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A novel chordin-like BMP inhibitor, CHL2, expressed preferentially
in chondrocytes of developing cartilage and osteoarthritic joint
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Summary

We have identified a novel chordin-like protein, CHL2,
which is structurally most homologous to CHL/neuralin/
ventroptin. When injected into Xenopusembryos, CHL2
RNA induced a secondary axis. Recombinant CHL2
protein interacted directly with BMPs in a competitive
manner to prevent binding to the type | BMP receptor
ectodomain, and inhibited BMP-dependent induction of
alkaline phosphatase in C2C12 cells. Thus, CHL2 behaves
as a secreted BMP-binding inhibitor. In situ hybridization
revealed thatCHL2 expression is restricted to chondrocytes
of various developing joint cartilage surfaces and

reduced cartilage matrix deposition. Consistently, CHL2
transcripts were weakly detected in normal adult joint
cartilage. However, CHL2 expression was upregulated in
middle zone chondrocytes in osteoarthritic joint cartilage
(where hypertrophic markers are induced). CHL2
depressed chondrocyte mineralization when added during
the hypertrophic differentiation of cultured hyaline
cartilage particles. Thus, CHL2 may play negative roles
in the (re)generation and maturation of articular
chondrocytes in the hyaline cartilage of both developing
and degenerated joints.

connective tissues in reproductive organs. Adult
mesenchymal progenitor cells expresse€HL2, and its
levels decreased during chondrogenic differentiation.
Addition of CHL2 protein to a chondrogenic culture system
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Introduction

Bone morphogenetic proteins (BMPs) belong to the transformin The chordin polypeptide contains four CRs, of which the

growth factor (TGF)B super family. These molecules play .. ! .
; . . first and the third (CR1 and CR3) are responsible for BMP
important roles during many organogenic processes, even thouéﬁding (Larrain et (al. 2000). Bind)ing of chgrdin to BMP4 is

formation of cartilage and bone. The concentration of acnv%&e |C3n;\|/|cpi?d \;[\I/%?éh(lzl’ilgg?;t)ezt éllillgai?'Cpéztef%ﬁ'iﬁgr;ﬂlo;g

BMP is controlled in part by inhibitors from three BMP binding required to release bound BMP4 (Piccolo et al., 1997; Scott et
protein families: short gastrulation/chordin, noggin and cerberLgl_, 1999). The importance of CR for BMP int'eracti(’)ns has
(reviewed by Balemans and Van Hul, 2002). Among theSg,een strengthened by the recent finding that connective tissue
chordin and noggin were the first proteins found to inhibit theyrowth factor functions as a BMP-binding inhibitor, and that
activity of bound BMPs by preventing interactions with theirits single CR domain is essential for this activity (Abreu et al.,
BMP receptors (Piccolo et al., 1996; Zimmerman et al., 1996R002).

Although noggin is encoded by a single gene in mammals, We previously described a small chordin-like secreted
chordin belongs to a family of proteins that share a cysteine-righrotein, CHL1 (for chordin-like 1, re-designated from CHL),
pro-collagen repeat [or chordin-like cysteine-rich repeat (CR)Ja novel BMP-binding inhibitor with three CRs (Nakayama et
which is also found in various extracellular matrix proteinsal., 2001). CHL1 was isolated originally from mouse bone
(reviewed by Garcia Abreu et al., 2002). Without exception, thenarrow stromal cells. InterestinglyCHL1 expression

homology between chordin family members lies within their
Rs.
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correlates with the stem/progenitor-support activities of over A human placenta library was constructed with size-selected (>1.5
19 stromal cell lines established from the aorta-gonaddb) oligo(dT)-primed cDNAs in the pSPORTL1 vector (Gibco). A full-
mesonephros region, the site at which definitive hematopoietlgngth human cDNA clone (hCHL2, 1.5 kb in length) was isolated
stem cells first arise during embryogenesis (Oostendorp et afSing the mouse cDNA probe, and designated pPSPORThCHL2. Rat
2002). However, CHL1 mRNA is also detected in variou CHL2 (rCHL2) cDNA was cloned by PCR from a rat fetal liver cDNA

o . . ibrary (Stratagene) using the following primers: sensé, 5
mesenchymal derivatives associated with (1) the dermato CCTCTCATCCTCACCTTAG-3 (based on mCHL2:8TR). and

limb bud and chondrocyte precursors of the skeleton duringiisense '55AGGGTAATGCGACTTCTTT-3 (based on mCHL2-
embryogenesis, and (2) digestive tract connective tiSSUegyTR). A 1.2 kb fragment was amplified using Advantage-HF2
kidney tubules and marrow stromal cells in adults. In additiongnzyme (Clontech), cloned into pTOPO2.1 (Invitrogen), and
CHL1 is expressed in olfactory bulb and cerebellum,designated pTOPOrCHL2.

suggesting a wider array of physiological functions. Two other ) - ) _

groups have independently isolated CHL1, naming it neuralin2roduction, purification, and detection of recombinant

1 and ventroptin (Coffinier et al., 2001; Sakuta et al., 2001%HL2 protein _

and demonstrating its ability to correctly specify retinotectall© prepare mCHL2, thenCHL2 open reading frame (ORF) was

At ; ; : utated by PCR to replace the stop codon wiSahsite, inserted
g(ra(z/jglt(:)t[ljonqzmalong the dorsoventral retinal - axis durlnq::to a pFLAG-CMV5a expression vector (Sigma) to attach the FLAG

h . . . sequence in-frame to mCHL2 at its COOH terminus (mCHL2-
We proylde evidence that CHL2, a nonI chordin .fam'lyFLAG), and designated pFLAGMCHL2. Expression was checked by
member with structural homology to CHL1, is a BMP-bindingyansient transfection of 293T cells, followed by direct western blot
inhibitor whose expression is uniquely restricted to theynalysis of conditioned media, using the anti-FLAG monoclonal
superficial layers of developing joint cartilage, in contrast tantibody M2 as described previously (Nakayama et al., 2001).
that of other family members. Potential downregulation of A large-scale, transient transfection-based expression was
cartilage matrix accumulation and/or cartilage mineralizatioperformed as described with 293T cells bearing pFLAGmMCHL2
by CHL2 is suggested by in vitro observations using cartilagéNakayama et al., 2001), yielding approximatehyugfml of nCHL2-
particles derived from embryonic stem (ES), cell-derived”-AG. The protein was purified by affinity chromatography using anti-
mesodermal cells (Nakayama et al., 2003) and with marro -LAG M2 affinity gel (Sigma) under high-salt conditions, as described

- : -y Piccolo et al. (Piccolo et al., 1997), after which positive fractions
derived mesenchymal stem/progenitor cells (MSCs). CHL2 Sere subjected to hydroxyapatite column chromatography

also induced in osteoarthritic joint cartilage, implying &(equilibrated with 10 mM phosphate, with gradient elution from 10

potential role during cartilage regeneration in the adult. mM to 400 mM phosphate) at pH 6.9. Purity was confirmed by SDS-
polyacrylamide gel electrophoresis followed by Coomassie Blue

Materials and methods staining. Approximately 5 mg of >95% pure mCHL2-FLAG protein
were obtained from 2.5 | of conditioned medium.

Cells and reagents A rabbit polyclonal antibody for mCHL2aCHL2-COOH) was

Enzymes for the polymerase chain reaction (PCR) and cDNA libraryaised to the peptide NHCPEDEAEDDHSEVISTR-COOH, and
constructions; recombinant human proteins (and correspondingffinity purified against the corresponding peptide (Harlow and Lane,
antibodies for western blot detection) for BMP4, BMP5, BMP6,1988).

activin A, TGH2, and BMP receptor 1B-Fc fusion protein ) o )

(BMPR1B-Fc); human platelet-derived growth factor (PDGF)-BB, Co-immunoprecipitation analysis

human TGPB3, and mouse noggin-Fc fusion protein (noggin-Fc);Immunoprecipitations to demonstrate direct interactions between
monoclonal antibodies against collagens type Il (COL2, clone 2B1.5BMPs, TGHPBs and activin A were performed as described previously
and type X (COL10, clone X53); other staining reagents, and allNakayama et al., 2001) except that only one condition was used: 200
culture vessels were obtained as described previously (Nakayamargg mCHL2-FLAG were mixed with 100 ng of BMP/GDF/activin/
al., 2003; Nakayama et al., 2001). Mouse chordin (MCHD-His)TGF3 in 1 ml binding buffer, followed by 12ig/ml of aCHL2-
human BMP2, BMP7 and T@# (and mouse monoclonal antibodies COOH. The BMP/GDF/activin/TGE immunocomplex was
against them); mouse monoclonal anti-human f&Mfouse growth  precipitated with 20pl protein A agarose beads (Santa Cruz),
and differentiation factor 5 (GDF5); and affinity-purified goat fractionated on an SDS-polyacrylamide gel (NuPAGE, Invitrogen),
polyclonal anti-mouse GDF5 were from R&D Systems (Minneapolisplotted, and visualized with the corresponding antibody as described
MN). Goat polyclonal anti-human IgG1-Fc fragment (IgG-Fc) waspreviously (Nakayama et al., 2001), or withud/ml of anti-BMP2,
obtained from Sigma. Human kidney epithelial cell lines 293 andnti-BMP7, anti-TGB1 or anti-TGB3 or 0.3ug/ml of anti-GDFb5.
293T were maintained as described previously (Nakayama et aEach blot then was treated with 4u/ml M2 to confirm the
2001). The human MSCs (hMSCs) were obtained from BioWhittakeprecipitation of mCHL2-FLAG. The inhibitory effect of mCHL2-
(Walkersville, MD). The E14 mouse ES cells were grown, and~LAG (0.1-1ug, in 1 ml binding buffer) on BMP4 binding (at 100
embryoid body (EB) cells were harvested, treated and sorted ag/ml) to the BMPR1B ectodomain (BMPR1B-Fc aud/ml) was

described previously (Nakayama et al., 2003). performed as described by Nakayama et al. (Nakayama et al., 2001),
) except that BMP4 visualization on blots was followed by CHL2 and
Isolation of mouse, rat and human CHL2 cDNAs BMPR1B-Fc detection using 4g/ml M2 and 2.2ug/ml anti-IgG-

Mouse placentas were isolated at E18. A signal-trap cDNA libraryc, respectively.

and a regular full-length cDNA library were constructed as described o o

previously (Nakayama et al., 2001). From 400 trap-positive cloneEctopic axis formation inthe  Xenopus embryo

sequenced, a cDNA fragment encoding thet#iminal sequence of Inhibition of BMP4 by mCHL2 was assessedXanopusembryos.

a putative secreted protein with significant homologyXemopus  The EcdRI-Notl fragment of pPSPORTmMCHL2 was cloned into the
chordin was identified (designated mouse CHL2 or mCHL2) by d&cadRI-Notl sites of pCS2+ (Rupp et al., 1994), and the resulting
BLAST search (Accerlys, San Diego, CA). Using this partial cDNAplasmid was linearized witNotl. Capped mRNAs were synthesized
as a probe, the corresponding full-length cDNA (approximately 1.8vith SP6 polymerase, quantified, diluted and injected into two ventral
kb) was isolated, and designated as pSPORTmMCHL2. blastomeres as described previously (Nakayama et al., 2001).
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Table 1. Oligonucleotide primers for human genes

Gene Sequence Product (bp)

Aggrecan Sense "B\CAGCCACCTCCCCAACAG-3 414
Antisense 5ATTCCACTCGCCCTTCTCGT-3

COMP Sense 'BCAGAAGAACGACGACCAAAAG-3' 1000
Antisense 5GCAGGAACCAACGATAGGAC-3

COL1 Sense BAGGGCTCCAACGAGATCGAGATCCG-3 222
Antisense 5TACAGGAAGCAGACAGGGCCAACGTCG-3

CcoL2 Sense SCGTCTACCCCAATCCAGCAAAC-3 412
Antisense 5GGAGGCGTGAGGTCTTCTGTG-3

coL10 Sense 'SCCAGCAGGAGCAAAGGGAATG-3 831
Antisense 5GTGGGGTAGAGTTAGAGAATG-3

CHL1 Sense 5GGGTTGGTTTACTGCGTGAA-3 647
Antisense 5GACTCGCCATGAGAATAGGTCTT-3

CHL2 Sense S5TGTGAGTTGTTACCGCCTCCAC-3 839
Antisense 5GGCTTGGGGATACCGATGTGT-3

SOX9 Sense 'BAGGTAAAAGGCAAGCAAAGGAG-3' 993
Antisense 5CTGGGAGGGAAACAAGTGAAAC-3

GAPD Sense SACCACAGTCCATGCCATCAC-3 450
Antisense 5TCCACCACCCTGTTGCTGTA-3

Alkaline phosphatase induction in C2C12 cells by BMPs (7-8 weeks old, 150-170 g) by intradermal injection of porcine COL2

Promyoblast C2C12 cells were maintained and differentiateqChrondex, Seattle, WA) emulsified 1:1 in incomplete Freund’s
according to the method of Kirsch et al. (Kirsch et al., 2000a). Brieflyadjuvant (Difco, Detroit, MI) at 10 different sites over the back (50
cells were plated atx@0* cells/well in a 96-well plate, and after 1 pg COL2/100pl/injection). Disease developed between 10 and 12
day, stimulated to differentiate for 72 hours in 12®f Dulbecco’s  days after injection, as determined by caliper measurements (Cole
Modified Eagle’s medium with 2% calf serum (Gibco) in the presenc®armer, Vernon Hills, IL) of ankle width and ambulatory difficulties.

or absence of BMP and/or CHL2. Cells were washed and lysedPaws were harvested for ISH 7 days after CIA onset. These
Alkaline phosphatase (AP) activity was measured wittitrophenyl  experiments were conducted in accordance with federal animal care
phosphate (Sigma), with specific activity calculated as the amount gfuidelines and were pre-approved by the Amgen Institutional Animal
p-nitrophenol produced in 30 minutes at 37°C, normalized to totaCare and Use Committee.

protein content, as determined with BCA reagent (Pierce). o o
Chondrogenic differentiation of MSCs and gene

In situ hybridization and northern blot analysis expression analysis

Northern blotting was performed against the entire open readinguman MSCs were cultured and differentiated as described (Mackay
frame (ORF) ofCHL2 on human and mouse multiple tissue RNA et al., 1998). Briefly, the pellet culture was performed in serum-free
blots (Clontech) using thé2P-labeled Xba-Sal fragment from  chondrogenesis medium supplemented with 10 ng/mIBBGWith or
pSPORThCHL?2 as a probe (Sambrook et al., 1989). without 2pg/ml mCHL2-FLAG, 1pg/ml noggin-Fc, or ug/ml IgG-

In situ hybridization (ISH) was performed op# paraffin sections Fc. On days 21-28, cartilage-like particles were formalin-fixed,
of zinc formalin-fixed, formic acid-decalcified tissue according to theparaffin-embedded, sectioned centrally and stained with Toluidine
method of Wilcox (Wilcox, 1993), including a high stringency washBlue to detect sulfated glycosaminoglycans (Nakayama et al., 2003;
with 0.1x SSC at 55°C. Slides hybridized wifiiP-labeled RNA  Sheehan and Hrapchak, 1987). Three sections from different regions
probes were exposed to NTB2 emulsion (Kodak) for 3 weeksyere examined to confirm staining reproducibility.
developed and counterstained with Hematoxylin and Eosin. To analyze gene expression, two to five particles were harvested
Expression was subjectively evaluated under dark-field microscopyat designated times and disrupted immediately in guanidine

For mCHL2 the 1234-bpSal-Notl fragment and the 653 bp isothiocyanate solution (RNeasy kit, Qiagen). Total RNA was purified
Hindlll fragment were deleted from pSPORTmMCHL2 to obtainusing the manufacturer's protocol, including DNase | treatment.
pSPMCHL2-COOH and pSPmCHL2-MH respectively. Both Reverse transcription (RT) and PCR were performed as described
plasmids were linearized witBcdR| to generate non-overlapping previously (Nakayama et al., 1998), except that the PCR used 30
probes. AnhCHL2bearing plasmid, pSPhCHL2NH2, was made bycycles, an annealing temperature of 62°C and one primer set per gene.
deleting the 811 banHI fragment from pSPORThCHL2, leaving Primers for aggrecan, cartilage oligomeric matrix protein (COMP),
the 746 bp hCHL2 Nkterminal ORF. The plasmid was linearized COL1, COL2, COL10, SOX9, CHL1, CHL2 and glyceraldehyde-3-
with Sal. RNA probes fohCHL2andmCHL2were synthesized with phosphate dehydrogenase (GAPD) are shown in Table 1.

SP6 RNA polymerase. FOCHL2, an approximately 1.2 kb fragment ) ) S

of rCHL2 cDNA derived from pTOPOrCHL2 was cloned into the Cartilage mineralization in vitro

pBluescript vector (pBSrCHL2). The plasmid was linearized withMineralizing cartilage particles were produced as described by
Xba and a labeled RNA probe synthesized with T7 RNA polymeraseNakayama et al. (Nakayama et al., 2003). BrieflyxB804 FACS-

CHL2 expression was assessed by ISH in mouse embryonic/adytrrified EB cells were pellet-cultured in serum-free chondrogenesis
tissues, and in structurally normal and arthritic joints of adult humanmedium with 10 ng/ml TGE3 and 50 ng/ml PDGF-BB. On day 10,
(knee cartilage) and rats (hind paws). Human diseased cartilage&sH3 and PDGF were replaced by 50 ng/ml BMP4 to generate a
samples from rheumatoid arthritis (RA) or osteoarthritishyaline cartilage particle. On day 15, cultures were adjusted to the
(OA)/degenerative joint disease (DJD) patients were provided biypertrophic differentiation medium without T3 (Sigma), containing
Cooperative Human Tissue Netwprand normal control samples 3 pg/ml mCHL2-FLAG, 2ug/ml noggin-Fc or 50 ng/ml BMP6 for 3
were from Zoion Diagnostics (New York, NY), with pre-approval of days; 10 nM T3 was added to induce hypertrophic differentiation on
the Institutional Review Board (758WIRB and CP1098/01,day 18. On days 24-26, each particle was stained with Toluidine Blue
respectively). Collagen-induced arthritis (CIA) was induced, asas described above (Sheehan and Hrapchak, 1987). Additional serial
described (Trentham et al., 1977), in anesthetized female Lewis ragections were immunostained with 2B1.5 for COL2 and X53 for
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LRRFALEHEA SDLVEIYLWK LVKGIFHLTQ IKKVRKQDFQ KEAQHFRLLA

401 430
GTHEGYWTVF LAQTPELKVT ASPDKVTKTL
GTHEGYWTVF LAQTPELKVT ASPDKVTRTL
GPHEGHWNVF LAQTLELKVT ASPDKVTKT.
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Fig. 1.Primary structure of CHL2.

(A) Schematic representation of chordin,
CHL1(l), and CHL2. SP stands for signal
peptide. The CR1 and CR3 regions in CHL1
and CHL2 (black boxes) are most homologous
to CR3 of chordin (also in black). The chordin
CR1 (in gray) and CR3 possess the BMP-
binding capability (Larrain et al., 2000).
Putative BMP1/Tolloid cleavage sites are
indicated with an asterisk, while actual Tolloid
cleavage sites (Scott et al., 1999) are shown by
vertical arrows. The CHL1 ORF had two sites
with amino acid sequence variations (dE and
d5) (Nakayama et al., 2001). (B) Amino acid
sequences of mouse, rat and human CHL2
protein precursors. The three CRs are indicated
by boxes. The vertical arrow indicates the
NH2-terminal amino acid of mature mCHL2-
FLAG (Lew?9), as determined by amino acid
sequencing of purified recombinant protein.
(C) Amino acid sequence alignment showing
sequence similarities between CR1 or CR3 of
mouse CHL1 and CHL2, and CR3 of mouse
chordin. Ten conserved cysteines (highlighted
in black) are found in the spacing typical of
vertebrate chordins. Other conserved amino
acids are highlighted in gray.

enriched for genes of secreted and
membrane-bound proteins revealed a
cDNA encoding a protein precursor
consisting of a potential signal peptide
followed by three chordin-like cysteine-
rich repeat (CRs) homologous to those of
chordin and CHL (Fig. 1A,C). A GAP
search (Accerlys) revealed amino acid
sequence identities with mCHL(I3) and
chordin of 41% and 33%, respectively. The
predicted precursor size of 426 amino acids
resembled mCHL(I3) (448 amino acids)
more than mouse chordin (999 amino
acids). Because this novel cDNA was
clearly homologous to CHL, we designated
it CHL2 and renamed CHL as CHLI1.
Human and rat CHL2 cDNAs were cloned
also. The human gene encoded a 429 amino
acid precursor with 73% amino acid
homology to mCHL2, while the rat variant
was 95% identical to mCHL2 (Fig. 1B).

A genomic DNA fragment containing a
region spanning at least thé-tHalf of
mCHL2 was cloned from a 129SV
genomic BAC library (Genome Systems).

COL10, and stained to reveal mineral deposition (von Kossa)Jsing this clonemCHL2 was localized to chromosome 7,
Immunostained sections were counterstained with Gill 2mapping to a position 66% of the distance from the
Hematoxylin, and von Kossa sections with Nuclear Fast Red (Sheehpeterochromatic-euchromatic boundary to the telomere. A
1987). search of public genome databases confirmedniGiiL2is
on 7E1 andhCHL2 is on 11q13. Therefore, unlik€HL1,
CHL2 is an autosomal gene. Interestingly, the exon-intron
junctions ofCHL2 were nearly identical to those GHL1 (not

and Hrapchak,

Results

Cloning of CHL2, a novel chordin-like gene

shown), suggesting that both genes may originate from a

Random nucleotide sequencing of a mouse placenta librappmmon ancestor.
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Table 2. Secondary axis formation by CHL2 protein, incorporating the extracellular domain of BMP
Type of CHL Embryos with axis duplication/total receptor 1B (BMPR]'B'FC)’ with BMP4 and mCHLZ'FLA_G’
injected injected embryos (%) followed by precipitation of the BMPR1B-Fc complex with
Uninjected 0131 (0) protein A beads. As shown in Fig. 2C, BMP4 co-precipitated
mMCHL1(s2)* (10 pg RNA/blastomere) 16/20 (80) specifically with BMPR1B-Fc, but not IgG-Fc, in the absence
mMCHL2 (1 pg RNA/blastomere) 29/39 (74) of mCHL2-FLAG. However, the signal for co-precipitated
mMCHL2 (5 pg RNA/blastomere) 27/28 (96) BMP4 weakened appreciably as increasing amounts of

MCHL2-FLAG were added (particularly at Oy8g/ml or
higher). Co-precipitation of mCHL2-FLAG was not detected.
These results suggest that CHL2 acts like chordin and CHL1
to prevent BMP4 interacting with its receptor.

*pcDNAMCHL(s2) (Nakayama et al., 2001).

MCHL2 induced a secondary axis inthe  Xenopus
embryo CHL2 inhibits BMP in vitro

Chordin is known to dorsalize the gastrulatiXgnopus Next, we demonstrated that the recombinant mCHL2 inhibited
embryo by inhibiting BMP4 activity, so the impact of CHL2 BMP activity by quantifying BMP-dependent AP induction in
on Xenopusembryo development was examined (Table 2)C2C12 cells. A serially diluted BMP inhibitor [chordin
Injection of 1 pg MCHL2 RNA per blastomere induced trunk(mCHD-His), mCHL2-FLAG, or noggin-Fc] was mixed with
duplication in 74% of embryos, compared with 0% forBMP2, BMP4, BMP6 or BMP7 at a concentration
uninjected controls and embryos given BEFRHRNA. As a  corresponding to the EC50 for AP induction in C2C12 cells
positive control, injection of 10 pg mMCHL1(s2) RNA vyielded and then cultured for 3 days. Cell-bound AP activity was then
an axis duplication rate of 80% (Nakayama et al., 2001). Thegeeasured (Fig. 3, Table 3). CHL2 inhibited AP induction by
results indicated that mCHL2 actively antagonized arall four BMPs. Noggin-Fc and mCHL2-FLAG reproducibly
endogenous ventralizing factor (presumably BMP4). Theelicited similar, dose-dependent inhibitions of BMP4, with
improved efficacy afforded by a 10-fold lower CHL2 dosecomplete suppression occurring at concentrations giigA8l
suggested that it might be a more stable and/or potent BMR0-60 nM). The mCHD-His activity was weakest for BMP4;

inhibitor than CHL1. it was approximately fivefold less potent than mCHL2-FLAG.
Partially purified mCHL1(s2)-FLAG and mCHD-FLAG

Direct interaction of mCHL2 with BMPs prevents (Nakayama et al., 2001) inhibited BMP4 with a potency

their binding to BMP receptor indistinguishable from that of mCHD-His (not shown). In

mCHL2-FLAG protein was purified to near homogeneity (Fig.contrast, both noggin-Fc and mCHD-His displayed weaker

2A). Unlike mCHL1(s2)-FLAG, the overall yield was higher, inhibitory activities than mCHL2-FLAG toward BMP6 and

and degradation products were not detected. BMP7. In particular, noggin-Fc was approximately sevenfold
Purified mCHL2-FLAG co-immunoprecipitated BMP2, less potent on BMP6 than mCHL2-FLAG. Thus, CHL2

BMP4, BMP5, BMP6, BMP7 and GDF5 (Fig. 2B). Like inhibits BMP2, BMP4, BMP6 and BMP7 as well as or better

chordin and CHL1, mCHL2-FLAG did not bind activin A, than noggin and chordin.

TGH31 or TGH3. However, unlike CHL1, no interaction o )

between mCHL2-FLAG and TR was found. The control CHL2 mRNA expression in normal cartilage

protein noggin-Fc exhibited comparable qualitative bindingn mouse embryos, ISH for CHL2 mRNA revealed expression

specificity (not shown), suggesting that CHL2 may be a parrestricted to the surface chondrocytes of developing joint

BMP-binding protein like noggin and chordin. cartilage (Fig. 4) and to the connective tissue of reproductive
Chordin and CHL1 inhibit BMP activity by blocking their organs (Fig. 5). In the adult mous€HL2 was weakly

interactions with their receptors. Therefore, we determineéxpressed in cartilage of the femoral head and patella (Fig.

whether CHL2 had a similar function by mixing an Fc-fusion4C,D) and articular facets of vertebrae (Fig. 4E,F); the latter

Table 3. Inhibition of BMP action by CHL2, noggin and chordin

IC507+s.d.
EC50+s.d. IC50*+s.d.
BMP BMP* (nM) MCHL28 (nM) mMCHL2 (nM) noggirt (NM) chordin** (nM)
BMP2 14.2+4.6(=14) 4.1+1.7 (=6) ND't ND ND
BMP4 10.0£3.5 (=16) 5.0£1.5 (=6) 3.0£0.9 (=12) 3.6£0.6 (=5) 15.4+2.2 =7)
BMP6 15.0+4.31(=12) 5.8+3.0 (=7) 5.242.2 (=3) 34.6+16.61=2) 10.34.9 (=2)
BMP7 33.445.4(=8) 12.5+2.6 (i=5) 3.2+1.1 (=3) 9.4£3.0 (=2) 7.4+1.8 (=2)

C2C12 cells were cultured for 3 days with various BMP concentrations or with a fixed BMP level and various quantities did@@#ihZyrsmoggin. Alkaline
phosphatase activities were measured, normalized to total protein level, and plotted to determine EC50s and IC50s. Ntead.Jabfi@s16 experiments
(n=2-16), are shown.

*BMP2: 14 nM, BMP4: 10 nM, BMP6: 15 nM, BMP7: 25 nM.

TBMP4: 4-7.7 nM, BMP6: 13 nM, BMP7: 19 nM (Fig. 3).

*BMP2: 26 kD, BMP4: 26 kD, BMP6: 30 kD, BMP7: 31.4 kD, as dimer (R&D).

SmCHL2-FLAG: mature peptide, 46.5 kD (415 amino acids) as monomer.

Inoggin-Fc: 50 kD as monomer (R&D).

*mCHD-His: 101.5 kD as monomer (R&D).

T"Not determined.
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Fig. 2. Direct interaction of mCHL2 with BMPs, and inhibition of BMP4 binding to BMP receptor ectodomain by mCHL2. (A) FLAG-tagged
CHL2 protein. Proteins in the peak eluate from the hydroxyapatite column chromatography were separated by SDS-polyadrylamide ge
electrophoresis under reducing conditions and then silver stained (Sambrook et al., 1989). The mCHL2-FLAG band was ¢xeidéd-and
terminal amino acid sequence (vertical arrow in Fig. 1B) determined. (B) Immunoprecipitation/western blot analysis of mGBIL2-FLA
individually mixed with BMP2 (a), BMP4 (b), BMP5 (c), BMP6 (d), BMP7 (e), GDF5 (f), activin A (g), F1G[R), TGHB2 (i) or TGH3 (j),
followed by treatment wittCHL2-COOH (lanes underlined). Immunocomplexes were detected using the corresponding antibodies (upper
panels). Reactions only with mCHL2-FLAG, BMP, GDF, activin or B@Fere also performed as negative controls. Each blot was further
developed with M2 to confirm the presence of precipitated mMCHL2-FLAG (lower panels). Tfieam@®Enocomplexes (h-j) were separated

into two sets; one was loaded on a non-reducing gel to visualizf {[U@per panels), and the other on a reducing gel to detect CHL2 (lower
panels). Lanes not underlined were directly loaded with the indicated amount (ng) of mCHL2-FLAG, BMP, GDF, activifA foiT GF
standards). (C) Inhibition of BMP4 binding to BMPR1B ectodomain by mCHL2-FLAG. The indicated amount of mMCHL2-FLAG was first
mixed with or without BMP4, and then BMPR1B-Fc or IgG-Fc was added. Protein complexes containing BMPR1B-Fc or IgG-Fc were
selectively precipitated with protein A and subjected to western blot analysis (lanes underlined). Upper panel: bound 8IMeéd witiu
anti-BMP4 antibody. Middle panel: co-precipitation of mCHL2-FLAG checked with M2. Lower panel: precipitation of BMPR1B-Fc/lgG-F
confirmed with anti-lgG-Fc antibody. For the standards, Addf mCHL2-FLAG and 0.04ig of BMP4 were loaded directly.

location had a relatively stronger sign&@HL2 was also detected in growth plate cartilage or bone during development
expressed weakly in the annulus fibrosus of intervertebral discg adulthood. In ratsCHL2 also showed low to moderate

in adults (not shown). In gener@HL2 expression in adult expression in sternal cartilage during embryogenesis (not
cartilage was weaker than that of embryonic cartil@&¢lL.2  shown) and in joint cartilages of adult paws (Fig. 6). Thus,
in normal cartilage was confined to articular chondrocytesamong skeletal compartmentSHL2 seems to be expressed
especially in the superficial zone. Expression was alwaygreferentially in the superficial zone chondrocytes of
observed on both sides of a joint. CHL2 transcripts were neveleveloping articular cartilage.
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40 16 CHL2 was also present in maternally derived placental tissues
363 A B (not shown). A trace CHL2 signal was found on colonic serosa
32 (Fig. 5Bb); in contrast, CHL1-positive cells lie between the
28 127 colonic submucosa and muscularis (Nakayama et al., 2001).
24 Interestingly,CHL1 but notCHL2 was expressed in stomach
20 81 and small intestine (Nakayama et al., 2001). In rat tissues,
16 CHL2 occurred at low to moderate levels in cervical muscles
12 4] and discrete regions of the placenta (not shown).

8

4 CHL2 mRNA expression in diseased cartilage

0 et : 0 : Degenerating cartilage from human arthritis patients and rats

with CIA were assessed by ISH (Fig. 6). In two relatively
normal specimens from knees of adult humans, CHL2 mRNA
was expressed in a few chondrocytes in the superficial zone
as well as in the middle zone (Fig. 6A). In 19 OA cases,
expression was limited to chondrocytes in the middle zone,
where numerous well-labeled cells were observed (Fig.
6B,C); positive cells were not found in the superficial zone
in any OA sample. Interestingly, 50-90% of suClHL2-
expressing chondrocytes existed in clusters of 2-3 cells.
Unlike OA, two RA specimens exhibited weak expression in

; g ’ ’ both the superficial and middle zones (Fig. 6D). As with
1010109 108 107 100 101010 108 107 106 humans, scattered chondrocytes in normal articular cartilage
of rats expresse@HL2 (Fig. 6E), while CIA paw joints had
similar (Fig. 6F) or fewer labeled chondrocytes relative to
Fig. 3. Inhibitory effects of mMCHL2 on BMP-dependent controls.

differentiation of C2C12 cells in vitro. Dose-dependent inhibition by  In summary,CHL2 was expressed in normal and diseased
CHL2, chordin or noggin of BMP-dependent alkaline phosphatase cartilage in humans and rats. It was expressed most strongly in
(AP) induction in C2C12 cells. (A) Cells were cultured in human OA patients, although the signal had shifted to the
differentiation medium for 2 days with various concentrations of middle zone. InterestinglyCHL2 expression levels and
BMP4 (plus sign), BMP6 (circle), or BMP? (triangle). (B-D) Cells patterns were not significantly altered, relative to normal

were also differentiated with a constant concentration of BMP4 ) . . .
(10 nM: B), BMP6 (15 nM: C) or BMP7 (19 nM; D) and various cartilage, in the rat CIA model and human patients with RA.

concentrations of MCHL2-FLAG (plus sign), noggin-Fc (triangle), or . s
mCHD-His (circle) for 2 days. Me(gn spegifi)c acg\?ity of A(\P 9%): ©"Effects of CHL2 on MSC differentiation into
(triplicate assays) is shown; vertical bars denote s.d. Data are chondrocytes
representative of three independent experiments. We further addressed the relevance of CHL2 to cartilage
formation using MSC, which can differentiate into chondrocytes

] in vitro (Mackay et al., 1998) in association with upregulated
Normal, non-skeletal expression of the CHL2 gene BMP transcription (Roh et al., 2001). As shown by RT-PCR in
Northern analyses revealed little mCHL2 mRNA on the mous€ig. 7A, hCHL2 mRNA, but not COL2 mRNA, was expressed
embryo blot, in contrast to the abundant expression of moussy undifferentiated MSCs. Transcripts for SOX9, COL1 and
chordin and mouse CHL1 (Nakayama et al., 2001). On theOL10 (not shown) as well as CHL1, aggrecan and COMP were
mouse adult tissue blot, a faint 2 kb transcript was detected aiso detected. The CHL2 signal fell as chondrogenesis
liver and kidney extracts, and a trace amount of a >2.4 kprogressed; those for SOX9 and COL10 (not shown) as well as
transcript was detected in skeletal muscle and testis, althou@HL1, aggrecan and COMP (Fig. 7A) maintained a similar level
ISH failed to localize a signal in these tissues (not shown). Th@aroughout the culture period. In contrast, COL2 mRNA was
adult mouse blot did not include uterus. On the human aduliightly regulated, with production induced by day 7 in culture
tissue blot, a 2 kb CHL2 transcript was detected readily imonditions favoring chondrogenesis but absent under osteogenic
uterus and weakly in colon, heart, prostate, stomach argbnditions (not shown) (Jaiswal et al., 1997).
skeletal muscle (Fig. 5A); only the uterus and colon had Next, mCHL2-FLAG protein was added at various
expression patterns consistent with the ISH signals in mous®ncentrations to the chondrogenic pellet culture of MSC.
tissues (Fig. 5B). Traces of hCHL2 mRNA were found inmCHL2-FLAG (2 pg/ml) significantly inhibited cartilage
placenta, testis, small intestine, trachea and bone marromodule formation (Fig. 7B, Table 4), yielding definitive
Expression was not detected in either human liver or kidneyartilage nodules in less than 10% of particles. Inhibition was
Thus, low levels o€CHL2 expression in soft tissues may differ absent at 0.1-0.g2g/ml, while complete inhibition occurred at
between humans and mice. 3-10 pg/ml. Noggin-Fc at 0.1 and fg/ml provided similar,

In mouse reproductive organs, ISH detected CHL2-positivelose-dependent inhibition.

connective tissues such as ligaments of the ovary and oviductThese results implicate CHL2 as a negative regulator of
in females, and of testis, epididymis and certain male accessaegirtilage formation/regeneration from immature mesenchymal
sex glands in males. Expression was high in uterineells, by preventing or reducing the rate of matrix
myometrium (Fig. 5Ba), as was that of CHL1 (not shown)accumulation.

p-nitrophenol (nmol) / protein (ug)

Log cytokine (M)
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j Fig. 4.mCHL2 mRNA

| expression in cartilage. In situ

ST hybridization (ISH) for CHL2 in

e % normal mouse embryos, depicted
' in paired bright-field (left) and

dark-field (right) panels.

(A) Expression of CHL2 mRNA

at the costochondral junction, at

E17.5. NoteCHL2in

25 um chondrocytes on both sides of the

junction. (B) Transverse section

through sternum, at E18.5. Signal is present in areas where ribs converge. (C,D)C&Zan the adult knee. WeaRBHL2 expression is

present over the articular cartilage surface of the femoral head and patella, but not in growth plate chondrocytes. Boxedlaoeasat a

higher magnification in D in which the signal can be seen in chondrocytes on both sides of the joint. (E,F) Expf@dsidmaidult

vertebral articulation. Signal occurs in superficial articular chondrocytes on both sides of the zygapophyseal or fabethoixedTarea in E

is shown at a higher magnification in F, revealing signal localization over the superficial zone chondrocytes. dv, do@alVstpbra; vv,

ventral (inferior) vertebra. Arrowheads indicate CHL2-positive chondrocytes.

i

Effects of CHL2 on chondrocyte maturation

i P _ Chondrocytes from OA joints express markers of hypertrophy,
Cartilaginous  Weak-positive  Negalive o0 a5 COL10 and AP (Kirsch et al., 2000b; Von der Mark et

Table 4. Inhibition of cartilage-matrix deposition by CHL2

ticled ticled ticle$ . s
Factors* p(%/ro'fofan p%r/olfo?an p?ﬂ/;igta.) al., 1992), so we addressed whether CHL2 induction in OA
TGFB3 20 (87.0) 3 (13.0) 000) cartilage vyould affect differentiation and mlnerallgatlon of
TGFR3+noggin-Fc 2(18.2) 2(18.2) 7(63.6) hypertrophic chondrocytes. We demonstrated previously that
TGFB3+mCHL2-FLAG 1(6.7) 3(20.0) 11 (73.3) mesodermal progenitor cells, purified from differentiating ES

cells, can form hyaline cartilage particles in vitro that will
were fixed, sectioned and stained with Toluidine Blue. Particles were !Jndergo further mlnerayzatlon (Nakayama et a!" 2003). We
classified on the basis of their degree of metachromatic staining. isolated FLKI PDGFRx meSOderm,al cells, SUbJ?Cted them
*10 ng/ml TGMB3, 1ug/ml (20 nM) noggin-Fc, ig/ml (43 nM) mCHL2-  to pellet micromass culture, and induced cartilage matrix
FLAG. mineralization (verified by von Kossa staining) in the presence
TParticles containing definitive cartilage nodules, consisting of well- or absence of mCHL2-FLAG, noggin—Fc or BMP6 (Fig. 7C,
separated chondrocytes embedded in proteoglycan-rich extracellular matrix - PR
(WiFt)h metachromaticyTquidine Blue sta?ning agn)(; positive Alcian Blue Table 5)' Addition of 3“9”.".' mCHI‘.Z-FLAG. SImelcamly.
staining, pH 1.0) (Fig. 7Ba,b,d,e). These particles also contained regions withtduced the von Kossa-positive matrix area in 75% of particles
fusiform cells that stained lightly with Toluidine Blue (Fig. 7Bb,d). examined, of which half showed near-complete inhibition. In
*Particles consisting of Toluidine Blue-negative cells as well as relatively contrast, COL10 expression was reduced slightly, while no
larger areas of fusiform cells that stained lightly with Toluidine Blue. The ignificant Change was detected in COL2 (Fig 7C) Noggin-
latter areas occasionally contained a small cartilaginous nodule, consisting ci - . ’ )
a few chondrocytes, as shown in Fig, 7Bf. Fc at 2-3 ug/ml p_rowded §|m|Iar, but somewhat weaker,
SParticles containing no cartilage nodules, but instead with a surface layerinhibition. A positive in vitro role for BMP6 has been
of spindle-shaped cells that stained lightly with Toluidine Blue, as shown in suggested in chondrocyte hypertrophic differentiation

Fig. 7Bc. (Grimsrud et al., 1999). However, BMP6 at 50 ng/ml, which

Human mesenchymal progenitor cells, cultured as a pellet for 21-28 days
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A Fig. 5. Expression of CHL2 mRNA in soft tissues.
(A) Northern blot analyses with human multiple tissue
1.2 3456 7 8 9 10 11 12 13 14 15 16 blots IV (lanes 1-8) and | (lanes 9-16) are shown. Blots
O T I R were first probed with a DNA containing th€HL2
ORF (CHL2), and then re-probed with hunfaactin
(Clontech). Essentially identical results were achieved
- - CHL2 with three different blot batches. Lane 1, spleen; lane 2,
thymus; lane 3, prostate; lane 4, testis; lane 5, uterus
(without endometrium); lane 6, small intestine; lane 7,
colon; lane 8, peripheral blood leukocytes; lane 9,
heart; lane 10, whole brain; lane 11, placenta; lane 12,
lung; lane 13, liver; lane 14, skeletal muscle; lane 15,
3 kidney; lane 16, pancreas. (B) In situ hybridization for
B-actin cHL2in adult mouse tissues, shown in paired bright-
field (left) and dark-field (right) panels. (a) Uterus
(transverse section) showi@HL2 expression
primarily in the myometrium. (b) Colon, showing weak
CHL2 expression in serosal cells — a different pattern to
B that of CHL1 (Nakayama et al., 2001). muc,
submucosa; mus, muscularis; end, endometrium; myo,
myometrium.

24 -
1.35-

44 -

24 -

1.35-

damaged joint cartilage may reduce the extent or
speed of hypertrophic differentiation in articular
chondrocytes.

omm—
100 um
b ..1'“‘0 Discussion
=, We have demonstrated here that CHL2, the second
chordin-like gene, encodes a protein that directly
e interacts with different BMPs, inhibiting their
100 i 1um actions in vitro as well as in vivo in a manner

similar to chordin, noggin and CHL1. Expression

analysis suggests a possible role for CHL2 during

formation and maintenance of articular cartilage

was sufficient to enlarge the particle size, did not affect thand reproductive organs. We have also provided evidence that

degree of mineralization. CHL2 might negatively regulate cartilage formation/
Taken together, these results suggest that CHL2 induction negeneration in diseased joints.

Structure and function of CHL2
Table 5. Reduced levels of cartilage matrix mineralization ~ Searches of human and mouse genome databases indicated that

in the presence of CHL2 CHL2 is most homologous to CHL1. Injection of CHL2 RNA

Mineralizing induced trunk duplication in earienopusembryos similar to

cartilagé Weak-positivé  Negativé those produced by chordin and CHL1(s2) RNAs (Table 2)
Factors* (% total) (% total) (% total) (Nakayama et al., 2001). Recombinant mCHL2 protein
none 5 (71.5) 2 (28.5) 0(0) interacted directly with five BMPs and one GDF (Fig. 2 and
noggin-Fc 1 (25) 2 (50) 1 (25) Nakayama et al., 2001) thereby inhibiting, in vitro, several
MCHL2-FLAG 2 (25) 3(37.9) 3(37.5) BMP/GDF-dependent processes including, osteogenic
BMP6 3(75) 1(25) 0(0)

differentiation of C2C12 mesenchymal progenitor cells by
ES cell-derived mesodermal progenitor cells were cultured as a pellet for S€Veral BMPs (Fig. 3, Table 3), ATDC5 embryonal carcinoma
18 days and then induced to mineralize for 6-8 days. Cartilage particles wer€ells by GDF5 (not shown) and BMP4-dependent
fixed, sectioned, stained with von Kossa, and classified on the basis of the Iymphohematopoietic (CD34:D31hI and CD34CD31|0)
degrees of min(_aral_deposition in matrix. Occasional strong von Kos_sa stainir}grogenitor cell development from ES cells (not ShOWI’\)
bo tcgftﬂggec;ﬂ:f’;ﬁ;:“soﬂfrface layer of the particles was not considered t0(Nak:?lya_m'a} etal., 2000). Under our conditions, CHL2 provided
*2 ug/ml (40 nM) noggin-Fc, fg/ml (64.5 nM) mCHL2-FLAG, 50 ng/ml  50% inhibition (IC50) by blocking a half to a third of available
(1.7 nM) BMP6 were added on day 15. BMP dimers, suggesting that tight CHL2 binding to one BMP
TParticles containing areas of cartilaginous extracellular matrix that stainedsy hunit might be sufficient for full inhibition. Furthermore, as
with von Kossa (Fig. 7Ca). The von Kossa-positive areas were located ; : ;
adjacent to the surface cell layer, which was COL2/COL10-negative and with rglated fz.a‘CtorS (.Chordm’ noggin, CHLl)’. CHL2 prevented
thereby non-cartilaginous (Fig. 7Cb). BMP interactions with the BMP receptor (Fig. 2C), although
*Particles containing smaller von Kossa-positive nodules. CHL2 activity was two- to sevenfold more potent than chordin
SParticles containing no von Kossa-positive areas or a very small von (Table 3) and CHL1 (not shown). Thus, CHL2 is structurally
Kossa-positive spot inside the particle (Fig. 7Cd,g). and functionally similar to chordin and CHL1.
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Fig. 6. Expression of CHL2 mRNA in diseased cartilage. (A) In situ
hybridization for CHL2 in human adult knee joints, depicted in
- paired bright-field (left) and dark-field (middle) panels, and
25 um accompanied by a higher magnification view (bright field panel,

right). Expression of CHL2 mRNA in normal knee cartilage (femur,
55-year old female). Note th&@HL2is localized on articular chondrocytes (right). However, CHtl®ondrocytes are scattered throughout the
cartilage. Weak signals are also visible in superficial zone chondrocytes. (B,C) Expre€iitir? af osteoarthritic (OA) knee cartilage
(B: 73-year-old male with OA, degenerative joint disease (DJD), and chronic proliferative synovitis; C: 48-year-old fental®)wviBignal is
strongly induced in middle zone chondrocytes, but absent in superficial zone chondrocytes. (D) Exprésti@irofheumatoid arthritic
knee cartilage (80-year-old female with RA). Weakly positive chondrocytes are scattered throughout the cartilage. (Ejbh BX@ ek
mRNA in hind paws of rats with collagen-induced arthritis, depicted in paired bright-field (left) and dark-field (middle)Gtdb2lsignal is
weakly expressed in normal chondrocytes (E), and is not substantially elevated in animals with severe immune-mediated disease (
Arrowheads indicate CHL2-positive chondrocytes. sz, superficial zone; mz, middle zone; dz, deep zone.

Potential roles of CHLZ2 in joint formation by keeping mesenchymal cells in the joint space from being
Cartilages within hip and knee joints and at the costochondragcruited to the chondrocyte developmental pathway.
junction were the major CHL2 expression sites during Alternatively, CHL2 could play more subtle roles. The
embryogenesis (Fig. 4). CHL2 mRNA was also expresseduperficial zone of articular cartilage is composed of flattened
strongly in connective tissues anchoring reproductive orgarshondrocytes separated by tangential arrays of thin collagen
(Fig. 5). CHL2 in developing joints was restricted to superficiafibrils, but no proteoglycan matrix. In contrast, the middle
zone chondrocytes; expression was substantially diminished #one consists of rounded chondrocytes surrounded by a
adult joint cartilage (Fig. 4). The CHL2-expressing areas dighroteoglycan-rich matrix containing radial bundles of thick
not overlap domains expressing chordin (non-chondrogenicollagen fibrils. Osteogenic BMPs accumulate in the
mesenchyme of limb buds), CHL1 (condensing mesodernpericellular matrix of articular cartilage, with highest levels in
hypertrophic chondrocytes) and gremlin (non-chondrogenithe middle to deep zone (Anderson et al., 2000). Conversely,
regions of limb buds, including interdigital mesenchyme)the osteogenic antagonist BMP3 (Daluiski et al., 2001) is more
during limb formation (Nakayama et al., 2001; Scott et al.highly expressed in the superficial zone. We failed to detect an
1999; Scott et al., 2000), suggesting that these four factors haweeraction between CHL2 and BMP3 (not shown), suggesting
divergent biological roles. However, as with CHL1 (Nakayaméahat preferential expressions of CHL2 and BMP3 in the surface
et al., 2001), CHL2 expression in developing cartilagechondrocytes act to regulate a BMP gradient in normal
overlapped with noggin expression (Brunet et al., 1998articular cartilage.
Capdevila and Johnson, 1998; Merino et al., 1998; Nifuji and
Noda, 1999; Pathi et al., 1999). Potential involvement of CHL2 in osteoarthritis

As CHL2 is a BMP-binding inhibitor, and BMPs regulate CHL2 mRNA was never detected in the growth plate, where
multiple steps during chondrogenesis, expression of CHL2 iproliferation and hypertrophic differentiation of pre-
superficial chondrocytes in developing joints suggests a role imypertrophic chondrocytes normally occur, implying that
joint specification. The ability of exogenous mCHL2 to inhibit CHL2 is not relevant to normal pathways of chondrocyte
chondrogenesis by hMSCs supports this hypothesis (Fig. 7A,Broliferation and maturation. However, the up-regulation of
Table 4). The surface of developing cartilage consists dfHL2 transcripts specifically in middle zone cartilage of adult
proliferating mesenchymal cell layers that are differentiatingoints with OA (Fig. 6) prompted our speculation that CHL2
into chondrocytes. By its location, CHL2 might act as arhas a role in cartilage repair. We examined the associations
important boundary in joint formation. A possible role couldbetween CHL2 and three principal phenotypes of OA cartilage:
be to prevent articular cartilage from becoming too massivégl) reduced proteoglycan levels (which precede overt
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A B Fig. 7. Effect of CHL2 on in vitro chondrogenesis. (A) CHL
MRNA expression during chondrogenic culture. hMSCs were
grown in pellet culture in the presence of TB3FOnN the
indicated day, RNA was extracted from particles, treated with
DNase I, and subjected to RT-PCR using primers for
aggrecan, COMP, COL2, CHL1, CHL2 and GAPD. The
CHL2 signal was confirmed with38P-labeledXba-Sal
fragment from pSPORThCHL2. (B) hMSCs were grown in
pellet culture in the presence of T&dalone (a,d), or TR
with either 0.2ug/ml mMCHL2-FLAG (b), 2ug/ml mCHL2-
FLAG (c), 0.1ug/ml noggin-Fc (e), or ug/ml noggin-Fc (f).

On day 21, particles were harvested and stained with
Toluidine Blue. Data are representative of five independent
experiments. Addition of IgG-Fc did not affect growth and
maturation of cartilage-containing particles (not shown). Note
that cartilage nodules, in which well-separated cells were
embedded, stained more intensely with Toluidine Blue.

(C) Effect of CHL2 on in vitro mineralization of EB cell-
derived cartilage. FACS-purified FLKRDGFRx* EB cells

were grown in pellet micromass culture to produce hyaline
cartilage particles. On day 18, the medium was changed to a
hypertrophic differentiation medium in the absence (a-c) or
presence of g/ml mCHL2-FLAG (d-f) or 2ug/ml noggin-

Fc (g,h). On day 24, particles were harvested, stained with
von Kossa (a,d,g), and immunostained with X53 for COL10
(b,e,h) or 2B1.5 for COL2 (c,f). Data are representative of
four independent experiments. The Scale bar for B and C is
shown in C.

0 714 2128 days

Aggrecan

differentiation culture of cartilage particles by CHL2 or
noggin (not shown). However, we have not addressed
whether CHL2 is involved in the de-differentiation of
mature articular chondrocytes. Co-localization analyses
between cells expressing the CHL2 mRNA and those
expressing transcripts for COL1, COL10 or proliferating
cell-nuclear antigen are underway to answer this
question.

In conclusion, abundant evidence suggests that BMP
functions are regulated by numerous extracellular BMP-
binding proteins in developing joints. Our current data support
this paradigm and add a new BMP inhibitor, CHL2, to this
pathway. Our findings also provide the first evidence that a
chordin-like BMP-binding inhibitor might be intimately
histological changes), (2) aberrant chondrocyte proliferatioimvolved in the pathogenesis of degenerative joint disease.
(resulting in clonal chondrocyte expansion), and (3)
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