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demonstrate that R80S mutation is a loss-of-function
mutation and is responsible for the developmental
abnormality and the embryonic death.

Cytological abnormality in ESCO2 mutant medaka

Premature centromere separation (PCS) is caused by
loss of ESCO2 and is diagnostic of RBS/SC (Schiile
et al. 2005; Vega et al, 2005, 2010; Gordillo et al.
2008). To examine whether PCS is observed in R80S
mutant medaka, we performed chromosomal analysis
of 2-dpf embryos. Mutants showed a significant
increase in the chromosomal abnormalities, including
aneuploidy, chromosomal hyper-condensation and
PCS (Fig. 4A, Table 2). Particularly, chromosomal
hyper-condensation and PCS were observed in 39.6%
and 6.6% of mutant cells, but only in 4.5% and 0.1%
of WT, respectively. Thus, chromosomal abnormalities
were observed in mutants similar to that in the EcoT
mutant of yeast (Skibbens et al. 1999), with knocking
down of ESCO2 of Hela cells (Hou & Zou 2005) and
RBS/SC (Vega et al. 2005). The chromosomal hyper-
condensation may be due to high sensitivity to colchi-
cine in R80S mutants.

We monitored cells in the S-phase (Fig. 4B) and
M-phase (Fig. 4C) with BrdU incorporation and an
antibody to phosphorylated histone H3, respectively.
Morphological differences between WT and mutant
embryos were evident in the proliferative zone of the
optic tectum, prospective corpus cerebelli, rhombic
lips, pectoral fin buds and neural tube. In WT embryos,
the proliferative cells were distinguishable and arranged
in order. In contrast, the proliferative celis of mutants
were widely distributed and out of order. The number
of cells in the S- and M-phase tended to be slightly
increased in mutants compared to WT embryos.

Next, we attempted cell cycle analysis by flow
cytometry (Fig. 4D). In WT embryos, nuclei peaked at
2N DNA (corresponding to cells in the G1-phase),
while a small fraction of cells were distributed between
2N and 4N DNA (S-phase), and at 4N DNA (G2/M-
phase). Only 9.5% of cells were in the sub-G1 propor-
tion. In contrast, mutant nuclei showed a marked
increase in the sub-G1 population (41.2%) at the
expense of cells in the G1-phase. Although a clear
aneuploidy peak and enrichment of S and G2/M cells
were not observed, S and G2/M cells slightly
increased in mutants. To confirm the existence of
apoptotic cells, we performed a TUNEL assay. In
mutant embryos, a large number of cells underwent
apoptosis throughout the body, while only a limited
number of cells were TUNEL-positive in WT embryos
(Fig. 4E). These results suggest that the R80S muta-
tion of ESCO2 induces various chromosomal abnor-
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malities including PCS and aneuploidy during cell
division, and that the resulting apoptosis may cause
developmental delay and eventual embryonic lethality.

Reduction of marker gene expression in ESCO2
mutant medaka

Because R80S mutant embryos showed morphologi-
cal abnormalities, we analyzed the expression pat-
terns of several marker genes, namely, bf7, foxA2,
iro3, krox20, notchla, otx? and pax6, as neural
development and notochord markers, and /fng and
myf5 as somite markers using whole-mount in situ
hybridization. The gene expression of almost all
markers was downregulated and delayed in R80S
mutants (Figs 5, SB6). The expression of pax6, for
example, in the eyes, was reduced in mutant
embryos compared to WT ones at 2.0 dpf (Fig. 5A).
However, when pax6 expression in 2.0-dpf mutants
was compared to 1.0-dpf WT, no significant differ-
ences were observed in the zona limitans intrathal-
amica. Similarly, the gene expression levels of bf7,
foxA2, iro3 and /fng in mutants at 2.0 dpf were simi-
lar to those in WT embryos at 1.0 dpf (Fig. S6). The
otx1 and krox20 expression in 2.0-dpf mutants were
similar to 1.5-dpf WT embryos (Fig. S6). Thus, the
differences in expression were attributable to devel-
opmental retardation in mutants. The expression of
myf5 in mutants resembled 1.0-dpf and 2.0-dpf WT
embryos (Fig. 5B). In contrast, strong reduction in
notchla expression was observed in mutants at
2.0 dpf (Fig. 5C,D). Because notchla was expressed
in WT embryos at 1.0-2.0 dpf, we speculate that this
downregulation was not attributable to developmental
retardation.

To confirm notchla suppression in mutants, we
quantified notchla, notch1b (neurogenic markers
[Lawson et al. 2002], Fig. 6A), and ascl/1a and ascl1b
(proneural markers, downstream targets of notchla
and notchib in zebrafish [Allende & Weinberg 1994],
Fig. 6B) mRNA of 2.0-dpf embryos by quantitative RT-
PCR (gRT-PCR). We examined the genotype of all
embryos prior to qRT-PCR and classified them into
two groups: with and without morphological changes.
Forty percent of the homozygous mutants were mor-
phologically normal at 2.0 dpf. The neurogenic marker
genes related to notch were dramatically suppressed
in mutants exhibiting morphological abnormalities
(Fig. 6A,B). Namely, the expression of notchia,
notchib, asclla and ascl/lb in mutants was sup-
pressed by 41%, 50%, 9% and 8%, respectively,
compared to the WT embryos. In contrast, no sup-
pression of notch1b was observed in the morphologi-
cally normal mutants, while all the other neurogenic

Development, Growth & Differentiation © 2012 Japanese Society of Developmental Biologists
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Fig. 4. Cytological abnormality of ESCO2 mutant medaka. (A) Chromosomal analysis of wild-type (WT, leftmost) and R80S cells. Chro-
mosomal preparation and Giemsa stain were applied to 2.0-days postfertilization (dpf) embryos. In R80S mutants, aneuploidy (shown
as 2n = 40 versus 2n = 48 in WT), chromosomal hyper-condensation and premature centromere separation (PCS) were observed.
(B) 5-bromodeoxyuridine (BrdU) labeling to detect cells in S-phase at 2.0 dpf. BrdU/Yamamoto solution (0.1%) was injected into the
periviteline space at 2.0 dpf. At 2 h after the injection, the embryos were fixed and immunohistochemically analyzed using anti-BrdU
antibody. Top and bottom, dorsal view of the head and pectoral regions, respectively; inset in bottom panels, lateral view. BrdU labeling
in the prospective corpus cerebelli (open arrow), rhombic lips (long arrow), the bilateral region of the midline (short arrows) and fin buds
(arrowheads) was not detected in R80S mutants. (C) Anti-phosphorylated histone H3-labeling to detect cells in M-phase at 2.0 dpf. The
embryos were fixed at 2.0 dpf and immunochistochemically analyzed by anti-phosphorylated histone H3 antibody. Top and bottom, dor-
sal view of the head and tall, respectively; inset of bottom panels, lateral view. The proliferating zone of the optic tectum and prospective
corpus cerebelli {arrow) and the neural tube (arrowhead) was not immunoreactive in R80S mutant. (D) fluorescence-activated cell sorting
(FACS) analysis of WT (open) and R80S (shaded) nuclei. The 2.0-dpf embryos were subjected to propidium iodide staining and FACS
analysis. Note: the large proportion of R80S nugclei in sub-G1. (E) Terminal deoxynucleotidy! transferase-mediated dUTP nick end labeling
assay indicates apoptotic cells throughout the whole body of R80S mutants. Top and bottom, dorsal view of the head and tail, respec-
tively; inset of bottom panels, lateral view.

markers were suppressed by approximately 50% defects and that the downregulation of notch7a is spe-
(Fig. BA,B). We speculate that suppression of notch1b cific to ESCO2 mutation regardless of developmental
expression may be due to gross developmental delay. Because asc/7a and asc/1b are downstream of

© 2012 The Authors
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Table 2. Chromosomal  analysis
Hyper- of medaka R80S mutants’
Aneuploidy condensation PCS String-like
Genotype n (%) (%) (%) (%)
Embryos¥
ESCO2YTWT 21 42.9 23.8 0.0 0.0
ESCO2F80s/RE0S 21 76.2* 71.4% 28.6™ 19.0*
Cells
ESCO2WTT 941 6.2 4.5 0.1 0.1
ESCOZRBOS/RBOS 182 285, 3w 3Q.6%** 6.6 02,7

*P < 0.05; P < 0.01; **P < 0.001, respectively (y>-test). TR80S embryos (F'2) were derived
by crossing R80S (F4) heterozygous mutants of original strain with wild-type fish of another
strain K-Kaga. The 2.0-days post fertilization (dpf) embryos were examined. *Embryos with
more than 10% of cells exhibiting abnormalities are regarded as abnormal embryos. PCS, pre-

mature centromere separation.
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both notch1a and notch1b, the reduction of asclia
and asc/1b may be more pronounced in morphologi-
cally abnormal mutants.

Next, we examined GATA-7 and notch3 (vascular
differentiation markers in zebrafish [Lawson et al.
2001, 2002], Fig. 6C) because the heart was mal-
formed in mutants. They were suppressed by 57%
and 30%, respectively, in mutants with morphological
abnormalities. In mutants with normal morphology,
no significant reduction in GATA-7 was observed
(Fig. 8C), suggesting that GATA-7 suppression may
accompany general developmental delay, as is the
case with notch1b. To confirm these data, we investi-
gated the gene expression in morphants. We used the
ATG mo and 5mis mo (as control), because ATG mo
inhibits maternal and embryonic ESCOZ2. The ATG mo

© 2012 The Authors

Fig. 5. Expression of marker gene
in R80S (rightmost) and wild-type
(WT) embryos. (A,B) Dorsal view of
the pax6 (A) and myf5 (B) expres-
sion in the head and tail region,
respectively. Expression of pax6 in
optic vesicles (arrowheads) is
unclear in R80S mutant, but the
expression in the zona limitans in-
trathalamica (arrows) is evident in
both WT and R80S mutants.
Expression of myf5 (arrows) in
R80S embryo resembles 1.0- and
2.0-day postfertilization (dpf) WT
embryos. Lateral (C) and dorsal
(D) view of the notchla expres-
sion. Note: noichia expression
disappears in R80S mutant.

morphants showed suppression of notch1a (by 67%),
notch1b (66%) and notch3 (71%) (Fig. 8D,E). Downre-
gulation of notch1b may be attributable to the devel-
opmental delay in ATG mo morphants (Fig. 3A). Thus,
ESCO2 mutation causes downregulation of notchia
and notch3. In summary, these data suggest that
ESCO2 may play a role in embryogenesis through
upregulation of critical genes such as notchla and
notch3.

Discussion

Establishment of RBS/SC model medaka

We established a medaka model of RBS/SC using the
TILLING method and characterized it using a reverse

Development, Growth & Differentiation © 2012 Japanese Scciety of Developmental Biologists



Fig. 6. Suppression of the
expression of several genes in
R80S embryos (A-C) and ESCO2-
knockdown morphants (D,E). The
expression of neurogenesis mark-
ers, notchla and notchlb (A),
neural progenitor markers, asc/’a
and ascllb (B) and vascular
differentiation markers, GATA-T1
and notch3 (C) in wild-type
(WT), heterozygous (ESCO270MT,
hetero) and homozygous
(ESCO2MBOS/RE0S - R80S) mutants
(2.0 days postfertilization  [dpf])
was investigated by quantitative
reverse transcription polymerase
chain reaction. Normal and
abnormal indicate apparently nor-
mal mutants and developmentally
abnormal mutants, respectively.
The expression of notchla and
notch1lb (D) and GATA-1 and
notch3 (E) in morphants (2.0 dpf)
with the injection of 5mis mo
(control) or ATG mo was exam-
ined. NS, *, * and ™ indicate
P > 0.05, P<0.05 P<0.01
and P < 0.001, respectively, com-
pared to WT or control embryos;
anovAa and Tukey's test, n = 13-
14 (A-C); Student’s t-test, n = 13
(D,E).
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genetic approach. Morpholino antisense oligonucleo- TILLING has the great advantage of missense mutant
tide is a very useful tool when using medaka or zebra- recovery. Amino acid (a.a.) substitutions reveal the unex-
fish as an animal model to efficiently reduce the pected role of a protein, which cannot be obtained by
expression of a gene of interest. However, it is some- knockout (KO) and knockdown methods. Missense
times difficult to ascertain the cause—effect relationship mutants are particularly useful in the analysis of essential
because morpholinos are often complicated by off-tar- genes because simple disruption of the gene would
get effect. It should be especially difficult to analyze cause lethality at the cellular or animal level. To our
the morphants when the phenotypes vary as in RBS/ knowledge, ESCO2-KO mice have not been reported to
SC. The mutant has a great advantage over mor- date. Fish such as medaka are suited to investigation of
phants in that the gene alteration is fixed in the the gene function during embryonic development as
genome and the phenotypes can be analyzed in the they develop ex vivo. The development of organs in
uniform genetic background. Compared to other clas- fish share common molecular pathways with mam-
sical gene disruption methods such as homologous mals. The developmental abnormality and death during
recombination and transposon/retrovirus

insertion, development can be closely monitored in fish while

© 2012 The Authors

Development, Growth & Differentiation © 2012 Japanese Society of Developmental Biologists



600 , A. Morita et al.

many of the lethal phenotypes may be overlooked in
humans. Taken together, our system by using medaka
could provide a powerful tool for investigating unidenti-
fied missense mutations in autosomal recessive disor-
ders in vivo, even in embryonic lethal mutants.

The R80S mutant was created by ethyl nitroso urea
(ENU) mutagenesis, which randomly introduces point
mutations throughout the genome. In order to examine
whether the observed phenotype was related to the
R80S mutation, and to exclude the possibility that it
was not derived from other mutation(s), we took two
approaches: in vivo morpholino injections into the fertil-
ized medaka eggs and linebreeding. The ESCO2
morphants exhibited developmental abnormality and
reduction of nofch1a and nofch3 expression similar to
that observed in the mutants. Moreover, the develop-
mental and cytological abnormalities observed in
mutants with a K-Cab (southermn population) genetic
background could be transferred to K-Kaga (northem
population) genetic background by crossing original
mutants with WT K-Kaga. Therefore, we suggest that
the R80S mutation is responsible for the observed
phenotypes.

Clinical feature in RBS/SC model medaka

The variety of phenotypes among individuals and the
lack of a clear correlation between genotype and phe-
notype are some of the clinical features of RBS/SC. It
has been shown that the same mutation results in dif-
ferent phenotypes in RBS/SC (Schile et al. 2005;

Vega et al. 2005, 2010; Gordillo et al. 2008). Recently,
Monnich et al. (2011) demonstrated that ESCO2-KD
zebrafish showed craniofacial and fin abnormality. We
summarized the phenotype of RBS/SC, R80S
mutants, medaka ESCO2 morphants (present study)
and zebrafish ESCO2 morphants (Ménnich et al. 2011)
(Table 3). We also observed phenotypic diversity in our
mutant medaka: craniofacial abnormalities, cardiac
defect, growth retardation and PCS. RBS/SC is char-
acterized by craniofacial abnormalities including bilat-
eral cleft lip and/or palate, micrognathia, hypertelorism,
exophthalmos, downslanting palpebral fissures, malar
hypoplasia, hypoplastic nasal alae and ear malforma-
tion (Gordillo et al. 2006). R80S mutants exhibited a
severe phenotype in the head region and were defi-
cient in all head elements except for the eyes, even
which showed developmental delay and incorrect
structure. Thus, the morphological phenotype of the
R80S mutant was very similar to RBS/SC and zebra-
fish ESCO2 morphants except for limb abnormalities.
The upper and lower limbs of humans and the pec-
toral and pelvic fins of medaka are evolutionarily
derived from the same origins (Hinchliffe 2002). How-
ever, long bone growth in the stylopod and zeugopod
is absent in the fins. Moreover, the fins have no part
that is homologous to the autopod, which constitutes
the distal part of mammalian limbs (Hinchliffe 2002).
Therefore, phocomelia, long bone hypoplasia, ectro-
dactylia and brachydactylia cannot be detected in fish.
In zebrafish ESCO2 morphants, shorter and smaller
fins were observed (Mbnnich et al. 2011). Our R80S

Table 3. Summary of phenotypes of Roberts syndrome/SC phocomelia (RBS/SC) and medaka and zebrafish models

RBS/SC (human)

R80S mutants (medaka)

Morphants (medaka) !\/!orphar1t'§r (zebrafish)

Autosomal recessive
Embryonic lethal
Developmental delay
Small size

Body axis abnormality

Autosomal recessive
Intra uterine fetal death
Pre- and postnatal growth retardation

Craniofacial abnormality

Survive Embryonic lethal
Developmental delay
Small size Small size

Body axis abnormality Body axis abnormality

Microcephaly Microcephaly Normal Smaller heads

Hyper telorism Smaller and abnormal eye Normal Smaller eye

Hypoplastic nasal alae Lack of nasal part Normal ND

Malar hypoplasia Cartilage defect ND ND

Cleft lip and palate Lack of mouth part Normal Lack of jaw
Limb abnormality

Phocomelia ND ND ND

Ulnar defects ND ND ND

Radial defects ND ND ND

Thumb defects Normal {delayed) Normal Shorter and smaller fin

Renal abnormality ND ND ND

Heart defect Heart malformation Heart malformation Cardiac edema

Mental retardation ND ND ND

Premature centromere separation Premature centomere separation ND ND

tAfter Ménnich et al. 2011. ND, not determined.
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mutants had normal pectoral fins. However, some of
them exhibited developmental delay. Therefore, shorter
and smaller fins of zebrafish morphants may corre-
spond to the mutant fins developmentally delay.
Medaka ESCO2 morphants also had normal pectoral
fins. The effect of morpholino was weaker in medaka
than in zebrafish. This may be due to the time frame
of morpholino action as medaka develops much more
slowly than zebrafish and the effect of morpholino may
be reduced by the time these organs are formed.

R80S mutants also exhibited developmental arrest
by 2 dpf with incomplete penetrance (Table 1). Most
of the escapers exhibited heart malformation and/or
body axis abnormalities. This may be pertinent to the
phenotypic variation observed in humans. Concerning
congenital cardiac abnormality, atrial septal defect,
ventricular septal defect and patent ducts arteriosus
were reported (Gordillo et al. 2006). The escapers of
R80S mutant and some of ESCO2 morphants showed
looping defect. Disturbance in cardiac looping is
thought to cause congenital cardiac malformations
(Manner 2009).

ESCO2-KD zebrafish showed cell cycle arrest and
apoptosis with caspase activation (Ménnich et al.
2011). In R80S mutant of medaka, we could not
clearly detect significant cell cycle arrest. This dis-
agreement may be attributable to the difference of
species or to the difference of knockdown (zebrafish)
and missense mutant (medaka). We also detected
apoptosis throughout the body in R80S mutants. This
apoptosis may be associated with caspase activation,
as in zebrafish. Moreover, microarray analysis revealed
the gene regulated by ESCO2 in zebrafish and some
gene regulation overlaps with cohesin-dependent tran-
scription (Rhodes et al. 2010; Mdnnich et al. 2011).

R80S mutation is responsible for embryonic death,
and deficiency of Ecol in yeast causes cellular lethal-
ity. On the contrary, RBS/SC patients can give birth. It
was reported that the related molecule, ESCO1 in
humans, and suggested that ESCO1 and ESCO2, play
distinct roles in cell cycle progression (Hou & Zou
2005). Although ESCO1 and ESCO2 acetylate SMC3,
the knocking down of ESCOT7 is more effective on the
SMC acetylation than that of ESCO2 in humans
(Zhang et al. 2008). The different effect of functional
deficiency in ESCO2 between RBS/SC patients and
R80S mutants may be explainable by the difference of
functionalization of ESCO1 and ESCO2. The function
of ESCO1 in medaka needs 1o be elucidated. On the
other hand, the mutant medaka showed more severe
phenotypes than RBS/SC and morphants of medaka
and zebrafish. Only mutant medaka is embryonically
lethal. RBS/SC patients are rare and RBS/SC is char-
acterized by intrauterine fetal death. A few R80S

mutants can live up to adult fish. Thus, RBS/SC
patients may be escapers as in R80S mutants. The
escapers of R80S mutants will be analyzed in a future
study.

R80S mutation

We have found that the mutation in the conserved
amino acid (a.a.) in the N-terminal portion of ESCO2,
R80 (in human K), disrupts the establishment of cohe-
sion function of ESCO2, demonstrating the importance
of this previously undescribed region of this protein. This
is the first case in which a missense mutation outside
the acetyltransferase domain causes the loss-of func-
tion phenotype. The region (73-84 a.a.) including R80 is
well conserved from fish to humans, although the muta-
tion in this region has not been reported in RBS/SC.
ECO1 lacks this region. Although Esot (Tanaka et al.
2010), budding yeast homologue, deco (Wiliams et al.
2003), Drosophila homologue and ESCO1 (Hou & Zou
2005) of humans contain extradomain at the N-termius,
no motif or similarity have been found in the N-terminal
portion of ESCO2. The molecular function of this con-
served region is of special interest.

Variety of clinical features in RBS/SC

The ESCOZ2 expression in the proliferating region and
the chromosomal phenotype, namely, PCS, caused by
the R80S mutation indicate that ESCOZ2 plays an
important role in cell division in medaka. In other spe-
cies, ESCO2 functions in the establishment of sister
chromatid cohesion via acetylation of the cohesin
complex (Rolef Ben-Shahar et al. 2008; Unal et al.
2008; Zhang et al. 2008). Therefore, the R80S muta-
tion of ESCO2 may cause a reduction of cohesin com-
plex acetylation, resulting in an anti-establishment
state in sister chromatid cohesion during S-phase sim-
ilar to that in other species including humans. On the
other hand, RBC/SC has a variety of clinical features
(Schule et al. 2005; Vega et al. 2005, 2010; Gordillo
et al. 2008). The same mutation of ESCO2 causes dif-
ferent phenotypes. R80S mutants also have a variety
of clinical phenotypes. Pathological features in the
establishment of sister chromatid cohesion are attribut-
able to a lack of ESCO2 function in cell division. How-
ever, this is not sufficient to explain the variety in the
clinical features. The cohesin complex, the target of
ESCO2, causes Comelia de Lange syndrome (CdLS)
(OMIM 122470, 300590 and 610759). CdLS also has
a variety of clinical features (Dorsett 2007; Liu & Krantz
2009). The clinical features of CdLS are distinct from
RBS/SC, but with some overlap (Liu & Krantz 2009).
Recently, cohesion-mediated gene regulation was
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demonstrated in Drosophila, zebrafish, mice and
humans. Homeobox gene expression is required for
Nipped-B, a cohesin regulator in Drosophila (Dorsett
2009). The gene expressions of runx? and runx3 (tran-
scription factors) are required for Rad21 and Smc3
(components of the cohesin complex) in zebrafish
(Horsfield et al. 2007). Genome-wide chromatin immu-
noprecipitation experiments in human and mouse cells
have revealed co-localization of cohesin and CTCF, a
zinc-finger protein with enhancer blocking and barrier
activities (Parelho et al. 2008; Stedman et al. 2008;
Wendt et al. 2008). CTCF is thought to have a poten-
fial function in directly regulating gene transcription
both positively and negatively (Ishihara et al. 2006;
Chernukhin et al, 2007). ESCO2 functions in establish-
ment of sister chromatid cohesion by acetylation of the
cohesin complex. Therefore, mutation of ESCO2 may
cause lack of functional cohesin. Consequently, it is
suggested that mutation of ESCO2 affects the expres-
sion of several genes. In this study, we demonstrated
that R80S mutation actually suppresses notchla, its
downstream genes and notch3 expression. Downre-
gulation of notch1a and its downstream gene expres-
sion result from the mutation of the cohesin
component in zebrafish (Horsfield ef al. 2007). There-
fore, we propose that the neural and heart malforma-
tions may involve downregulation of these genes in
R80S mutant medaka and RBS/SC. The clinical fea-
ture of cardiac defects in R80S mutants is similar to
the medaka knocking-down of congenital heart dis-
ease 5 (MCHDS) gene function (Murata et al. 2009).
Notch3 suppressed in ESCO2 R80S mutant may be
involved in mCHD5 expression. Recently, cohesin-
independent regulation of gene expression by Ecoil
was reported (Choi et al. 2010). Ecol suppresses
transcription via association with histone demethylase,
LSD1, to convert chromatin to an inactive state. Thus,
ESCO2 regulates the expression of several genes.
Research on the genes regulated by ESCO2 is an
interesting area for further study. The functional analy-
ses of ESCO2 have only been performed at cellular
level so far. This mutant medaka enables analysis at a
whole-body level, particularly, in the early embryonic
development. The mechanisms producing the patho-
logical variety of RBS/SC will be elucidated.

In conclusion, we isolated ESCO2 mutant medaka
from the TILLING library and characterized it using a
reverse genetic approach. The ESCQ2M0S/RE0S
homozygous mutants had phenotypic features remi-
niscent of RBS/SC. From the gene expression analy-
sis, some gene expression was downregulated in
mutants. Thus ESCO2 mutant medaka is the animal
model for RBS/SC and a valuable resource for future
research.

© 2012 The Authors
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Figure S1. Alignment of deduced amino acid
sequences of ESCO2 in medaka (Oryzias latipes),
human (Homo sapiens, accession no. NP_
001017420), mouse (Mus musculus, accession no.
NP_082315) and zebrafish (Danio rerio, accession no.
Q5SPR8).

Figure S2. Expression of ESCOZ2 in early development
of medaka embryo.

Figure S3. Developmental profile of the expression
alleles of ESCO2,

Figure S4. Construction of morpholinos.

Figure S5. Pectoral width of WT (empty bars) and
R80S (solid bars) embryos (2.0 dpf, A), and morphants
(2.0 dpf) with 300 nmol/L of 5mis mo (empty bars),
ATG mo (solid bars) or E212 mo (shaded bars) injected
just after fertilization (B). dpf, days postfertilization; WT,
wild type.

Figure S6. Expression of marker gene in R80S
(uppermost) and wild-type embryos.

Table S1. Primer using for cloning, genotyping and
real-time polymerase chain reaction.
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