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We previously determined the complete primary sequence of a heparin-binding growth-
promoting factor, chondromodulin-II (ChM-II), which stimulated the growth of chondro-
cytes and osteoblasts in culture. Bovine ChM-II was a 16-kDa basic protein with 133 amino
acid residues and exhibited a significant sequence similarity to the repeats of the chicken
mim-1 gene product. Here we report the nucleotide sequences of bovine and mouse ChM-II
cDNAs. The ¢cDNASs each contained an open-reading frame corresponding to the ChM-II
precursor with 151 amino acid residues. The N-terminus of the precursor included a
secretory signal sequence of 18 amino acids prior to the mature ChM-II sequence. Unlike
MIM-1, there was no repeat structure in the precursor protein, indicating that ChM-II was
encoded as a gene product distinct from MIM-1. We then expressed recombinant bovine
ChM-II protein which was purified to homogeneity. The recombinant protein stimulated the
growth of rabbit growth plate chondrocytes, mouse MC3T3-E1 cells and rat UMR-106

osteoblastic cells in vitro.
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The growth of chondrocytes is regulated by a variety of
local growth and differentiation factors. Among them,
fibroblast growth factors (FGF) are the most powerful
mitogen for chondrocytes and stabilize the phenotypic
expression of these cells (1, 2). FGF-2 markedly stimulat-
ed the anchorage-independent growth of chondrocytes in
agarose culture in vitro (3). Transforming growth factor-4
(TGF-8) and bone morphogenetic protein (BMP) stimulate
the synthesis of cartilage-matrix in chondrocytes, but these
have less effect on the proliferation of the cells than does
FGF-2 (4, 5). However, these factors synergistically
stimulated the proliferation of chondrocytes in the pres-
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ence of FGF-2, while they maintained the synthetic activity
of cartilage-matrix during the rapid growth of the cells (4,
5). The colony formation of chondrocytes was also syner-
gistically stimulated by TGF-8 or BMP in the presence of
FGF-2 (6).

In addition to these well-characterized molecules, there
are several other tissue-specific macromolecules in carti-
lage that act synergistically with FGF-2 to stimulate the
growth of chondrocytes. In fetal bovine cartilage extracts,
we found a 25-kDa cartilage-specific glycoprotein, chondro-
modulin-I (ChM-I), which stimulated the growth and
colony formation of chondrocytes in culture (6, 7). Chon-
dromodulin-II (ChM-II) was also isolated from the heparin-
binding components in the extracts (8). Bovine ChM-II
stimulated the growth of chondrocytes and osteoblasts in
vitro (9). In contrast to ChM-I, which was found to be a
growth inhibitor for vascular endothelial cells (10, 11),
ChM-II exhibited no inhibitory action on the growth of
cultured endothelial cells.

We determined the complete primary amino acid se-
quence of ChM-II (8). Bovine ChM-II is a 16-kDa basic
protein with 133 amino acid residues which shares no
sequence similarity to ChM-I (8). However, ChM-II show-
ed a significant sequence similarity to the repeats 1 and 2 of
the chicken mim-1 gene product (12). Ness and coworkers
demonstrated that chicken MIM-1 protein was stored in the
granules of normal bone marrow promyelocytes as a 35-
kDa form by Western blotting and immunocytochemistry
using MIM-1 antibody (12). These observations suggested
that ChM-II may be the bovine counterpart of chicken
MIM-1. In the present study, we successfully isolated
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bovine and mouse ChM-II ¢cDNAs and demonstrated that
ChM-1I was encoded in a gene distinct from MIM-1. In
addition, the growth-stimulating activity of ChM-II was
confirmed by the treatment of chondrocytes and osteoblas-
tic cells with the recombinant protein.

MATERIALS AND METHODS

Cloning of Bouvine and Mouse ChM-II cDNAs—A frozen
fetal bovine whole embryo (4 cm in length) was homoge-
nized in 6 M guanidine isothiocyanate. Total RNA was
isolated by centrifugation of the homogenate over a cushion
of 5.7 M CsCl (13). Poly(A)* RNA was prepared by affinity
chromatography using oligo(dT)-cellulose, then reverse-
transcribed at 37°C for 40 min into cDNA by AMV Reverse
Transcriptase (Toyobo, Osaka) with annealed anchor pri-
mers. Nested degenerative primers were used in the se-
quential polymerase chain reactions (PCR). The degenera-
tive sense primer corresponding to the amino acid sequence
near the N-terminus of ChM-II (Pro-Trp-Ala-Ile-Ile-Cys-
Ala) and the antisense oligonucleotide primer correspond-
ing to the internal amino acid sequence (His-Ile-His-Ile-
Glu-Asn-Cys-Asp-Leu) were synthesized (8). The PCR was
then performed in a 100- 1 reaction volume [10 mM Tris,
pH8.3; 50 mM KCI; 1.5 mM MgCl,; 0.01% gelatin; 50
mM each of the four deoxynucleoside triphosphates; and 1
unit of Taq DNA polymerase (Takara, Shiga)] with fetal
bovine embryo ¢cDNA as a template. The amplification
conditions were 30 cycles of 1 min at 94°C, 90 s at 48°C, and
3 min at 72°C after the initial denaturation for 10 min at
94°C, followed by a final 10 min incubation at 72°C. One
microliter of reaction mixture was used as a template for
the nested PCR with the degenerative sense primer corre-
sponding to the internal amino acid sequence (Cys-Asp-
Gly-His-Gly-Cys) and an antisense primer corresponding
to the internal amino acid sequence (Lys-Val-Tyr-Pro-Gly-
Ile-Gln) of ChM-II (8). A DNA fragment of 297 nucleotides
in length was amplified and subcloned into the Smal site of
pUC18. The 3’-end of bovine ChM-II ¢cDNA was deter-
mined by the 3’-nested rapid amplification of cDNA ends
(RACE), which was performed using a Marathon cDNA
Amplification Kit (Clontech, Palo Alto, CA). First-strand
c¢DNA was synthesized from 2 ug of bovine whole embryo
poly(A)* RNA according to the manufacturer’s instruc-
tions. The gene-specific primers were designed on the basis
of the nucleotide sequence of the above-mentioned ChM-II
c¢DNA fragment. The nested PCR yielded an amplification
product (approximately 200 nucleotides in length) which
was then subcloned into pCRII vector (Invitrogen, San
Diego, CA). The entire coding region of ChM-1I ¢cDNA was
obtained by the 5'-RACE. The gene-specific primers (5'-
AGATCGGCTTGTCCTCCAT-3" and 5-AGAAGATGGC-
TGCCTTTTTAGA-3') were designed on the basis of the
nucleotide sequence of the above 3’-RACE product. The
nested PCR yielded an amplification product (approximate-
ly 600 nucleotides in length) which was subcloned into
PCRII. The nucleotide sequences were determined by use
of an automated DNA sequencer 373A (Applied Biosys-
tems, Foster City, CA). Universal and reverse primers of
M13 and a set of consecutive inner primers were used for
the sequencing from the plasmid vectors. The DNA se-
quence assembly, analysis, and translation were performed
using the Genetix Mac 8.0 software package (Software
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Development, Tokyo).

For identification of mouse ChM-II ¢cDNA, Marathon-
Ready cDNA of day-17 mouse embryo was purchased from
Clontech. Five microliters of the cDNA was used to amplify
a partial cDNA clone. The PCR conditions were 94°C for 30
s, 50-60°C depending on the primers for 30 s, 72°C for 2
min for 35 cycles, and final extension at 72°C for 10 min. A
primer set was designed on the basis of the nucleotide
sequence of bovine ChM-II ¢cDNA: primer 1, 5'-ATATGT-
GCTGGCAAGTCTTCCAATG-3'; primer 2, 5'-ATAAGG-
TTTCTCCTGGCCCA-3'. A 174-bp cDNA fragment was
amplified (Fig. 1A). For 3'-RACE and 5’ -RACE, Marathon-
Ready ¢cDNA of mouse liver (Clontech) was used as tem-
plates. The 3’-end of ChM.I ¢cDNA was amplified using an
anchor primer and the nested primer 3 (5'-GTATGCACC-
ATTCACTGGGAAG-3’) downstream of primer 1. The 5'-
end of the cDNA was amplified using an anchor primer and
the nested primer 4 (5'-ATAGCTGTCACACGTCCGGA-
TC-3’) upstream of primer 5 (5-TGTACATGCGACTGG-
ATGCCC-3’) (Fig. 1A). The amplified PCR products were
subcloned into pCRII-TOPO vector (Invitrogen). Alterna-
tively, a Agtil ¢cDNA mouse liver library (Clontech) was
also screened by use of the 174-bp DNA fragment of mouse
ChM-II ¢cDNA generated by PCR. The hybridization-posi-
tive phage clones were isolated by the repeated plaque
purification. Thirty-six positive clones were identified from
5% 10° recombinant phage clones. The inserts isolated from
the clones were. subcloned into the EcoRI site of pBlue-
Script SK(+) (Stratagene, La Jolla, CA). The nucleotide
sequence of the inserts was determined using a Dye
Terminator Cycle Sequencing Kit with an ABI 310 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Both
c¢DNA strands were sequenced using standard sequencing
primers and gene-specific primers. The DNA sequences
obtained were compiled and analyzed by use of the Gene
Works computer software program (IntelliGenetics,
Tokyo). The nucleotide sequence of the inserts from the
recombinant phage clones was completely matched with
that determined by the above-mentioned PCR cloning from
mouse embryo cDNA.

Northern Blot Hybridization—Total RNA was prepared
from a variety of tissues of 4-week-old male DDY mice,
including rib cartilage, and from isolated liver cells of male
Wistar rats by a single-step method according to Chom-
czynski and Sacchi (14). Parenchymal hepatocytes were
isolated from male Wistar rats weighing 180 g by in situ
perfusion of the liver with collagenase and by subsequent
centrifugation, essentially as described (15, 16). Residual
non-parenchymal cell-enriched fraction was also prepared.
Total RNA (20 ug) was denatured with 6% formaldehyde,
fractionated on 1% agarose gel (SeaKem GTG, FMC
Bioproducts, Rockland, ME), and transferred onto Nytran
membranes (Schleicher & Schuell, Dassel, Germany) with
a Turboblotter (Schleicher & Schuell) apparatus. Hybridi-
zation was performed overnight at 42°C with an appropriate
probe (10° cpm/ml) in solutions containing 50% form-
amide, 6 X SSPE (2 X SSPE contains 0.3 M NaCl, 20 mM
NaH,PO,, 2 mM EDTA at pH 7.4), 0.2% BSA, 0.2% Ficoll
400, 0.2% polyvinylpyrrolidone, 0.1% SDS, and 100 xg/ml
denatured salmon sperm DNA. The 174-bp mouse ChM-II
cDNA fragment amplified by PCR was labeled with [ a-**P]-
dCTP with a BcaBEST Labeling kit (Takara) and used as a
hybridization probe. The filters were washed three times
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A — T GACCCTGTGT GCA GCA GGTCTAACTA GA 50 Fig. 1. Nucleotide sequence of mouse ChM-II
GARA ¢DNA and its deduced amino acid sequence. In
CAAGANGCAG AACCTAGATG ATTCCCACAA CAATCCTCAT TTCAGCTGCT|100 (A), the nucleotide sequence of mouse ChM-II cDNA
TIGCTTTCCT CTGCCCTAGC AGGACCATGG GCTAACATAT GTGCCAGCAA|150 18 shown. The coding sequence for mouse ChM-II
mer 1 precursor protein is boxed, and the initiation codon
ATCTTCCAAC GAGATCCGGA CGTGTGACAG CTATGGCTGT GGACAGTACT |200 (ATG) and stop codon (TAA) are shown in bold
CTGCTCAAAG AACCCARAGG CATPAGCCAG GTGTGGACGT CCTGTGCTCG|250 letters. Arrows indicate the nucleotide sequences
corresponding to oligonucleotide primers synthesized
GATGGATCTG TGGTGTATGC ACCAmCT GGGAAGATAG TGGGCCAGGA|300 for the PCR-cloning. The primers 1 and 2 were
GAAACCCTAT AGAAACAAAA ATGCCATCAA TGATGGCATT CGACTGTCTG 350 designed on the basis of bovine ChM-II cDNA se-
Y quences in the initial amplification of the 174-bp
GRA TTT TTGTGTCAAA ATTTTCTACA TTAAGCCAAT TAAGTATAAA 400 . ?
mouse ChM-II cDNA fragment, as described in
GGTTCTATCA AAAAGGGGGA GAAGCTGGGC ACCTTGCTGC CCCTGCAGAA 450 “MATERIALS AND METHODS.” The nucleotide
AATTTACCCG GGCATCCAGT CGCATGTACA CGTTGAAAAC TGTGACTCCA|[500 sequence of the inserts isolated from a Agt11 mouse
CCAC Pmms;l——_— liver cDNA library was completely matched with that
GTGACCCCAC AGCATACCTG| TARGCAGAGA CAAAGGCCAG ATCTTCTAAA 550 determined by the PCR-cloning. In (B), the amino
TTCAAAGCCA TCTCAGAAAC TGGGACATGC CCTGCTCCCG AAGAAACGTG 600 acid sequences of bovine and mouse ChM-II deduced
CATTCTAACA GAAACATAAA TCTGTGTAAA CACTCACAAC CCTGATTCCA 650  \rom the corresponding cDNA sequences are compar-
ed. The signal peptide sequences are underlined. The
AGTCATCACC GCTCTGACGG GTGGGCTCTG GTCGGCCTGC CACQTCAAGG 700 asterisks indicate the positions of cysteine residues.
GCCAGGGAGT TTGACATTTT CGATTTTTAG GTTCTGGTGA CTGAGATAAA 750
TGAATGACCT CCCAAAAAAA AAAARAAARAA AAAARAAAAA AAAAAAAAAA 800
ARAAAAAAAA AAAAAAA 817
B

® »
bovine MFSTGTLLLA ALISPALAGP WAIICAGKSS NEIRTCDGHG CGQYTAQRNQ 50

[0 e o te v tee veeeeer oot

mouse

MIPTTILISA ALLSSALAGP WANICASKSS NEIRTCDSYG CGQYSAQRTQ 50

- -
bovine KLHEQGVDVLC SDGSTVYAPF TGKIMGQEKP YRNKNAINNG VRISGGGFCI 100

mouse

RHHPGVDVLC SDGSVVYAPF TGKIVGQEKP YRNRNAINDG IRLSGRGFCV 100

-
bovine KMFYIKPIKY KGSIKKGEKL GTLLPLQKVY PGIQSHIHIE NCDLSDPTVY 150

mouse

bovine L 151

mouse L 151

for 15 min at 55°C in 0.1 X SSPE and 0.1% SDS, then
exposed to Kodak X-OMAT film at —80°C with an inten-
sifying screen Cronex lightening plus (DuPont).

Expression and Purification of Recombinant Met-bChM-
IT—Using the ChM-II cDNA clone obtained by 5'-RACE as
a template, the coding region of ChM-II cDNA was modified
by PCR to introduce a Ncol site and a BamHI site at each
end. The PCR product amplified by the following primer set
was inserted into pT3Blue T-vector (Novagen, Madison,
WI). The sense and antisense oligonucleotide primers were
5 -CCTGTATTCCATGGGCCCTTGGG-3" and 5'-CCTGG-
ATCCTATAGGTAGACAGTA-3, respectively. The sense
primer was designed so that it contained the initiation
methionine codon. The Ncol-BamHI fragment of the
plasmid was inserted into pET15b (Novagen), which was
introduced into Escherichia coli BL21(DE3) for the expres-
sion of recombinant Met-bChM-II protein.

For the preparative expression of recombinant Met-
bChM-II protein, the transformed cells were inoculated in
LB medium (1 liter) containing 50 zg/ml ampicillin. The
expression of Met-bChM-II was induced by the addition of
1 mM isopropyl S8-D-thiogalactopyranoside (IPTG) for 3 h.
Cells from a 1-liter fermentation were suspended in

KIFYIRKPIKY KGSIKKGEKL GTLLPLQKIY PGIQSHVHVE NCDSSDPTAY 150

phosphate-buffered saline (PBS) and sonicated three times
for 4 min each on ice. The cell lysate was centrifuged at
10,000 x ¢ for 10 min, and the precipitates were dissolved
in PBS containing 6 M urea. The solution was applied to a
DEAE Cellulofine (Seikagaku, Tokyo) column, and then
Met-bChM-II was recovered in the pass-through fraction.
This fraction was applied to a heparin Toyopearl (Tosoh,
Tokyo) affinity column that had been equilibrated with PBS
containing 0.03% 3-[(3-cholamidopropyl)dimethyl ammo-
nio] -1-propanesulfonate. The Met-bChM-II was eluted
with the same buffer containing 1.2 M NaCl. The recom-
binant Met-bChM-II was finally purified by reverse-phase
high performance liquid chromatography (RP-HPLC) on a
YMC C4 column that had been equilibrated with 25%
acetonitrile in 0.08% trifluoroacetic acid and was developed
with a linear gradient of 25-40% acetonitrile in 0.08%
trifluoroacetic acid. The purified protein was analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) in 15%
gel and visualized by staining with Coomassie Brilliant
Blue.

Cell Culture and Bioassay—Chondrocytes were isolated
from the growth plate cartilage of the ribs of young male
New Zealand rabbits as previously described (5). The

J. Biochem.

2T0Z ‘T Jego1pQ uo [eyidsoH uensuyd enybueyd Je /610'sfeulnopioxo g lj/:dny wo.y pspeojumoq


http://jb.oxfordjournals.org/

Cloning and Functional Expression of ChM-II

isolated cells (10* cells/well) were inoculated onto 96-mi-
crowell plates and cultured in 0.1 ml of Eagle’s minimum
essential medium (MEM) containing 10% fetal bovine
serum (FBS) at 37°C under 5% CO, in air. The culture
medium was renewed every other day. When the culture
became confluent, the cells were preincubated in MEM
containing 0.3% FBS for 24 h. The medium was then
replaced with MEM supplemented with 0.3% FBS and
ChM-II in the presence or absence of 1 ng/ml recombinant
human FGF-2 (R&D Systems, Minneapolis, MN}. The cells
were incubated for 22 h, then labeled with 13 xCi/ml [*H]-
thymidine (Amersham, Buckinghamshire, UK) for a final 4
h. Radioactivity incorporated into the DNA was measured
in a scintillation spectrometer (5).

The cellular growth of MC3T3-E1 cells was assayed by
the XTT-microculture tetrazolium assay with some modi-
fication (17). Mouse MC3T3-E1 cells (4 X 10* cells/well)
were plated in 96-multiwell plates and grown to subconflu-
ency in alpha modified Eagle’s medium (« MEM) containing
10% FBS at 37°C in 5% CO, in air (18). The medium was
replaced with 100 1 of «MEM containing 0.3% FBS, and
the cells were incubated for 24 h. The cells were then rinsed
once with a MEM containing 0.1% bovine serum albumin
(BSA, Sigma, St. Louis, MO), then incubated in « MEM
containing 0.1% BSA and test samples for another 48 h.
The culture medium was then replaced with 100 ul of
aMEM and 50 1 of XTT assay solution which contained 1
mg,/ml 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5- [ (phenyl-
amino)carbonyl]-2 H-tetrazolium hydroxide (XTT, Sigma)
and 25 4M phenazine methosulfate (PMS, Sigma) (17).
The culture supernatant was recovered after incubation at
37°C for 24 h, and absorbance at 490 nm was determined.
Rat UMR-106 osteosarcoma cells were maintained in
DMEM containing 10% FBS, as described (19). The cells
(6X10° cells/well) plated in 96-multiwell plates were
grown to subconfluency and similarly used for an XTT assay
as described above.

RESULTS AND DISCUSSION

Chondromodulin-II was first identified in the heparin-bind-
ing components extracted from fetal bovine epiphyseal
cartilage as a growth-stimulating activity on cultured
growth plate chondrocytes (20). We previously reported
the complete amino acid sequence of bovine chondromodu-
lin-II (bChM.-II) protein (8). Using the degenerative oligo-
nucleotide primers, PCR successfully amplified a bChM-II
¢DNA fragment of 297 base pairs corresponding to the
internal amino acid sequence of bovine ChM-II from Cys'®
to GIn''®* from reverse-transcribed cDNAs isolated from
fetal bovine whole embryo (8). The full-length bChM-II
c¢DNA was isolated by the 3’- and 5'-RACE methods. The
nucleotide sequence is available from the GenBank data
base with the accession number D89011. The bChM-II
c¢DNA (720 base pairs in length) contained an open reading
frame that accommodated the ChM-II precursor protein
with 151 amino acid residues. The deduced amino acid
sequence of the protein contained the N-terminal hydro-
phobic signal sequence of 18 amino acids (Fig. 1B). Follow-
ing the signal sequence, the amino acid sequence deduced
from the cDNA completely matched that determined by the
protein sequencing of ChM-II purified from bovine carti-
lage (8). Northern blot analysis indicated that ChM-II
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mRNA was detected as the transcripts of approximately 1
kb in size in poly(A)* RNA prepared from bovine whole
embryos (data not shown). No ChM-II mRNA was detected
in cartilage or in long bone.

During purification, we noted that ChM-II was a relative-
ly abundant growth factor in cartilage, as suggested by the
estimated ChM-II content in cartilage (approximately 0.2
ug/g tissue) (8). Thus, in the initial stage of the study, we
assumed that ChM-II mRNA was expressed in cartilage.
However, we failed to isolate ChM-II cDNA from the fetal
bovine cartilage cDNA library that was previously used in
the cloning of ChM-I ¢cDNA (7). These observations indi-
cate that cartilage cannot be a source of ChM-II. On the
basis of the nucleotide sequence of bChM-II ¢cDNA, we
synthesized oligonucleotide primers and tried to amplify
the mouse counterpart of ChM-II ¢cDNA from Marathon-
Ready ¢cDNA prepared from day-17 mouse embryo (Clon-
tech). A 174-bp ¢cDNA fragment was successfully isolated.
Since the preliminary Northern blot analysis using the
174-bp cDNA as a probe suggested that transcripts for the
ChM-II gene were specifically expressed in liver, we
determined the nucleotide sequence of the full-length
mouse ChM-TI (mChM-II) cDNA amplified by the 3'- and
5-RACE methods from mouse liver Marathon-Ready
c¢DNA (Fig. 1). The mChM-II ¢cDNA also contained an open
reading frame for the protein with 151 amino acid residues.
As shown in Fig. 1B, the deduced amino acid sequences of
bovine and mouse ChM-II precursor proteins contained the
N-terminal hydrophobic signal sequence of 18 amino acids,
indicating that ChM-II is potentially a secreted protein.
Following the signal sequence, the amino acid sequence
deduced from the bChM-II ¢cDNA completely matched that
determined by the sequencing of bovine ChM-II protein
purified from bovine cartilage (8). The deduced amino acid
sequence of the mature mChM-II domain was about 85%
identical to that of bChM-II.

As mentioned above, we failed to isolate ChM-II ¢cDNA
from the fetal bovine cartilage cDNA library. By Northern
blot analysis, no ChM-II mRNA was detected in mouse
primary cultured chondrocytes or in mouse osteoblastic
MC3T3-E1 cells (data not shown). However, as shown in
Fig. 2A, ChM-II mRNA (1.0 kb in size) was readily detect-
ed in liver in a tissue-specific manner, but was not detected
in cartilage. Similarly, we detected the expression of ChM-
II transcripts in total RNA prepared from rat liver (Fig.
2B). Then, we isolated parenchymal hepatocytes by in situ
perfusion from rat liver by the reported method (15, 16).
Isolated parenchymal cells expressed a readily detectable
level of ChM-II mRNA. Only a marginal level of mRNA
was detected in the residual non-parenchymal cell-en-
riched fraction (Fig. 2B), indicating that parenchymal
hepatocytes were the major expression source for ChM-II.
These observations suggest that mature ChM-II protein
processed in liver is secreted into blood. We previously
isolated ChM-II protein from epiphyseal cartilage or costal
cartilage (8). We then raised a monoclonal antibody against
bovine ChM-II. Owing to its significant cross-reactivity
with other proteins, this antibody could not be used for
immunocytochemistry, but it was useful to identify ChM-II
protein in the cartilage extracts by Western blotting. We
examined the presence of ChM-II by Western blotting in
the extracts from various tissues including lung, brain,
heart, kidney, and pancreas as well as liver, but failed to
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detect it in any of these extracts (J. Kondo, unpublished
data). Our preliminary in situ hybridization study revealed
that periosteum surrounding cartilaginous bone rudiments
gave positive hybridization signals for ChM-II mRNA (Y.
Hiraki, unpublished data), indicating that the periosteum is
one of the sources of ChM-II, which was then translocated
and accumulated in cartilage. We cannot, however, rule out
the possibility that mature ChM-II protein accumulated in
cartilage is supplied by liver through the blood stream,
although cartilage is a well-known avascular tissue.

The amino acid sequence of bovine ChM-II exhibited a
significant homology to repeat 1 and repeat 2 in the mim-1
gene product (8). Comparison of ChM-II with MIM-1 by a
Harr plot analysis clearly indicated that the 35-kDa MIM-1
protein was composed of two amino acid stretches from
Arg® to Leu'®® and from Ala'®® to Leu®'® (Fig. 3). The mim-1
gene is specifically expressed in promyelocytes in chicken,
and its transcriptional activation is directly regulated by
the Myb protooncogene product in association with other
transcriptional activators (12, 21, 22). As previously
reported (12), Western blotting and immunocytochemistry
revealed that chicken MIM-1 protein is stored in the
granules of normal bone marrow promyelocytes as a 35-
kDa form. Moreover, MIM-1 protein is also stored as a
16-kDa form generated by a possible proteolytic cleavage
of the protein. Therefore, there was a possibility that
ChM-II is derived from the bovine counterpart of chicken
mim-1 gene. However, the nucleotide sequence analysis of
bovine and mouse ChM-II ¢cDNAs clearly indicated that
ChM-II was encoded in a gene distinct from mim-1. The
codon corresponding to the C-terminal leucine residue was
directly followed by a stop codon (Fig. 1A), while the
putative cleavage products of MIM-1 have an extension of
11 amino acids at their C-terminus (12).

We previously demonstrated that ChM-II purified from
bovine cartilage stimulated the growth of chondrocytes and
osteoblasts in vitro (8, 9). To confirm the bioactivities of
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ChM-II, we constructed a vector by addition of the ATG
initiation codon prior to the coding region corresponding to
the mature form of bovine ChM-II for the expression of the
recombinant Met-bChM-II protein in E. coli. The construct
was introduced into E. coli JM-109, and the expression of
the recombinant protein was induced. The expressed
recombinant Met-bChM-II was finally purified to homoge-
neity after the successive chromatographic procedures
(Fig. 4). The identity of the recombinant protein was
confirmed by N-terminal amino acid sequencing. The
resultant Met-bChM-II was 16 kDa in size on SDS-PAGE
and was indistinguishable from the naturally occurring
bovine ChM-II derived from cartilage (Fig. 4).
Chondrocytes were isolated from the growth plate carti-
lage of rabbit ribs, and grown to confluency in the presence
of 10% FBS (8). Quiescent monolayers of chondrocytes
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Fig. 3. Harr plot analysis of the amino acid sequence similari-
ty between chicken MIM-1 and bovine ChM-II. Dot matrix
analysis of the structure of bChM-II was made with a Harr plot
program (26). The amino acid sequence of bChM-II was compared
with that of chicken MIM-I, and dots were placed at positions of
identity. ;
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Fig. 2. Northern blot analysis of ChM-II mRNA. In (A), total
RNA (20 ug) isolated from the indicated tissues of 4-week-old male
DDY mice was hybridized with a mouse ChM-II cDNA probe. In (B),
total RNA was isolated from male Wistar rat liver (lane 1), the
non-parenchymal cell-enriched fraction isolated from rat liver (lane

2), and isolated rat parenchymal hepatocytes (lane 3). Each lane
contained 20 ug of total RNA. The transferred filter was hybridized
with a mouse ChM-II cDNA probe. The equivalent loading of each
RNA was verified by ethidium bromide staining. The positions of 28S
and 18S ribosomal RNAs are indicated.
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Cloning and Functional Expression of ChM-1I

were treated with Met-bChM-II. The recombinant protein
clearly stimulated DNA synthesis in chondrocytes in a
dose-dependent manner (Table I). The DNA synthesis of
cells increased approximately twofold at the optimal dose
of the protein. Met-bChM-II markedly stimulated DNA
synthesis in the chondrocytes in the presence of FGF-2,
similarly to the naturally occurring ChM-II (Table I). In
atcord with previous findings (9), Met-bChM-II also stimu-
lated the growth of osteoblastic cells (Table IT). The growth
of rat and mouse osteoblastic cells was stimulated by
Met-bChM-II in a dose-dependent manner, to an extent
similar to that seen in cells stimulated by purified cartilage-
derived ChM-II. When the dose-response curves were
compared (Tables I and ITI), ChM-II induced a significant
growth-response at a lower dose (10-30 ng/ml) in osteo-
blasts than in chondrocytes. In agreement with the previous
observations (9), recombinant Met-bChM-1II did not stimu-
late the growth of fibroblasts. These results may indicate

Kpa 1 2 Met-bChNHI
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Fig. 4. Elution profile of purified recombinant Met-bChM-II.
The purified recombinant bChM-II protein was eluted by RP-HPLC
from a YMC C4 column that had been equilibrated with 25%
acetonitrile in 0.08% trifluoroacetic acid and developed with a linear
gradient 25-40% of acetonitrile in 0.08% trifluoroacetic acid. Inset
shows the results of the SDS-PAGE analysis of the crude cell lygate
after IPTG induction (lane 1) and purified Met-bChM-II (lane 2) on a
15% polyacrylamide gel.

TABLE 1. Effect of recombinant Met-bChM-II on DNA synthe-
sis of rabbit growth plate chondrocytes in the presence and
absence of FGF-2,

[*H]Thymidine incorporation

e (dpmy/well) (% of control)
None 9124257  100% 28
FGF-2, 1 ng/ml 3,731+602 409+ 66
Met-bChM.1I, 30 ng/ml 1,046+148 115+ 16

60 ng/ml 1,208+258 132+ 28

300 ng/ml 1,465+228 160+ 25
Met-bChM.TI, 1 xg/ml 1,648+280 170+ 31
Met-bChM-II + FGF-2 5,904+986 647108
Cartilage-derived bChM-11, 1 ug/ml 1,649+361 181+ 40
bChM.-II + FGF-2 5,863+715 643+ 78

Confluent rabbit growth plate chondrocytes were preincubated in
DMEM containing 0.3% FBS for 24 h. The medium was then replaced
with DMEM supplemented with 0.3% FBS and test samples. Cells
were labeled with [°H]thymidine from 22 to 26 h after the addition
of the samples. Values are means+ SD for triplicate samples.
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that ChM-II plays a more important role in the growth
regulation of bone than that of cartilage.

In parallel with our study on the purification and struc-
tural determination of bChM-II (8), Yamagoe and co-
workers reported purification of a novel human neutrophil
chemotactic factor LECT2 from the culture medium of the
phytohemagglutinin (PHA)-activated human T-cell leuke-
mia SKW-3 cells (23). They reported the partial sequences
of 98 amino acid residues in LECT2, which included the
N-terminal 54 amino acid stretch and exhibited a signifi-
cant sequence homology with chicken MIM-1 (23). Inter-
estingly, all the reported partial sequences of human
LECT2 were identical to the portions in our full primary
sequence of bovine ChM-II (available from PIR data base
under the accession number JH0270) (8). Recently, they
reported the nucleotide sequences of bovine and human
LECT2 ¢cDNAs (24). Their results clearly indicated that
the original LECT2 protein was derived not from human
T-cell leukemia cells but from fetal bovine serum sup-
plemented in the culture medium. Although ChM-II and
LECT2 were purified on the basis of different biological
activities, they are identical with each other (8, 24). Mouse
ChM.-II/LECT2 shared a 87% sequence identity with the
human counterpart (25).

Unlike the human gene utilizing two polyadenylation
signals (24), a single 1.0-kb ChM-II/LECT2 mRNA was
expressed in bovine and mouse liver in a tissue-specific
manner. Contrary to their earlier expectation, Yamagoe
and coworkers found that PHA-activated SKW-3 cells
expressed only a few copies of ChM-II/LECT2 transcripts
per cell. No ChM-II/LECT?2 expression was detected in the
leukemia cells activated with lipopolysaccharide or phorbol
myristate acetate (24), indicating that the gene expression
occurs independently of T-cell activation. Although liver
contains hematopoietic cells such as T-cells, Kupffer cells,
and NK cells, our data strongly suggested that parenchymal
hepatocytes are a major source of ChM-II/LECT2. The
production of recombinant ChM-II protein will facilitate
examination of whether ChM-II participates in the regula-
tion of bone metabolism in vivo. It is also interesting to
study the biological functions of ChM-II/LECT2 protein

TABLE II. Effects of recombinant Met-bChM-II on the growth
of mouse MC3T3-E1 and rat UMR108 osteoblastic cells.
Absorbance at 490 nm (% of control)

Anditing MC3T3-El cells  UMR-106 cells
None 100+ 4 100+ 6
Met-bChM 11
3 ng/ml 168+18 186+22
10 ng/ml 179+ 34 210+19
30 ng/ml 203+ 22 226+21
100 ng/ml 212421 243+ 1
Cartilage-derived bChM-1I
30 ng/ml 198+18 215+ 1

Mouse MC3T3-E1 cells and rat UMR-106 cells were grown to
subconfluency in a MEM and DMEM containing 10% FBS, respective-
ly. When cells reached subconfluency, the medium was changed to
culture medium containing 0.3% FBS. After 24 h, the wells were
washed with medium containing 0.1% FBS. Cartilage-derived bChM-
I or recombinant Met-bChM-II was then added to the cell culture.
After 48 h, XTT assay solution was added to each well. After in-
cubation for 24 h, the supernatant was recovered and absorbance at
490 nm was measured. Values are means+SD for quadruplicate
samples.

2T0Z ‘T Jogo1d0 uo [eyidsoH uensuyd enyfueyd e /610°sfeulno[pioxo qly/:dny wouj pspeojumoq


http://jb.oxfordjournals.org/

442

during bone marrow hematopoiesis, even though its chemo-
tactic activity was several times lower than typical chemo-
tactic factors such as IL-8 (24). Studies along this line are
now underway.

We are indebted to Dr. K. Matsumoto (Osaka University Medical
School) for isolation of rat liver cells.
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