartilage-specific extracellular matrix
(ECM)? components, such as type II collagen and sulfated pro-
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teoglycan, to form cartilage tissue. Developed cartilage either
remains as a permanent cartilage tissue, such as joint articular
cartilage, or serves as a template for long bone development
during endochondral ossification. Endochondral ossification
requires hypertrophic maturation of chondrocytes. The sequential
events that occur during chondrogenesis and cartilage and bone
development are precisely regulated by various regulatory factors
released from cartilage elements and the perichondrium (1-4).
Although a number of regulatory factors have been identified, the
precise regulatory mechanisms underlying chondrogenesis and
cartilage and bone development remain to be elucidated.

In permanent cartilage tissue, cartilage homeostasis is main-
tained by chondrocytes, which are a cell type unique to cartilage
tissue. Cartilage homeostasis is disrupted in osteoarthritis
(OA), leading to eventual cartilage destruction. OA is a progres-
sive and degenerative disorder of the joint primarily character-
ized by articular cartilage destruction. A variety of potential
OA-causing mechanisms have been proposed (5-7). Biophysi-
cal and biochemical factors, such as mechanical stress and pro-
inflammatory cytokines, respectively, are responsible for dis-
ruption of cartilage homeostasis and initiation of the catabolic
pathway. This, in turn, activates intracellular pathways in
chondrocytes that lead to the production of pro-inflammatory
cytokines, inflammation, degradation of the ECM by matrix-
degrading enzymes, and cessation of ECM synthesis via dedif-
ferentiation and apoptosis of chondrocytes (5-7).

We have previously shown that cytokine-like 1 (Cytll) is a
novel autocrine regulatory factor involved in chondrogenesis of
mouse mesenchymal cells in vitro (8). CYTL1 was originally
cloned as a functionally unknown cytokine candidate from
human bone marrow and cord blood mononuclear cells bear-
ing the CD34 surface marker (9). The CYTL1 protein contains
four a-helices and six conserved cysteine residues, which may
form intra-disulfide bonds to yield a globular structure, a com-
mon structural characteristic of cytokines. CYTL1 also con-
tains an N-terminal secretory signal peptide, and its secretion is
associated with post-translational modifications, although the
nature of these modifications remains to be established (8). The
CYTLI gene is found in vertebrates, including humans, chick-
ens, and Fugu rubripes, but has not been detected in inverte-
brates, such as Drosophila or Caenorhabditis elegans. Thus,
CYTL]I appears to have originated early in vertebrate evolution,
suggesting a possible functions in cartilage and bone develop-
ment. Indeed, CYTLI expression has been found in cartilagi-
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nous tissues, such as mouse inner ear and human articular car-
tilage (10, 11). In our previous study (8), we showed that mouse
Cytll expression was chondrocyte-specific, and further dem-
onstrated that CytlI expression was very low in mesenchymal
cells, dramatically increased during chondrogenesis, and
decreased during hypertrophic maturation, both in vivo and in
vitro. Exogenous addition of Cytll protein or lentivirus-medi-
ated overexpression of Cytl1 caused chondrogenic differentia-
tion of mouse limb bud mesenchymal cells during micromass
culture. However, Cytll did not affect the hypertrophic matu-
ration of chondrocytes. We have also demonstrated that mouse
Cytll exerts its chondrogenic effect via stimulation of Sox9
transcriptional activity and induction of insulin-like growth
factor (Igf) 1, which has the capacity to induce chondrogenesis
(8).

The chondrocyte-specific expression pattern of Cyt/I and its
chondrogenic effects observed in vitro suggest a possible role of
Cytll in cartilage and bone development and/or maintenance
of cartilage homeostasis. To investigate the in vivo role of Cytl1,
we generated CytlI knock-out (CytlI~'~) mice. We report here
that deletion of the Cyt/1 gene did not affect cartilage or bone
development, despite the in vitro chondrogenic effects of Cytl1.
However, Cytl1~/~ mice were more sensitive to OA cartilage
destruction, suggesting a role in the maintenance of cartilage
homeostasis.

EXPERIMENTAL PROCEDURES

Animals—Male mice (C57BL/6, Cytl]f/f, STR/ort, and
CBA/CaCrl) were used for cartilage and bone development and
experimental OA studies. Cyt/lI '~ mice were generated as
described below. STR/ort and CBA/CaCrl mice were obtained
from Harlan Laboratories, Inc. (Borchen, Germany). Animals
were maintained under pathogen-free conditions. All experi-
ments were approved by the Gwangju Institute of Science and
Technology Animal Care and Use Committee.

Generation of Cytl1 "~ Mice—A targeting vector for deleting
a segment containing a sequence of the Cytl1 gene from exon 1
to exon 2 (~2.1 kb) was constructed using a 5’ short arm frag-
ment (2.7 kb) and 3’ long arm fragment (7.3 kb) ligated into the
pOsdupdel vector (Open Biosystems, Huntsville, AL). Short
arm and long arm fragments were amplified by polymerase
chain reaction (PCR) from genomic DNA obtained from 129/
Sv] mouse J1 embryonic stem cells. The 2.7-kb Nhel-Xhol frag-
ment (5" short arm) was amplified using forward (5'-gctagcaa-
aggagccacagaaatat-3') and reverse (5'-ctcgagtgggacactg-
aattcttt-3') primers containing Nhel and Xhol sites, respec-
tively (underlined). The 7.3-kb BamHI-NotI fragment (3’ long
arm) was amplified using forward (5'-ggatccagctcagtctctggecc-
tct-3") and reverse (5'-gcggecgecaccagtgaaaagaattaa-3”') prim-
ers containing BamHI and NotI sites, respectively (underlined).
The targeting vector was designed to replace the ~2.1 kb
genomic fragment with a positive selection marker containing a
polyoma enhancer/herpes simplex virus thymidine kinase pro-
moter and neomycin resistance gene. A negative selection
marker containing an HSV-1 promoter derived from the thy-
midine kinase gene was appended to the construct to select
against nonhomologous recombination. The targeting vector
was linearized with Notl and electroporated into 129/Sv]
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mouse J1 embryonic stem cells. Clones resistant to G418 and
ganciclovir were selected, and homologous recombination was
confirmed by Southern blotting. The clones containing the tar-
geted mutation were injected into C57BL/6 blastocysts, which
were subsequently transferred into pseudopregnant foster
mothers. The resulting male chimeric mice were bred to
C57BL/6 females to obtain heterozygous Cytll™'~ mice.
Heterozygous mice were crossed to generate homozygous
CytlI~'~ mice. For Southern blot analysis, mouse genomic
DNA obtained from 129/Sv] mouse J1 embryonic stem cells
was digested with BamHI and hybridized with a 314-bp probe
amplified from genomic DNA by PCR using the primers 5'-
cctctacactctecacattee-3' (forward) and 5'-aagggcatcgaaggagtc-
ctt-3" (reverse). The probe detects 14.8-kb and 4.6-kb DNA
fragment in WT and Cytl1 '~ mice, respectively. Genotypes of
WT and Cytl1 '~ mice were determined by RT-PCR analysis
from tail genomic DNA. PCR primers and conditions are sum-
marized in Table 1.

Primary Culture of Chondrocytes and Mesenchymal Cells—
Micromass cultures of mesenchymal cells were performed as
described previously (8, 12). Briefly, mesenchymal cells
obtained from E11.5 embryos of WT and Cyt/1~'~ mice were
digested with 1% trypsin and 0.2% type II collagenase (381
units/mg solid; Sigma) for 10 min. A total of 2 X 107 cells were
suspended in 1 ml of Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 medium (2:3; Invitrogen) containing 0.1% or
10% (v/v) fetal bovine serum. The cells were spotted as 15 ul
drops on culture dishes and maintained for 5 days to induce
chondrogenesis. Chondrogenesis was determined by examin-
ing the expression of type II collagen (Co/2al) by reverse tran-
scription-PCR (RT-PCR) and by detecting accumulation of sul-
fate proteoglycans via Alcian blue staining. Rib chondrocytes
were prepared from 2-day-old newborn wild-type (WT) and
Cytl1~'~ mice (8). The cartilage rib cages were preincubated
for 1 hat 37 °C with 0.2% trypsin and 0.2% collagenase type Il in
DMEM, and rinsed with PBS. The tissues were digested with
0.2% type 1I collagenase in DMEM for 90 min. The cells were
maintained in DMEM containing 10% (v/v) fetal bovine serum,
50 ug/ml streptomycin, and 50 units/ml penicillin, and were
plated on culture dishes at a density of 5.0 X 10* cells/cm?.

Sox9 Reporter Gene Assay—Sox9 reporter gene activity in
chondrifying mesenchymal cells was determined as described
previously (8). Briefly, a reporter gene containing the 48 bp
Sox9 binding site in the first intron of Col2al was inserted into
the pGL3-promoter luciferase reporter vector (Promega, Mad-
ison, WI). pGL3-control or Sox9 reporter gene (1 ug) was trans-
fected into isolated mesenchymal cells 6 h after spotting using
the Lipofectamine 2000 reagent (Invitrogen). The cells were
co-transfected with pCMV-B-galactosidase expression vector
(0.2 ug) as an internal control to ensure transfection efficiency.
The cells were maintained as micromass culture for 4 days in
complete medium. Luciferase activity was normalized against
B-galactosidase activity.

OA Cartilage and Experimental OA—Human normal carti-
lage was obtained from individuals undergoing arthroscopic
meniscectomy or meniscal repair. Human OA knee joint carti-
lage was obtained from individuals (age 51-72 years) undergo-
ing arthroplasty (13, 14). The Review Board of the Wonkwang
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TABLE 1
PCR primers and conditions
Gene Strand Primer sequences Size (bp) A Origin Detection
bp °C

Cytll S? 5’-AGATCACCCGCGACTTCAAC-3’ 302 60 Human RT-PCR
As® 5'-TTAGCGCTGACGATCTGGC-3’
S 5'-CCACCTGCTACTCTCGGATG-3' 309 50 Mouse RT-PCR
As 5'-CCTCGGGAATTGGGTCTTC-3'
S 5'-GATTCCTGTGTGAGGTAC-3' 342 60 Mouse Genotyping (WT)
As 5'-CAGAAGGAGTTCATGATG-3'
S 5'-GAGGATCTCGTCGTGAC-3’ 615 60 Mouse Genotyping (KO)
As 5'-CAGAAGGAGTTCATGATG-3'

Col2al S 5'-GGGTCTCCTGCCTCCTCCTGCTC-3" 204 62 Mouse RT-PCR
As 5'-TCCTTTCTGCCCCTTTGGCCCTAATTTTCGGG-3'

Acan S 5'-GAAGACGACATCACCATCCAG-3' 581 56 Mouse RT-PCR
As 5'-CTGTCTTTGTCACCCACACATG-3'

Lectl S 5'-ACAGTGACCAAGCAGAGCATC-3' 504 62 Mouse RT-PCR
As 5'-GCGGCATCCTTGGTAATTG-3'

Sox9 S 5'-GCGCGTGCAGCACAAGAAGGACCACCCGGATTACAAGTAC-3’ 385 50 Mouse RT-PCR
As 5'-CCTCGGGAATTGGGTCTTC-3'

Gapdh S 5'-CGTCTTCACCACCATGGAGA-3v 300 62 Human RT-PCR
As 5'-CGGCCATCACGCCACAGTTT-3'
S 5'-TCACTGCCACCCAGAAGAC-3’ 450 60 Mouse RT-PCR
As 5'-TGTAGGCCATGAGGTCCAC-3’

“ A, annealing temperature.
> S, sense primer.
¢ As, antisense primer.

University Hospital approved the use of these materials, and all
individuals provided full written informed consent before the
procedure. The International Cartilage Repair Society (ICRS)
grading system was used to score cartilage destruction (14, 15).
The classification ranges from healthy cartilage (grade 0) to the
absence of cartilage with exposed subchondral bone (grade 4).
The score criteria are the quantity and depth of lesions, either
visually inspected by arthroscopy or non-invasively by mag-
netic resonance imaging (15). Spontaneous OA in STR/ort
mice was examined at 28 weeks of age and compared with gen-
der-matched CBA control mice (14, 16). Experimental OA was
induced by destabilization of the medial meniscus (DMM) and
a sham operation was used as a control, as described previously
(17). Cartilage destruction was examined by Safranin-O stain-
ing and scored by Mankin’s method (14, 18). This score is the
sum of cartilage structure (0-6), cellularity (0-3), and Safra-
nin-O staining (0 —4). For histological analyses, human normal
and OA cartilage were frozen, sectioned (6 wm thick), and fixed
in paraformaldehyde. Sulfate proteoglycan was detected by
Alcian blue staining. Control and OA cartilage tissues from
mice were fixed in paraformaldehyde, decalcified, embedded in
paraffin, sectioned (6 wm), and stained with Safranin-O, as
described previously (14). Col2al and Prg4 (lubricin) proteins
were detected by a standard immunohistochemical staining
method using mouse anti-chicken Col2al antibody (Millipore)
and rabbit anti-human Prg4 antibody (Abcam, Cambridge,
UK).

Histological Analysis of Cartilage and Skeletons—Whole
embryos and postnatal mice were skinned, eviscerated, and
fixed with 95% ethanol for 4 days and treated with acetone for 3
days. Cartilage was stained with Alcian blue (1 volume of 0.3%
Alcian blue 8GX in 70% ethanol, 1 volume of 100% acetic acid,
and 18 volumes of 100% ethanol), as described previously (19).
Skeletal staining was performed for 10 days with freshly pre-
pared staining solution (1 volume of 0.1% Alizarin red S in 95%
ethanol, 1 volume of 0.3% Alcian blue 8GX in 70% ethanol, 1
volume of 100% acetic acid, and 17 volumes of 100% ethanol).
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The samples were sequentially destained with 1% KOH for up
to 48 h, and 20% glycerol containing 1% KOH for 7 days.
Humerus, ulna, femur, and tibia longitudinal lengths were
measured with the microscope image-analysis program, Axio-
Vision (Carl Zeiss), using Alcian blue- and Alizarin red-stained
samples. Histological analyses of cartilage and bones were per-
formed as described previously (14, 19). Briefly, limbs of
embryos and postnatal bones were fixed in 4% paraformalde-
hyde, and the tissues were embedded in paraffin. For postnatal
tissue, bones were decalcified in 0.5 M EDTA (pH 7.4) for 7 days
at 4 °C before paraffin embedding. The paraffin blocks were
sectioned (5 um), deparaffinized in xylene, and hydrated with a
series of graded ethanol. The deparaffinized sections were
stained with 1% Alcian blue in 0.1 N HCI for 10 min and then
washed in 0.1 N HCl for 5 min. Serial sections were stained with
2% Alizarin red in water for 5 min, washed in acetone, and
cleared in xylene. Von Kossa staining was performed by incu-
bating sections with 5% silver nitrate for 1 h and then with 5%
sodium thiosulfate for 3 min, followed by washing in water and
clearing in xylene. For hematoxylin and eosin (H&E) staining,
the sections were incubated in Harry’s hematoxylin for 1 min,
washed in running tap water, soaked in 95% ethanol for 1 min,
and then in eosin for 10 s. After hydrating in graded ethanol, the
samples were cleared with xylene (14).

Transmission Electron Microscopy of Mouse Articular
Cartilage—For transmission electron microscopy (TEM) anal-
yses, articular cartilage from 4-week-old WT and Cytll '~
mice was gently removed using a scalpel and subjected to a
double fixation procedure. Cartilage tissue was first fixed with
Karnowsky fixative for 4 h at 4 °C, washed in phosphate buffer
(pH 7.4), and post-fixed in 1% osmium tetroxide in the same
buffer for 1 h. The specimens were dehydrated through a
graded ethanol series, exchanged with propylene oxide, and
embedded in a mixture of Epon 812 and Araldite (Polysciences
Inc., Washington, PA). The embedded tissues were thin-sec-
tioned on a Leica Em UC6 Ultramicrotome, stained with uranyl
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and lead citrate, and viewed in a FEL Tecnai G2 electron micro-
scope (FEI, Eindhoven, Netherlands) operated at 80 kV.

Conventional RT-PCR and Quantitative RT-PCR (qRT-PCR)—
Total RNA was isolated from cartilage tissue and primary cul-
tured chondrocytes. The RNA was reverse-transcribed, and the
resulting cDNA was amplified by PCR using the primers and
experimental conditions summarized in Table 1. Transcript
levels were quantified by qRT-PCR as described previously (20,
21).

Phenotypic Analysis of Heart and Lung—Histological analy-
ses of heart were performed as described previously (22).
Briefly, hearts from 2-week-old mice were fixed in 4% para-
formaldehyde and paraffin embedded. Sections (6 um) were
stained with H&E solution, as described above. Lung sections
were obtained from 2-week-old mice, as described previously
(23). After embedding in paraffin, lung paraffin blocks were
sectioned (6 wm), deparaffinized in xylene, and stained with
H&E.

Statistical Analysis—Statistical significance was evaluated
using Student’s ¢ test. Significance was accepted at the 0.05 level
of probability (p < 0.05).

RESULTS

Normal Chondrogenesis and Cartilage Development in
Cytll~’~ Mice—We have previously shown that chondrocyte-
specific Cytll, as a novel autocrine factor, regulates in vitro
chondrogenesis during micromass culture of mouse mesenchy-
mal cells without directly affecting hypertrophic maturation of
chondrocytes (8). To elucidate the in vivo function of Cytll in
cartilage and bone development and maintenance of cartilage
homeostasis, we generated Cyt/I~'~ mice by deleting a seg-
ment (~2.1 kb) of the Cyt/1 gene from exon 1 to exon 2, as
described under “Experimental Procedures” (Fig. 14). Cytl1 '~
mice were viable and showed normal postnatal growth (Fig.
1B). Genotypes of offspring and knock-out of Cyt/1 were con-
firmed by RT-PCR analysis (Fig. 1C).

We first examined phenotypic changes in chondrogenesis of
mesenchymal cells and cartilage development in Cytll '~
mice. The role of Cytll in chondrogenesis was examined by
micromass culture of mesenchymal cells isolated from WT and
Cytll~'~ E11.5 embryos. Similar patterns of chondrogenesis
were observed in WT and Cytll '~ mesenchymal cells, as
determined by Alcian blue staining of sulfate proteoglycan (Fig.
2A). Additionally, expression patterns of the chondrocyte
markers Col2al, aggrecan (Acan), chondromodulin 1 (LectI),
Sox9, and Igfl, and Sox9 transcriptional activity were similar
between WT and Cytl1~'~ cells (Fig. 2B). Thus, deletion of the
Cytl1 gene did not affect chondrogenesis of mesenchymal cells
in vitro. Chondrogenesis and cartilage development in vivo was
examined by Alcian blue staining of limb buds and whole
embryos. Patterns of cartilage development in limb buds of
E12.5 and E13.5 embryos and whole embryo at E14.5 were sim-
ilar in WT and CytlI~'~ mice (Fig. 2C). Collectively, these
results indicate that the patterns of in vitro chondrogenesis and
in vivo cartilage development are normal in Cytl1 ™/~ mice.

Normal Endochondral Ossification and Bone Development in
Cytll~"~ Mice—Because cartilage serves as a template for long
bone development during endochondral ossification (2, 4), we
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FIGURE 1. Generation of Cyt/1~/~ mice. A, vector construct used for the
generation of Cyt/1~/~ mice. B,images of 10-week-old WT and Cyt/1~/~ mice.
C, genotypes of WT (+/+), heterozygous (+/—), and homozygous (—/—)
mice were determined by RT-PCR from tail genomic DNA. Cyt/T expression
levels were determined by RT-PCR analysis from rib chondrocytes.

next examined endochondral ossification and long bone devel-
opmental patterns in Cyt/I "/~ mice. At E18.5, the skeletal
structure of whole embryos (Fig. 34), autopod developmental
patterns (Fig. 3B), and lengths of long bones (i.e. ulna, humerus,
tibia, and femur; Fig. 3C) were similar in Cyt/I~’~ and WT
littermates. The lengths of mineralized zones, determined by
Alcian blue or von Kossa staining, of radius and ulna at E16.5,
and lengths of hypertrophic zones were also similar in WT and
Cytll~'~ mice (Fig. 3D). Additionally, the overall patterns of
growth plate, zones of proliferating and hypertrophic chondro-
cytes, and secondary ossification center were also similar in
2-week-old WT and Cytl1~'~ mice (Fig. 3E). Taken together,
our results indicate that endochondral ossification and long
bone development patterns are normal in Cy/1~/~ mice.

Enhanced OA Cartilage Destruction Caused by DMM Sur-
gery in Cytll ™'~ Mice—Next, we examined whether deletion of
the Cytl1 gene affected ultrastructure and maintenance of artic-
ular cartilage. Alcian blue staining of articular cartilage from
4-week-old WT and Cytl1 '~ mice showed no apparent differ-
ences in the overall structure of cartilage (Fig. 4A). Ultrastruc-
tural features of articular cartilage, such as ECM organization
and morphology of chondrocytes, were examined by TEM
using articular cartilage explants from 4-week-old WT and
CytlI™'~ mice. The density of the matrix and the thickness of
the collagen fibril network in articular cartilage were similar in
WT and Cytl1~'~ mice (Fig. 4B). Additionally, there were no
evident differences in chondrocyte morphology between WT
and Cyt/I1~’~ mice (Fig. 4C).
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FIGURE 2. Normal chondrogenesis and cartilage and bone development in Cyt/7~/~ mice. A, mesenchymal cells isolated from the limb buds of wild-type
(WT) and Cytl/1~/~ (KO) mice were maintained as micromass culture for 1-5 days to induce chondrogenesis. Left: accumulation of sulfate proteoglycan in the
presence of 10% or 0.1% FBS at day 5 determined by Alcian blue staining. Right: Alcian blue-stained cells were extracted and quantified by measuring
absorbance. B, left: expression levels of chondrocyte markers Col2a1, Acan, Lect1, Sox9, and Igf1 were determined by RT-PCR in chondrifying mesenchymal cells
isolated from WT and Cyt/7~/~ (KO) mice. Right: Sox9 transcriptional activity was determined by the reporter gene assay in chondrifying mesenchymal cells
isolated from WT and Cyt/7~/~ (KO) mice. Values represent means = S.E. (n = 3). C, Alcian blue staining of limb buds of WT and Cyt/7~/~ (KO) E12.5 (left) and
E13.5 (middle) embryos. Cartilage structure of WT and Cyt/1~/~ (KO) E14.5 whole embryos detected by Alcian blue staining (right). Scale bars: 400 um (/eft and
middle) and 3 mm (right).
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detect skeletal structure. Scale bar: 3 mm. B, Alizarin red and Alcian blue staining of autopods of WT and Cyt/1~/~ (KO) E18.5 embryos. Scale bar: 1 mm. C, left:
humerus and ulna (forelimb) and femur and tibia (hind limb) from Cyt/7~/~ (KO) and WT E18.5 embryos stained with Alcian blue and Alizarin red. Right: bone
length measured using a microscope image analysis program. Values represent means = S.E. (n > 10). Scale bar: 1 mm. D, left: radius and ulna of WT and
Cytl1~/~ (KO) E16.5 embryos stained with Alcian blue or von Kossa to detect the mineralized zone. Scale bar: 150 um. Right: enlarged images of the hyper-
trophic zone. Scale bar: 300 um. E, left: Alcian blue and H&E staining of growth plate (GP) and secondary ossification center (OC) in the metatarsal bone of
2-week-old WT and Cyt/1~/~ (KO) mice. Right: enlarged images of the growth plate showing proliferating chondrocytes (PC), hypertrophic chondrocytes (HC),
and trabecular bone (7TB). Scale bar: 400 wm.

The role of Cytll in OA cartilage destruction was examined
using an experimental OA model. We induced OA cartilage
destruction in both WT and Cytl1 '~ mice by DMM surgery.
DMM surgical instability in the mice was caused by a 3 mm
longitudinal incision over the distal patella to proximal tibial
plateau. This model induced OA with a high reproducibility
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and slow progression of the disease (17). Mice were sacrificed 7
weeks after surgery, and cartilage destruction was examined by
Safranin-O staining and scored using a Mankin’s methods (18).
DMM surgery caused OA cartilage destruction in both WT and
Cytl1~'~, leading to the loss of Safranin-O stained proteogly-
cans in comparison to their respective sham controls. However,

VOLUME 286+NUMBER 31-AUGUST 5, 2011



Cartilage and Bone in Cytl1~'~ Mice

- ; 0 X9 __950?)_5 '
FIGURE 4. Ultrastructure of articular cartilage in WT and Cyt/7~/~ mice. A, Alcian blue staining of mouse articular cartilage from 4-week-old WT and Cyt/1 ™/~
(KO) mice. B and C, TEM images of cartilage matrix (B) and chondrocytes (C) in articular cartilage of 4-week-old WT and Cyt/7~/~ (KO) mice.
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FIGURE 5. Enhanced DMM-induced OA cartilage destruction in Cyt/7~/~ mice. A, WT and Cyt/1~/~ (KO) mice were subjected to a sham operation (control)
or DMM surgery to induce OA cartilage destruction. Articular cartilage was stained with Safranin-O. The images at right are enlarged versions of the marked
region in the left images. Scale bar: 400 wm. B, Mankin score in WT and Cyt/7~/~ (KO) mice after sham operations and DMM surgery. Values represent means +
S.E. (n = 16). C, immunohistochemical staining of Col2a1 and Prg4 in joint articular cartilage of WT and Cyt/1~/~ (KO) mice after sham operation and DMM
surgery. Scale bar: 400 um. D, Safranin-O staining (left) and Makin score (right) of 10-month-old WT and Cyt/1~/~ (KO) mice joint articular cartilage. Scale bar: 400

um. Values represent means = S.E. (n = 6). *, p < 0.05.

the degree of cartilage destruction was more remarkable in
Cytl1™'~ than in WT. We consistently observed a marked
reduction in cartilage thickness and irregular cartilage surface
in Cytl1~’~, both of which corresponded to the characteristics
of more advanced OA (Fig. 5A). Indeed, scoring of cartilage
destruction by Mankin’s method indicated statistically signifi-
cant augmentation of cartilage destruction in Cyt/I ™/~ mice
(Fig. 5B).

In addition, immunostaining of Col2al and Prg4, whose
down-regulations are associated with OA pathogenesis, indi-
cated that DMM caused reduction in the expression levels of
Col2al and Prg4 in degenerating cartilage, and this effect was
more evident in Cytl1 '~ mice (Fig. 5C). Finally, we examined
whether Cytl1~/~ mice exhibit spontaneous OA with age.
Safranin-O staining and scoring by Mankin’s method indicated
enhanced cartilage destruction in 10-month-old Cyt/I '~ mice
compared with corresponding WT mice (Fig. 5D). However,
the degree of spontaneous cartilage destruction was relatively
weak at this age when compared with OA cartilage destruction
by DMM surgery (Fig. 5, B and D).

To confirm the association between Cytll expression and
OA cartilage destruction, we examined CYTL1 mRNA levels in
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OA cartilage. CYTL1 mRNA levels in OA cartilage in DMM
model animals were markedly decreased compared with those
in sham-operated controls (Fig. 6A4). To extend these observa-
tions, we also examined Cytll expression in the cartilage of
STR/ort mice, which are genetically predisposed to develop
OA-like lesions in the medial tibial cartilage. The majority
(>85%) of male STR/ort mice have been shown to display signs
of cartilage destruction at 6 months of age (16). Compared with
gender-matched CBA control mice, STR/ort mice showed
severe cartilage destruction and down-regulation of Cytll
expression (Fig. 6B). Finally, we examined CYTLI expression in
normal human cartilage obtained from individuals experienc-
ing meniscus problems during arthroscopic meniscectomy or
meniscal repair and OA-affected human cartilage obtained
from individuals undergoing arthroplasty. CYTL1 mRNA lev-
els were markedly reduced in human OA cartilage compared
with those in undamaged normal cartilage (Fig. 6C). Cartilage
damage in OA-affected individuals was confirmed by scoring of
Alcian blue-stained samples according to the ICRS grading sys-
tem (14, 15). Thus, all examined OA cartilage showed marked
down-regulation of Cyt/1, and deletion of CytlI enhanced OA
cartilage destruction, suggesting the involvement of CytlI in
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FIGURE 6. Down-regulation of Cyt/1 expression in OA cartilage. A, WT mice were subjected to a sham operation (left knee joint) or DMM surgery (right knee
joint) to induce OA cartilage destruction. Expression levels of Cyt/T were quantified by qRT-PCR 7 weeks after surgery. Values represent means = S.E. (n = 6). *¥,
p < 0.005. B, cartilage sections from STR/ort and CBA control mice. Left: Safranin-O staining; middle: Mankin score (n = 5); right: Cytl1 mRNA levels quantified
by gRT-PCR. Values represent means = S.E. n = 6). **, p < 0.005. Scale bar: 400 um. C, undamaged and damaged human cartilage section. Left: Alcian blue
staining of human cartilage sections from an OA-affected damaged region and an undamaged region. Middle: ICRS grade of normal cartilage and OA cartilage
(n = 6). Right: Cytl1 mRNA levels in normal and OA cartilage quantified by qRT-PCR. Values represent means = S.E. (n = 6). **, p < 0.005. Scale bar: 400 um.
D, WT mice were subjected to a sham operation (left knee joint) or DMM surgery (right knee joint) to induce OA cartilage destruction. At indicated time points,
expression levels of Cyt/T and Mankin scores were determined. Cyt/T mRNA levels are relative mean values in right knee joints cartilage (DMM surgery) against
sham operation (left knee joints cartilage). Values represent means = S.E. (n = 7). *, p < 0.05 and **, p < 0.005 against sham operation in each indicated time
point.
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FIGURE 7. Normal lung and heart phenotypes in Cyt/1~/~ mice. A, left: lung images and weights for 2-week-old WT and Cyt/T~’/~ mice. Values represent
means *+ S.E. (n = 5). Scale bar: 0.5 mm. Right: H&E-stained lung sections from WT and Cyt/7~/~ mice. Scale bar: 100 um. B, left: Heart images and weights for
2-week-old WT and Cyt/7~/~ mice. Values represent means = S.E. (n = 5). Scale bar: 0.5 mm. Right: H&E-stained lung sections from WT and Cyt/7~/~ mice. Scale
bar: 100 um.

the maintenance of cartilage homeostasis. Finally, we examined
Cytll mRNA levels in OA cartilage at different time points after
DMM surgery. Notably, decrease in Cyt/I expression levels, as
determined by qRT-PCR analysis, preceded OA cartilage
destruction, which was determined by Mankin score. The
decrease in Cytl1 expression was detected as early as 1 day after
DMM surgery, whereas cartilage destruction occurred 2 weeks
after DMM surgery (Fig. 6D), suggesting a possible protective
role of Cytll in OA cartilage destruction.

Normal Development of Lung and Heart in Cytll "~ Mice—
We have previously shown that Cytl1 is also expressed in lung
and heart, although at much lower levels than in cartilage (8).
We therefore examined possible phenotypic changes in the
lungs and hearts of Cytl1 '~ mice (Fig. 7). The size and weight
of lungs in 2-week- and 12-week-old mice were essentially the
same in Cyt/1~'~ mice and WT littermates. Additionally, H&E
staining of lung sections from Cy#/I~'~ mice showed an alveo-
lar structure similar to that of WT littermates (Fig. 7A). More-
over, there were no apparent differences in the size or weight of
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hearts or histology of heart sections between WT and Cytll '~
mice (Fig. 7B), indicating that lung and heart developmental
patterns in Cyt/I /"~ mice are normal.

DISCUSSION

We demonstrated in this study that deletion of the Cyz/1 gene
in mice does not affect cartilage development, endochondral
ossification, or long bone development, despite the in vitro
chondrogenic effects of Cytll. However, Cytll appears to be
required for the maintenance of cartilage homeostasis. This
conclusion is suggested by the decreased expression of CytlI in
OA cartilage and the more severe OA cartilage destruction in
Cytll~'~ mice compared with WT mice.

An examination of Cyt/I expression in a number of mouse
tissues, including lung, heart, trachea, testis, eye, brain, kidney,
muscle, spleen, and liver, has shown that Cy#/I is predomi-
nantly expressed in cartilage. Additionally, CytlI expression is
detected only in primary cultured chondrocytes but not in
HTB-94 chondrosarcoma or ATDC5 chondroprogenitor cells
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(8). Indeed, CytlI expression is specific to differentiated chon-
drocytes; its expression is not detected in undifferentiated mes-
enchymal cells, hypertrophic chondrocytes, or de-differenti-
ated chondrocytes generated by serial subculture as a
monolayer. Cytl1 expression in vivo is also chondrocyte-spe-
cific; it is detected only in Col2a1-expressing chondrocytes but
not in other cell types (e.g. hypertrophic chondrocytes) in devel-
oping cartilage and bone (8). Therefore, we initially hypothe-
sized that Cytll regulates chondrogenesis, maintenance of the
differentiated phenotype of chondrocytes, and/or hypertrophic
maturation of chondrocytes. Indeed, in vitro experiments using
micromass culture of mouse mesenchymal cells demonstrated
that Cytl1 has the capacity to induce chondrogenesis of mesen-
chymal cells by activating Sox9 transcriptional activity (8).
However, in this previous study, we were not able to assess the
effects of CytlI silencing because we were inexplicably unable
to knock down CytlI expression with any of the various siRNAs
and shRNAs tested.

In the current study, we examined the in vivo function of
Cytl1 by generating Cyt/1 '~ mice. Unexpectedly, and contrary
to the in vitro chondrogenic effects of Cytll, we found that
Cytll™'~ mice exhibited normal cartilage development and
endochondral ossification. We also observed that chondrogen-
esis of mesenchymal cells induced by micromass culture was
normal in mesenchymal cells isolated from Cy#I~'~ mice.
Therefore, although exogenous Cytll or ectopic expression
Cytl1 causes in vitro chondrogenesis, Cytll does not appear to
be essential for the induction of chondrogenesis. However, this
interpretation should be considered with care. Chondrogenesis
of mesenchymal cells by micromass culture is normally induced
in the presence of 10% fetal calf serum. In our previous study,
the chondrogenic effects of exogenous Cytll or ectopically
expressed CytlI were not observed in 10% serum, but were evi-
dent under low serum (0.1%) conditions (8). In the current
study, we observed no differences in chondrogenesis of mesen-
chymal cells isolated from WT and Cyt/I~’~ mice in the pres-
ence of 10% serum, whereas chondrogenesis was not observed
in 0.1% serum (Fig. 24). Thus, it is possible that certain factors
present in serum may overcome the effects of Cyt/I deletion.
Nevertheless, the fact that cartilage development in Cytll '~
mice is normal indicates that Cytl1 is not essential for chondro-
genesis or subsequent cartilage development in vivo. Conse-
quently, endochondral ossification and long bone development
are also not affected by Cyz/I deletion in mice. Thus, our cur-
rent results demonstrate that Cytl1 does not have a critical role
in chondrogenesis, cartilage development, or endochondral
ossification during long bone development in mice.

Although Cytll is not involved in cartilage or bone develop-
ment, we demonstrated in this study that it is associated with
the maintenance of articular cartilage homeostasis. Expression
of Cytll was markedly decreased in degenerating OA cartilage
of humans and mice. Additionally, deletion of the Cyt/I gene
enhanced OA cartilage destruction caused by DMM surgery.
Although the stimulatory effects of CytlI deletion in OA carti-
lage destruction were not dramatic, they were statistically sig-
nificant. Therefore, it is likely that the loss of Cytll function
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facilitates OA progression. Indeed, the decrease in Cytll
expression preceded OA cartilage destruction, suggesting that
Cytll exerts protective effects against cartilage degeneration.
The current study did not elucidate the stimulatory mecha-
nisms underlying OA cartilage destruction in Cytl1 '~ mice. In
conditions that predispose toward OA, such as aging and
genetic defects, OA cartilage destruction is caused by mechan-
ical stimuli, which activate intracellular signaling pathways in
chondrocytes that lead to a variety of effects, including the pro-
duction of pro-inflammatory cytokines, inflammation, degra-
dation of the ECM by matrix metalloproteinases and ADAMTS
(a disintegrin and metalloproteinases with thrombospondin
motifs), and cessation of ECM synthesis via dedifferentiation
and apoptosis of chondrocytes (5-7). Because ultrastructural
features of articular cartilage such as ECM organization and
chondrocyte morphology are normal in Cytl1~'~ mice, it is
likely that other factors, such as biochemical pathways, are
altered in Cytl1 '~ mice during OA pathogenesis.
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