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A B S T R A C T

Sp7 is a zinc finger transcription factor that is essential for osteoblast differentiation in mammals. To verify the
characteristic features of osteoblast-lineage cells in teleosts, we established medaka sp7 mutants using a
transcription activator-like effector nuclease (TALEN) genome editing system. These mutants showed severe
defects in the formation of skeletal structures. In particular, the neural and the hemal arches were not formed,
although the chordal centra were formed. Analysis of the transgenic medaka revealed that sp7 mutant had
normal distribution of type X collagen a1 a (col10a1a)-positive osteoblast-like cells around the centrum and at
the proximal region of the vertebral arch. The sp7 mutant phenotype could be rescued by exogenous sp7
expression in col10a1a-positive cells, as well as in sp7-positive osteoblast cells. Furthermore, runx2-positive
osteoblast progenitors were observed on the vertebral arches, but not on the centrum, during vertebral column
development. In addition, these osteoblast progenitors differentiated into the col10a1a-positive cells. In sp7
mutant, the runx2-positive cells were normally distributed at the region of unformed vertebral arch but failed to
differentiate into col10a1a-positive cells. These results indicate that osteoblast-lineage cells undergo two
distinct differentiation processes during development of the vertebral arch and the centrum. Nevertheless, our
results verified that sp7 gene expression in osteoblast-lineage cells is required for differentiation into mature
osteoblasts to form the vertebral column and other skeletal structures.

1. Introduction

Sp7 (also known as Osterix) is a zinc finger transcription factor
belonging to the Sp family. In mice osteogenesis, Sp7 is an essential
gene for osteoblast differentiation (Nakashima et al., 2002). The Sp7
null mice show a defect in bone formation of both the endochondral
and intramembranous skeletal elements, because they completely lack
differentiated osteoblasts. The expression of early and late markers for
the osteoblast differentiation, such as Type I collagen, SPARC/
Osteonectin, Spp1/Osteopontin, and Bglap/Osteocalcin, are not de-
tectable in the Sp7 null mice, demonstrating that osteoblast differ-
entiation is completely arrested (Nakashima et al., 2002). In addition,
Runx2 (also known as Cbfa1), belonging to the RUNX family, is also a
key transcription factor for osteoblast differentiation. Runx2 null mice
show a defect in bone formation similar to the Sp7 null mice, because
osteoblast differentiation is arrested in both the endochondral and
intramembranous skeletons (Komori et al., 1997; Otto et al., 1997).

Importantly, Sp7 acts downstream of Runx2 in the pathway of
osteoblast differentiation. Thus, the arrest of osteoblast differentiation
in the Sp7 null mice occurs at a later step than in the Runx2 null mice
(Nakashima et al., 2002).

In the teleost medaka (Oryzias latipes), the sp7 gene is also
expressed specifically in osteoblastic cells during skeletal development
(Willems et al., 2012). The sp7-positive cells exist on the bone surface
of the head skeletal structures, the vertebrae and the fin rays (Renn and
Winkler, 2009, 2014). Teleost vertebrae comprise three basic elements:
the centrum, the neural arch, and the hemal arch. In medaka, there are
two kinds of centrum, the chordal centrum and the perichordal
centrum. The chordal centrum is formed by mineralization of the
notochordal sheath, and the perichordal centrum is formed on the
outer surface of the chordal centrum by sclerotome-derived osteoblasts
(Inohaya et al., 2007). It has been suggested that sp7-positive cells are
not involved in the mineralization of the notochordal sheath, because
they appear after the formation of the chordal centrum (Willems et al.,
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2012). Alternatively, in teleosts, the expression of the type X collagen
a1 (col10a1) gene is observed in putative osteoblast-lineage cells
during skeletal development (Li et al., 2009; Renn and Winkler,
2010). In medaka, the col10a1a-positive cells appear on the outer
surface of the notochordal sheath before mineralization of the chordal
centrum (Renn et al., 2013). However, there is no evidence that the
col10a1a-positive cells actually participate in the formation of the
chordal centrum. In addition, previous studies using transgenic
medaka lines reported that some col10a1a-positive cells could differ-
entiate into sp7-positive cells, and that these sp7-positive cells could
differentiate into bglap/osteocalcin-positive cells (Renn and Winkler,
2009; Renn et al., 2013). The medaka sp7 gene also plays an important
role in osteoblast differentiation (Willems et al., 2012; Renn and
Winkler, 2014). Ablation of the sp7-positive cells and knockdown of
the sp7 gene resulted in delayed mineralization in early intramem-
branous bones, and the expression of the bglap/osteocalcin gene was
reduced in the osteoblasts. These results suggested that the medaka sp7
gene is required for the activation and maturation of osteoblast-lineage
cells (Willems et al., 2012; Renn and Winkler, 2014). A zebrafish sp7
mutant was reported by Kague et al. (2016). According to that report,
early skeletons of the mutant showed a normal pattern; however, the
mutant had a defect in bone growth and mineralization. These results
suggested that the zebrafish sp7 gene also participates in osteoblast
maturation. Most recently, Yu et al. (2017) published a detailed
phenotypic description of the medaka sp7 mutant.

In the present study, we established two medaka sp7 mutants using
the transcription activator-like effector nuclease (TALEN)-mediated
genome editing system (Joung and Sander, 2013; Ansai et al., 2014).
The generated mutants were used to verify the role of sp7 and
investigate osteoblast differentiation in medaka. In particular, we
focused on the development of the vertebral column, and demonstrated
that sp7 gene expression is required for the differentiation of osteo-
blast-lineage cells into mature osteoblasts.

2. Materials and methods

2.1. Establishment of the sp7 mutants

The medaka sp7 mutants were established using the TALEN
method (Joung and Sander, 2013). The TALENs were designed against
exon 2 of the sp7 gene and were constructed according to a previous
report (Ansai et al., 2014). The left and right TALEN-binding
sequences of the sp7TAL1 mutant were 5′-CTTTCCAGACCTCAGT-3′
and 5′-TTGGACACGAGAAGAG-3′, and those of the sp7TAL2 mutant
were 5′-AGCACCGCAAGCGTCC-3′ and 5′-CAGTGCTGTAGCTTGG-3′.
The capped mRNAs for the TALENs were synthesized using an
mMessage mMachine Kit (Ambion) and injected at a concentration
of 100 ng/µl into the cytoplasm of 1-cell-stage embryos. After injection,
the embryos were cultured to the adult fish stage and kept as founders.
The founders were mated with the wild-type Cab line. We then
performed genotyping and sequencing analyses of the F1 offspring.
The sp7 mutants were maintained by outcrossing with the wild-type
Cab line. Naturally fertilized eggs were cultured at 30 °C in Yamamoto's
medaka Ringer solution modified by Wakamatsu et al. (1993).

2.2. sp7-DsRed transgenic medaka

We cloned a 4.2 kb genomic fragment encompassing the sp7
promoter region (Inohaya et al., 2010) into the SacII-XhoI sites of
the pDsRed2-1 vector (CLONTECH). This vector was designated as
pDsRed2-1-sp7. The circular pDsRed2-1-sp7 in medaka Ringer's
solution was injected at a concentration of 2.5 ng/µl into the cytoplasm
of 1-cell-stage embryos. To establish the transgenic lines, we used
fertilized eggs from the medaka Cab line. Observation was performed
under a fluorescence stereomicroscope (Leica, MZ FLIII).

2.3. col10a1a-EGFP and col10a1a-mCherry-Nuc transgenic medaka

A fosmid clone (GOLWF no 181_n17) including the col10a1a gene,
which was identified from the Medaka ensemble database, was used for
homologous recombination. The homologous recombination was per-
formed according to a previous report (Nakamura et al., 2008). EGFP-
kanamycin or mCherry-NLS-kanamycin cassettes were amplified by
using appropriate primers (5′-CTTTCAAACTGACTGCAGTTGTCTT
CTCCAAACAGATCTGACCTTGCAAGTCCACCGGTCGCCACCATGG-3′
and 5′-CTTTGTTTGTGTTTGAAAGTGCGTGTGCAAGGAGTCTGCATT
TTTCTTACGTCGACCAGTTGGTGATTTT-3′). These primers consist
of the homologous recombination sites (underlines) and the common
nucleotide sequences of EGFP-kanamycin and mCherry-NLS-kanamy-
cin cassettes. These amplified cassettes were recombined into exon 1 of
the medaka col10a1a gene. The recombined fosmid clones were
injected at a concentration of 2–10 ng/µl into the cytoplasm of 1-
cell-stage embryos. We used fertilized eggs from the medaka Cab line.

2.4. runx2-EGFP transgenic medaka

A BAC clone (ola1-019D18) including the runx2 gene, which was
identified from the Medaka ensemble database, was used for homo-
logous recombination. The EGFP-kanamycin cassette was amplified by
using appropriate primers (5′-CCGAAACCACAGAGGAGCAAAA
GTGGGGCTTGCTGGAACCAGAGGCAGCTCCACCGGTCGCCACCATG-
GT-3′ and 5′-CGCTTGACCCCAAGTTGTCCCCGTGACCCGTCCAGGAC
AGTGGTACTCACGTCGACCAGTTGGTGATTTT-3′). These primers
consist of the homologous recombination sites (underlines) and the
nucleotide sequences of EGFP-kanamycin cassettes. The amplified
cassette was recombined into exon 1 of the medaka runx2 gene. The
recombined BAC clone was injected at a concentration 2–10 ng/µl into
the cytoplasm of 1-cell-stage embryos. The medaka Cab line was used
for establishment of the runx2-EGFP transgenic medaka

2.5. Transgenic rescue medaka

To establish the sp7-sp7-2A-EGFP transgenic rescue medaka, we
amplified an sp7 cDNA that was annotated in the Ensemble database
(Transcript ID: ENSORLT00000006574.1), using the appropriate
primers (sp7-ATG-L-SacII, 5′-ACCGCGGGCCACCATGGCCGCA
TCTAT-3′; sp7-end-R-ApaI, 5′-TGGGCCCGATCTCCAACAATCCACT
GCT-3′). The amplified cDNA was temporarily cloned into the pCR-
BluntII-TOPO cloning vector and then subcloned into the SacII-NotI
sites of the pEGFP1-sp7 vector (Inohaya et al., 2010), which includes a
4.2 kb DNA fragment of the sp7 promoter region. This vector was
designated as pEGFP1-sp7-sp7. Finally, we subcloned the 2A-EGFP
DNA fragment into the ApaI-NotI sites of pEGFP1-sp7-sp7 vector. This
vector was designated as pEGFP1-sp7-sp7-2A-EGFP.

To establish the col10a1a-sp7-2A-EGFP transgenic rescue medaka,
we used a fosmid clone (GOLWF no 181_n17), including the col10a1a
gene. The sp7-2A-EGFP-kanamycin cassette was amplified from the
pEGFP1-sp7-sp7-2A-EGFP vector using the appropriate primers (fos-
mid-col10a1a_sp7-L, 5′-CTTTCAAACTGACTGCAGTTGTCTTCTCC
AAACAGATCTGACCTTGCAAGGCCACCATGGCCGCATCTAT-3′; fos-
mid-col10a1a-R, 5′-CTTTGTTTGTGTTTGAAAGTGCGTGTGCAAGGA
GTCTGCATTTTTCTTACGTCGACCAGTTGGTGATTTT-3′). This cas-
sette was recombined into exon 1 of the medaka col10a1a gene.

These constructs were injected at a concentration of 7–10 ng/µl
into the cytoplasm of 1-cell-stage embryos. To establish stable trans-
genic lines, we used fertilized eggs from the medaka sp7 mutant. In the
presents study, we used F3 offspring of the stable transgenic lines for
analyses. Observation was performed under a fluorescence stereomi-
croscope or a confocal microscope (Olympus BX61 Fluoview FV1000).
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2.6. Genotyping

To check the genotypes of the wild-type and sp7TAL1 mutant, we
performed genomic PCR-restriction enzyme analysis using the appro-
priate primers (TALEN_sp7-L1, 5′-TTTACTCCCTTGTCCTCACC-3′;
TALEN_sp7-R1, 5′-GGAAGACGTAGAGTTAGCTG-3′). TALEN_sp7-
L1 consists of the genome sequence of the intron between the 1st
and 2nd exons, and TALEN_sp7-R1 consists of the genome sequence
of the 2nd exon. These primers are useful to discriminate against
exogenous sp7 cDNA in the sp7 rescue transgenic medaka. The
amplified genomic DNA fragment was digested by the restriction
enzyme BamHI, and thereafter electrophoresed on a 2.5% agarose
gel. Contrastingly, for the genomic PCR-restriction enzyme analysis of
the sp7TAL2 mutant, we used the following primers: TALEN_sp7-L2,
5′-CAGCTAACTCTACGTCTTCC-3′; and TALEN_sp7-R2, 5′-
TTTCCAGCTCCTGACAGTTG-3′. The amplified genomic DNA frag-
ment was digested with the restriction enzyme PvuII. The digested
fragments were electrophoresed on a 2.5% agarose gel.

For the genomic PCR analysis of the sp7 rescue transgenic medaka,
which used the construct expressing the sp7 cDNA and EGFP under the
control of the sp7 promoter, we used the following primers to detect
this construct: sp7P-sp7-2A-EGFP-L1, 5′-GTTTCTCAGGGTCGACT
AAT-3′ and TALEN_sp7-R1.

For the genomic PCR analysis of the sp7 rescue transgenic medaka,
which used the construct expressing the sp7cDNA and EGFP under the
control of the col10a1a promoter, we used the following primers to

detect this construct: Tg-col10a1a-check1, 5′- CGAACAGTAAGCT
GAGAATGA-3′ and TALEN_sp7-R1

2.7. Skeletal staining

Skeletal staining with Alizarin Red, Calcein and Alizarin Complexon
(ALC) was performed as previously described (Inohaya et al., 2007).
The Alcian blue staining of the cartilaginous structures was also
performed as previously described (Yasutake et al., 2004).

2.8. Transmission electron microscopy (TEM) analysis of mineralized
matrix

Anhydrous preparation for TEM was performed as previously
described (Inohaya et al., 2007), with some modification. Day-4 larvae
were fixed in 100% ethanol and store at 4 °C. The specimens were
substituted with acetone and embedded in epoxy resin. The horizontal
sections were cut through the vertebral column by a diamond knife,
floated on ethylene glycol, and then transferred onto 200-mesh copper
grids. These sections were observed with the H-7700 transmission
electron microscope at an acceleration voltage of 100 kV (Hitachi,
Japan) without staining.

2.9. ALP histochemistry

The transgenic larvae (day-7) were fixed with 4% paraformaldehyde
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Fig. 1. Establishment of medaka sp7 mutants. (A) The scheme of the genomic structure of the medaka sp7 gene and the TALEN target sites. The gray boxes represent the exons. The
spacer regions for the TALEN target sites of sp7TAL1 and sp7TAL2 include restriction enzyme site for BamHI and PvuII, respectively. (B) The sp7TAL1 mutant has a deletion mutation.
Sequencing analysis showed that a 7-base pair deletion mutation contained the cleavage site of BamHI. The putative amino acid sequence of the sp7TAL1 mutant lacks the C-terminus of
the sp7 protein, including the zinc-finger domain (underlined). The red letters indicate replaced amino acids by the frame-shift mutation. The asterisk represents the stop codon. (C) The
genotype of sp7TAL1 mutant was confirmed by PCR analysis. The short endogenous sp7 cDNA fragment was amplified using primers TALEN_sp7-L1 and TALEN_sp7-R1. The wild-type
produced two kinds of bands, at 364 and 153 bp, by BamHI cleavage. The homozygous sp7mutant does not have the BamHI cleavage site in the amplified DNA fragment. WT, wild-type.
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(PFA) in phosphate-buffered saline (PBS) overnight at 4 °C. After
washing in PBST (0.1% Tween-20 in PBS), the specimens were
embedded in Technovit 8100 (KULZER) and sectioned at 4 µm using
a microtome. Sections were stained with Fast Red (Roche) and DAPI
(Vector Laboratories). These sections were examined using a confocal
microscope.

2.10. EdU cell proliferation assay

The col10a1a-EGFP transgenic larvae (day-1) were treated with
10 mM EdU in medaka Ringer's solution for 24 h at 30 °C. After
treatment, the specimens were fixed with 4% PFA in PBS overnight at
4 °C. The fixed specimens were washed three times in PBST and
embedded in Technovit 8100. Sections were cut at 4 µm using a
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Fig. 2. Phenotypes of the skeletal structures in the medaka sp7 mutant. The skeletal structures were stained red with Alizarin red. The cartilaginous structures were stained blue with
Alcian blue. (A–K) A day-4 larva. (A′–K′) A day-4 larva of the sp7TAL1 mutant. (A, A′) Lateral view. Anterior is to the left. (B, B′) Ventral view of the head skeletal structures. Anterior is
to the left. Arrowheads indicate the opercular. (C, C′) Higher magnifications of the dentary associated with of Meckel's cartilage of B and B′, respectively. The dentary was lost in the sp7
mutant (arrowheads). (D, D′) Higher magnifications of the opercular and the cleithrum of A and A′, respectively. In the sp7 mutant, the opercular and cleithrum were reduced in size
compared with those of the wild-type larvae (arrowheads). (E, E′, F, F′) Higher magnifications of the branchiostegal rays of B and B′. The branchiostegal rays were lost in the sp7mutant.
Contrastingly, mineralization was observed on the outer surface of the cartilage skeletons, such as the ceratohyal and the palatoquadrate. (G, G′) High magnifications of the
parasphenoid. Dorsal view. Anterior is to the left. The parasphenoid was almost completely lost in the sp7mutant (arrowheads). (H, H′) Higher magnifications of the 5th ceratobranchial
of B and B′, respectively. (I, I′, J, J′) High magnifications of the caudal fin. The fin rays were not observed in the sp7 mutant. By contrast, mineralization was observed on the outer
surface of two cartilaginous hypural bones. (K, K′) Higher magnifications of the vertebral column of A and A′, respectively. The neural and hemal arches were not observed in the sp7
mutant. d, dentary; bs, branchiostegal ray; cb, ceratobranchial; ch, ceratohyal; cl, cleithrum; ct, centrum; fr, fin ray; ha, hemal arch; hy, hypural; na, neural arch; op, opercular; p,
parasphenoid; po, prootic; pq, palatoquadrate; WT, wild-type. Scale bars: 500 µm in A, A′; 100 µm in B-K, B′-K′.
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microtome. The sections were stained with the reaction cocktail of a
Click-iT EdU Imaging Kit (Invitrogen) according to the manufacturer's
instructions and mounted in glycerin solution (50% glycerin, 25 mg/ml
DABCO) with DAPI. These sections were examined using a confocal
microscope.

3. Results

3.1. The sp7 mutants show a defect in the skeletal structures

To analyze the function of sp7 during skeletal development in
medaka, we established two sp7 mutants, named sp7TAL1 and sp7TAL2,
using the TALEN genome editing system (Fig. 1A). The sp7TAL1 and
sp7TAL2 mutants have a 7 and an 8-base pair deletion in exon 2 of the
sp7 gene, respectively (Fig. 1B; Fig. S1). These mutations were
expected to introduce frame-shift mutations, resulting in truncation
of the C-terminus of the sp7 protein, including the zinc-finger domain.
Both mutants were non-viable and died around 14 days after hatching,

although the zebrafish sp7 mutant was viable (Kague et al., 2016).
According to Alizarin red and Alcian blue staining, there were no
differences in the skeletal phenotypes between the sp7TAL1 and sp7TAL2

mutants (Fig. 2; Fig. S2). Thus, we used the sp7TAL1 mutant for
subsequent analyses in the presents study.

The head structure of the sp7 mutant larvae (day-4) was smaller
than that of the wild-type larvae (Fig. 2A, A′, B, B′). The dentary
associated with Meckel's cartilage was completely absent (Fig. 2C, C′).
The cleithrum, the opercular, and the 5th ceratobranchial were reduced
in size compared with those of the wild-type larvae (Fig. 2D, D′, H, H′).
Mineralization was observed clearly on the outer surface of the
cartilage skeletons, such as the ceratohyal, the palatoquadrate and
the prootic bone (Fig. 2E–G, E′ –G′). However, the parasphenoid and
the branchiostegal rays were mostly absent (Fig. 2E, E′, G, G′).
Although, the hypural bones were formed normally, no fin rays were
observed in the caudal fin of the sp7 mutant (Fig. 2I, I′, J, J′).

In the wild-type larvae (day-4), the chordal centra, the neural
arches and the hemal arches were formed around the notochord
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Fig. 3. The sp7 expression in the sp7-positive osteoblast rescues larvae from the phenotypes of the sp7 mutant. (A) Scheme of the transgene construct and the PCR primers for
genotyping. (B) The genotype of the transgenic rescue medaka was confirmed by PCR analysis. The rescue medaka showed a homozygous sp7 mutant genetic background (left figure).
The exogenous sp7 cDNA fragment was amplified using the primers sp7P-sp7-2A-EGFP-L1 and TALEN_sp7-R1. The wild-type produced no band. By contrast, the rescue medaka in a
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(J–L) Images of EGFP expression of G, H and I, respectively. The skeletal structures were rescued at the regions where the EGFP expression was observed. bs, branchiostegal ray; cl,
cleithrum; ct, centrum; fr, fin ray; na, neural arch; op, opercular; TgRe, transgenic rescue medaka; WT, wild-type. Scale bars: 100 µm in C-E, G-L; 25 µm in F.
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(Fig. 2K). By contrast, in the sp7 mutant larvae (day-4), the centrum
was formed normally, but the neural and hemal arches were not
observed (Fig. 2K′). These results suggested strongly that formation of
the vertebral arches was arrested in the sp7 mutant.

3.2. Lack of expression of sp7 in the osteoblasts is responsible for the
phenotype of the sp7 mutant

We performed a rescue experiment to confirm whether the lack of
the sp7 gene was responsible for the sp7 mutant phenotypes. We
generated a plasmid construct that expressed the sp7 cDNA and the
enhanced green fluorescent protein (EGFP) under the control of the
sp7 promoter as a transgene (Fig. 3A). This construct was injected into
the cytoplasm of one-cell-stage mutant embryos. Mosaic expression of
EGFP was observed transiently in the presumed osteoblasts. Alizarin
Complexon (ALC) staining showed that in the sp7mutant, formation of
the neural arch recovered in the regions where the EGFP-positive cells
were observed (data not shown). We also established a stable trans-
genic rescue medaka that expressed the exogenous sp7 cDNA on a
homozygous sp7 mutant genetic background (Fig. 3B). The transgenic
larvae showed normal development of the neural arches (Fig. 3C–F). In
addition, the other skeletal structures, such as the branchiostegal rays,
the opercular, the cleithrum, and the caudal fin rays, were also
recovered in the transgenic rescue larvae (Fig. 3G–L). Therefore, we
concluded that the phenotypes of the sp7 mutant were caused by the
deletion mutation of the sp7 gene.

3.3. Development of osteoblast-lineage cells in the sp7 mutant

In the present study, we established the transgenic medaka lines,
col10a1a-EGFP and sp7-DsRed. These transgenic lines express fluor-
escent EGFP and DsRed in osteoblastic cell lineages under the control
of the col10a1a and the sp7 promoters, respectively. A previous study
reported that a subset of sp7-positive cells is derived from the
col10a1a-positive cells (Renn et al., 2013). Thus, it is possible to
observe osteoblast development throughout medaka ontogenesis using
a col10a1a-EGFP and sp7-DsRed double transgenic line. We should
note here that our col10a1a-EGFP transgenic line was established
using a medaka fosmid clone that included the col10a1a gene, which
contrasted with the previously reported col10a1a-EGFP transgenic
medaka that were established using a 5.8 kb promoter region of the
col10a1a gene locus (Renn et al., 2013).

In the wild-type larvae (day-7), EGFP-positive cells were distrib-
uted on the neural arches, the hemal arches, and the centra (Fig. 4A).
Some these EGFP-positive cells expressed sp7-DsRed (Fig. 4B); i.e.,
double positive cells were detected on the neural arches, the hemal
arches, and the anterior and posterior edges of the centrum (Fig. 4C–
K). In the day-21 larvae, most of the EGFP-positive cells, which were
distributed on the centrum, had differentiated into DsRed-positive cells
(Fig. S3). By contrast, in the sp7 mutant larvae (day-7), EGFP-positive
cells were not observed on the neural and hemal arches, even though
the EGFP-positive cells were distributed normally on the centra
(Fig. 4L–P).

Fig. 4. Osteoblast development in the sp7mutant. Lateral views of the vertebrae in double transgenic medaka, col10a1a-EGFP (green) and sp7-DsRed (red). (A–K) A day-7 larva. (L–P)
A day-7 larva of the sp7TAL1 mutant. EGFP and DsRed-positive cells were not observed on the vertebral arches in the sp7 mutant. (C–E, N–P) Higher magnifications of a centrum of A
and L. (E, P) Merged images of col10a1a-EGFP and sp7-DsRed. The double-positive cells (yellow) were observed on the anterior and posterior edges of the centrum. (F–H) Horizontal
sections of a centrum. (H) Merged images of col10a1a-EGFP and sp7-DsRed. White arrowheads indicate the double-positive cells. (I-K) Higher magnifications of a neural arch of A. (K)
Merged images of col10a1a-EGFP and sp7-DsRed. The double-positive cells (yellow) were observed on the neural arches in the wild-type larva. na, neural arch; ha, hemal arch; ms,
muscle; n. notochord; WT, wild-type. Scale bars: 50 µm in A (applies to B, L, M), C (applies to D, E, N–P), F (applies to G, H), and I (applies to J, K).
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3.4. The sp7 mutant has defective perichordal centrum in the
vertebral column

In the sp7 mutant, the centra were formed normally, and col10a1a-
EGFP positive cells were observed around the centrum. This result
suggested the possibility that the col10a1a-EGFP positive cells parti-
cipated in the formation of the centrum. In medaka, the centrum
comprises two parts, the chordal centrum and the perichordal centrum
(Inohaya et al., 2007). We confirmed mineralization of both centra
using TEM. Analysis of the anhydrously prepared vertebra revealed
that formation of the mineralized chordal centrum occurred, but the
perichordal centrum was completely absent in the sp7 mutant larvae
(Fig. 5A, B, C). This result suggested that matrix secretion for the
perichordal centrum was arrested in the col10a1a-positive cells.

Next, we analyzed the ALP activity in the col10a1a-positive cells to
clarify whether they participate in the formation of the chordal
centrum. ALP is a marker of osteoblast differentiation and is essential
for mineralization of the bone matrix (Hessle et al., 2002). Indeed, ALP
activity is a useful marker for osteoblast differentiation in medaka
vertebral column development (Inohaya et al., 2007). According to the
histological analysis, a single layer of col10a1a-EGFP positive cells was
distributed around the centrum in both the wild-type and sp7 mutant
larvae (Fig. 6A, A′, D, D′), and showed ALP activity (Fig. 6B, B′, C, C′,
E, E′, F, F′). These results provided strong evidence that the col10a1a-
EGFP and ALP double-positive cells can mineralize the matrix of the
centrum (i.e., the notochordal sheath) by acting as osteoblast-like cells.

3.5. The sp7 mutant phenotype is also rescued by sp7 expression
under the control of the col10a1a promoter

To verify that the col10a1a-EGFP-positive cells are the osteoblast-
lineage cells, we performed a rescue experiment of the sp7 mutant
phenotype using a transgene expressing the sp7 cDNA and EGFP under
the control of the col10a1a promoter (Fig. 7A). The stable transgenic
rescue larvae, which had a homozygous sp7mutant genetic background
(Fig. 7B), showed normal development of the neural arches (Fig. 7C,
D). In addition, the other skeletal structures, such as the branchiostegal
rays (Fig. 9E, H), opercular and cleithrum (Fig. 7F, I), and the caudal
fin rays (Fig. 7G, J), were also formed in the transgenic rescue larvae.
According to these results, we suggested that the col10a1a-EGFP-
positive cells were the osteoblast-lineage cells. Therefore, expression of
the sp7 gene is required for their maturation during medaka osteogen-
esis.

3.6. The sp7 mutant phenotype in the vertebral arches is attributed to
impaired differentiation of osteoblast-lineage cells

We also established a transgenic medaka line, col10a1a-mCherry-
nuc. This transgenic line expresses the fluorescent mCherry in the
nucleus of putative osteoblast progenitor under the control of the
col10a1a promoter, and allowed us to count the number of col10a1a-
positive cells easily. In the wild-type larvae (day-3), the neural arches
became elongated, and mCherry-positive cells were observed on the
surface of the neural arch (Fig. 8A, B). By contrast, in the sp7 mutant
larva (day-3), several mCherry-positive cells were observed on the
anterodorsal part of the centrum (Fig. 8C, D). These cells seemed to be
the osteoblasts that formed the proximal part of the neural arch.
Thereafter, a tiny rudiment of the putative neural arch appeared in this
region (day-5; Fig. 8E, F). These results suggested that the neural arch
defect in the sp7 mutant resulted from the disappearance of col10a1a-
positive cells in the putative distal region of the neural arch. In
addition, a cell proliferation assay using EdU (5-ethynyl-2′-deoxyur-
idine)-labeling revealed that the col10a1a-positive cells on the neural
arches were EdU-negative cells in the wild-type larva (Fig. S4). This
result indicated that the phenotype of the sp7 mutant in the vertebral
arches was not attributed to a defect in cell proliferation of the

Fig. 5. The perichordal centrum is absent in the sp7 mutant. High magnification
micrographs of anterior edge of a centrum. (A) A day-4 larva. Deposition of mineral
crystal (black dots) is observed in both the chordal centrum (cc) and perichordal centrum
(pc). The white dotted line indicates the boundary between the chordal centrum and
perichordal centrum. (B) Decalcified image of A. The section of A was treated with
distilled water. Mineralized matrixes of the chordal centrum (cc) and the perichordal
centrum (pc) are partially decalcified, and hence the border evidently appears between
the two layers. (C) A day-4 sp7 mutant larva. Mineral deposition is only observed in the
chordal centrum (cc). The asterisk indicates the anterior edge of the chordal centrum.
ms, muscle; n, notochord; nl, nucleus of putative osteoblast. Scale bar: 2 µm in A (applies
to B, C).
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osteoblast-lineage cells, but rather their differentiation process.

3.7. runx2-positive cells of the vertebral arches appear in the
sp7 mutant

To clarify the behavior of the osteoblast progenitors in the sp7
mutant, we established a transgenic medaka line, runx2-EGFP. The
runx2-EGFP positive cells were observed on the neural and the hemal
arches (Fig. 9A–E), similar to the endogenous runx2 expression
(Inohaya et al., 2000). The runx2-EGFP positive cells could be
observed before the appearance of the col10a1a-DsRed positive cells.
Time-lapse analysis showed that the runx2-EGFP positive cells became
to express the col10a1a-mCherry-Nuc transgene (Fig. S5). In addition,
histological analysis revealed that some of the runx2-positive cells were
col10a1a-positive cells (Fig. 9F–H). These results demonstrated that
the runx2-positive cells differentiated into the col10a1a-positive cells
during vertebral arch development. In the sp7 mutant, the vertebral
arches were not formed (Fig. 9I, L), however, the runx2-EGFP-positive
cells were distributed at the dorsal to the centrum, as if the neural arch
was present (Fig. 9J–N). These results demonstrated that progenitors

of the osteoblast that formed the vertebral arch emerged in sp7 mutant,
but the sp7 is required for their differentiation.

4. Discussion

In medaka, there are at least two alternatively spliced sp7 tran-
scripts, sp7_tv1 and sp7_tv2. The sp7_tv1 is expressed predominantly
during embryogenesis (Willems et al., 2012). Interestingly, knockdown
of sp7_tv1 using morpholino oligonucleotides leads to an increase in
sp7_tv2 transcripts. Although it is not clear whether sp7_tv2 is a
functional isoform, that report suggested the possibility that sp7_tv2
acts as a dominant negative isoform. Recently, Yu et al. (2017)
established medaka sp7 mutants (sp7del137a and sp7del138a) using the
clustered regularly interspaced short palindromic repeats (CRISPR)/
caspase 9 (Cas9) genome editing system. Their mutations were
expected to induce dysfunction in the sp7_tv1 isoform only. By
contrast, our mutations, sp7TAL1 and sp7TAL2, were anticipated to
produce dysfunction in both sp7 isoforms. No remarkable differences
in skeletal malformations of these sp7 mutants were observed.
However, heterozygous sp7del137a mutants were previously reported
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to have vertebral malformations (Yu et al., 2017). In the present study,
we did not observe defects in the heterozygous sp7TAL1 and sp7TAL2

(data not shown).
The medaka sp7mutants showed severe skeletal defects at the early

developmental stage during osteogenesis, indicating that medaka sp7 is
involved in osteoblast differentiation. Intriguingly, the col10a1a-EGFP
positive cells appeared normal on the chordal centrum of the sp7
mutant. This result suggested that sp7 does not participate in the
differentiation of col10a1a-EGFP positive cells during chordal centrum
formation. However, the col10a1a-EGFP positive cells did not appear
on the vertebral arches of the sp7 mutant. We considered the
possibility that a characteristic feature of the osteoblasts is different
between the centrum and the vertebral arches. This hypothesis was
supported by our finding that runx2-positive cells appeared on the
vertebral arches, but not on the centrum. It is suggested that the
osteoblasts of the centrum and the vertebral arches are derived from
common sclerotomal cells. Previously, our study using the transgenic
medaka lines showed that the osteoblasts located on the centrum were
derived from twist-positive sclerotomal cells (Inohaya et al., 2007).
Renn et al. (2013) also confirmed that the col10a1a-positive cells
originated from sclerotome-derived cells. In addition, a knockdown
analysis using morpholino antisense oligonucleotides revealed that
twist participates in neural arch formation (Yasutake et al., 2004).
Therefore, we suggest that sclerotomal cells can undergo at least two
distinct differentiation processes to form osteoblasts during vertebral
column development. Moreover, in the sp7 mutant, the runx2-positive
cells remained normal, even though the vertebral arch was not formed,
indicating that sp7 does not participate in the differentiation of the
runx2-EGFP positive cells and that sp7 acts downstream of runx2 in
osteoblast differentiation during the vertebral arch formation. By
contrast, Yu et al. (2017) reported that the runx2 expression was
strongly reduced in medaka sp7 mutants during the head formation,
highlighting the unidentified role of sp7 in osteoblast progenitor
specification of medaka. Our findings were not consistent with this
proposal, but showed similar results demonstrating the roles of Sp7
and Runx2 in mice osteoblast differentiation (Nakashima et al., 2002).
It is suggested that the runx2-positive cells represent an immature
osteoblastic stage during osteoblast development. Therefore, sp7 is

required for differentiation of the runx2-positive cells into mature
osteoblasts to form the vertebral arches. The sp7 expression in the
col10a1a-positive cells that were located at the proximal regions of
each arch could promote differentiation of the runx2-positive cells into
the mature osteoblasts.

In medaka, each centrum comprises two parts, the chordal centrum
and the perichordal centrum (Inohaya et al., 2007). In the sp7mutants,
the chordal centrum formed normally, but the perichordal centrum,
including the vertebral arches, was absent. A previous report showed
that the chordal centrum was formed by mineralization of the
notochordal sheath, and the perichordal centrum was formed on the
outer surface of the chordal centrum by sclerotome-derived osteoblasts
(Inohaya et al., 2007). It was not clear what cells were responsible for
the mineralization of the chordal centrum. In zebrafish, the centrum
matrix is secreted by the notochordal cells, and laser ablation of the
notohordal cells caused a defect of the chordal centrum (Fleming et al.,
2004). In addition, in the Atlantic salmon, ALP activity was observed
within the chordoblast (i.e., notochordal sheath cells) layer during the
initial formation of the chordal centrum, but not in the sclerotomal
cells surrounding the notochordal sheath (Grotmol et al., 2003). By
contrast, in medaka, ALP activity was detected in the sclerotomal cells
located in the future centrum region before mineralization of the
chordal centrum, but not in the notochordal sheath cells (Inohaya
et al., 2007). In addition, the col10a1a-EGFP positive cells appeared on
the outer surface of the notochordal sheath before mineralization of the
chordal centrum (Renn et al., 2013). We revealed that these EGFP-
positive cells have ALP activity in both the wild-type and the sp7
mutant larvae. Thus, we hypothesized that the col10a1a-EGFP positive
cells act as ALP-positive osteoblast-like cells and participate in miner-
alization of the chordal centrum in medaka.

In conclusion, we demonstrated that sp7 gene expression in
osteoblast-lineage cells is required for differentiation into mature
osteoblast cells to form the perichordal centrum and the vertebral
arches. Results also suggest that there are two differentiation processes
of osteoblast-lineage cells during medaka vertebral column develop-
ment. Our findings provide new insights into the evolution of osteo-
blast in vertebrates.
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Fig. 9. The runx2-positive cells are observed in the sp7 mutant. (A-E) Lateral views of the vertebrae in double transgenic medaka, runx2-EGFP (green) and col10a1a-DsRed (red). (A,
B) A day-14 larva. (A) The runx2-positive cells were observed on the vertebral arches. (B) The col10a1a-positive cells were observed on the centrum as well as the vertebral arches. (C–E)
High magnification of a neural arch. A day-4 larva. (C) Expression of runx2-EGFP (green). (D) Expression of col10a1a-DsRed (red). (E) Merged image of C and D. (F-H) Horizontal
section of a neural arch. A day-4 larva. Anterior is to the left. (F) Expression of runx2-EGFP (green). (G) Expression of col10a1a-DsRed (red). (H) Merged image of F and G. Arrowheads
indicate double-positive cells. (I–N) Expression of runx2-EGFP in wild-type (I–K) and sp7 mutant larvae (L–N). Lateral views of day-4 larvae. Anterior is to the left. (I, L) ALC staining
of a vertebra (red). (J, M) Expression of runx2-EGFP (green). (K) Merged image of I and J. (N) Merged image of L and M. ct, centrum; na, neural arch; ha, hemal arch. WT, wild-type.
Scale bars: 50 µm in A (applies to B), C (applies to D, E), and I (applies to J–M); 10 µm in F (applies to G, H).
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