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a b s t r a c t

The Col2a1 gene is expressed in notochord, otic vesicle, cartilaginous tissue and the anlage of endochon-
dral bone during development in higher vertebrates. Type II collagen, a homotrimeric product of the
Col2a1 gene, functions as a key regulatory protein for cartilage development and endochondral ossifica-
tion. In medaka and zebrafish, a single homolog of the col2a1 gene has been identified. However, it is nec-
essary to note that many genes are duplicated in teleost fishes. To clarify function of col2a1 genes in
teleost fishes and to further understand the process of cartilage development and endochondral ossifica-
tion, we cloned and mapped the gene loci of two col2a1 orthologs in medaka. The proteins encoded by
both medaka col2a1a and col2a1b genes were highly conserved (85.3% and 82.6%) relative to human
COL2A1, but synteny was not observed. We also examined the expression patterns of col2a1a and col2a1b
during embryonic development. Whole-mount in situ hybridization data suggests that expression pat-
terns of both medaka co2a1a and col2a1b genes are similar to that of zebrafish co2a1 in the early embry-
onic stages. In medaka, the two col2a1 genes show a closely correlated pattern of spatial and temporal
expression. In late embryonic stages, however, there were differences in both expression patterns in
the pectoral fin. This study is the first report of two homologs of col2a1 in teleosts and also the first exam-
ination of col2a1a and col2a1b expression patterns in this group.

� 2011 Elsevier B.V. All rights reserved.

In mammals, there are two main mechanisms of bone formation,
endochondral ossification, and intramembranous ossification.
Endochondral ossification is the major process of skeletal develop-
ment through the cartilaginous anlage, which is subsequently min-
eralized and then replaced by bone. Type II collagen, a homotrimeric
product of the Col2a1 gene, was reported to function as a key regu-
latory protein for endochondral ossification and cartilage develop-
ment (Hall, 1975; Cheah et al., 1991; Ng et al., 1993; Helminen
et al., 1993; Reddi, 1994; Li et al., 1995). During chondrogenesis,
Sox9, which is known as transcription factor regulating the morpho-
genesis and differentiation of cartilage and bone, is coexpressed
with Col2a1. Sox9 has been shown to directly activate transcription
of Col2a1 by binding to an enhancer in its first intron (Bell et al.,
1997; Lefebvre et al., 1997; Ng et al., 1997; Bi et al., 1999; Akiyama
et al., 2002). Furthermore, transient expression of Col2a1 has been
observed in non-chondrogenic tissues such as the notochord, heart,
brain, eye, and otic capsule during mouse embryogenesis (Cheah
et al., 1991; Ng et al., 1993; Maddox et al., 1998). While small teleost
fishes such as medaka and zebrafish are useful model animals in

clarifying the mechanism of skeletal development (Yan et al.,
1995, 2002; Sachdev et al., 2001; Renn et al., 2006; Inohaya et al.,
2007), the precise mechanism of endochondral ossification has not
been investigated (Inohaya et al., 2007). In zebrafish, the col2a1 gene
has been previously identified and its role in development has been
studied (Yan et al., 1995). Although col2a1 has been used as a marker
of chondrogenic tissues in early embryonic development (Yan et al.,
2002; Lang et al., 2006), col2a1 function in late embryonic develop-
ment has not been well studied. Furthermore, there are often two
gene orthologs in teleost fishes due to gene duplication (Kasahara
et al., 2007). Such gene duplications can enable novel functions to
evolve. However, duplication of col2a1 genes in teleost fishes has
not been investigated. We therefore searched for orthologs of the
col2a1 gene in medaka and consequently cloned them. Expression
patterns of these mRNAs were examined by whole-mount in situ
hybridization during development up to the fry stage.

1. Results

1.1. Medaka col2a1a and col2a1b genes

We predicted the position and sequence of the col2a1 orthologs
in medaka based on an in silico analysis of the medaka genome
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database (http://dolphin.lab.nig.ac.jp/medaka/). Two candidates of
medaka col2a1 were obtained, and named col2a1a and col2a1b.
Col2a1b was identical with a medaka col2a that had been partially
cloned by Nemoto et al. (2008). The medaka col2a1a gene was lo-
cated on chromosome 7 while col2a1b was located in chromosome
5. Synteny (the physical co-localization of genetic loci on the same

chromosome) of the col2a1 gene was studied. Human COL2A1 is
located on chromosome 12. CCNT1, ASB8, PFKM, and SENP1 genes
are found upstream of COL2A1. TMEM106C and VDR are down-
stream of Col2A1. This synteny is well conserved between humans
and mice. We also predicted the orthologs of these genes from an
in silico analysis. The only candidates for medaka pfkm and vdr

Fig. 1. The cloned medaka col2a1 orthologs, col2a1a and col2a1b. (A) Gene location of human COL2A1 and medaka col2a1 orthologs. The schematic drawing of human
chromosome 12 around COL2A1 gene was modified from NCBI (http://www.ncbi.nlm.nih.gov/). (B) The amino acid sequences of COL2A1 orthologs were compared by multiple
alignments. Conserved residues with human COL2A1 are shown as dots. (C) Phylogenetic tree of amino acid sequences using the NJ method under 1000-times bootstrap
conditions. Accession numbers: human (NP_001835.3), mouse (NP_112440.2), chicken (NP_989757.1), clawed frog (NP_989220.1), platanna (NP_001081258.1), zebrafish
(NP_571367.1), hugfish (ABG36940.1), lamprey (Col2a1a, ABB53637.2; Col2a1b, ABB5368.2), and lancelet (ABG36939.1).
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