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Two distinct cDNAs corresponding to two zebrafish protein
O-mannosyltransferase genes, zZPOMTI and zPOMT2,
were cloned from early developmental embryos. Gene ex-
pression analysis revealed that zPOMTI and zPOMT2 were
expressed in similar patterns during early embryonic de-
velopment and in all adult tissues. To study the
regulation of zPOMTI and zPOMT2 mRNA distribution
during zebrafish embryogenesis, we injected enhanced
green fluorescent protein (EGFP) mRNA fused to the 3’un-
translated regions of each zPOMT gene. The distribution of
EGFP resulting from the two constructs was similar. Injec-
tion of antisense morpholino oligonucleotides of :POMTI
and zPOMT2 resulted in several severe phenotypes—
including bended body, edematous pericaridium and ab-
normal eye pigmentation. Immunohistochemistry using
anti-glycosylated au-dystroglycan antibody (IIH6) and
morphological analysis revealed that the phenotypes of
zPOMT2 knockdown were more severe than those of
zPOMT] knockdown, even though the ITH6 reactivity was
lost in both zZPOMTI and zPOMT2 morphants. Finally, only
when both zPOMTI and ;POMT2 were expressed in human
embryonic kidney 293T cells were high levels of protein O-
mannosyltransferase activity detected, indicating that both
zPOMT1 and zZPOMT?2 were required for full enzymatic ac-
tivity. Moreover, either heterologous combination, zPOMTI
and human POMT2 (hPOMT2) or hPOMTI and zPOMT2,
resulted in enzymatic activity in cultured cells. These results
indicate that the protein O-mannosyltransferase machinery

'"To whom correspondence should be addressed: Tel:/Fax: +81-59-231-9560;
e-mail address: ytamaru@bio.mie-u.ac.jp

Present address: Department of Nephrology, Nagoya University Graduate
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in zebrafish and humans is conserved and suggest that zeb-
rafish may be useful for functional studies of protein O-
mannosylation.

Keywords: development/glycosylation/POMT1 and POMT2/
protein O-mannosyltransferase activity/zebrafish

Introduction

Posttranslational modification of proteins by glycosylation has
critical biological functions at both the cellular and organismal
levels (Haltiwanger and Lowe 2004; Ohtsubo and Marth
2006). In addition to the generally observed types of glycosyl-
ation such as N-glycosylation and mucin-type O-glycosylation,
several unique glycans have recently been found to play impor-
tant roles in a variety of biological processes. According to
current knowledge, protein O-mannosylation in mammals is
found on a relatively small number of proteins in the brain,
nerves and skeletal muscle (Krusius et al. 1986; Chiba et al.
1997; Sasaki et al. 1998; Endo 1999). In contrast to yeast cells,
where O-mannose is elongated by neutral, linear oligomannose
chains (Strahl-Bolsinger and Tanner 1991), the mannose residue
of mammalian O-mannosylglycans is extended with complex
glycans terminating with sialic acid, sulfate or fucose (Endo
1999). The structure Siaa2-3Galp1-4GlcNAcp1-2Manal-
Ser/Thr is required for binding between a-dystroglycan
(a-DG) and laminin G domain (Chiba et al. 1997; Endo 1999;
Montanaro and Carbonetto 2003).

Muscular dystrophies are genetic diseases characterized by
progressive muscle degeneration and muscular weakening.
They can be classified into a number of disease types, and
some causative genes have been identified (Burton and Davies
2002). For example, dystrophin forms a dystrophin—glycopro-
tein complex (DGC), and Duchenne muscular dystrophy is
caused by mutations in the gene encoding dystrophin. Muta-
tions in other components of DGC are involved in other
muscular dystrophies. Defects in glycosylation of «-DG, one
of the DGC components, are responsible for certain congenital
muscular dystrophies (Endo and Toda 2003; Michele and
Campbell 2003). These kinds of muscular dystrophies, includ-
ing diseases such as Walker—Warburg syndrome (WWS) and
muscle—eye—brain disease, are called a-dystroglycanopathies.
Protein O-mannosyltransferases (POMT1 and POMT2) cata-
lyze the first step in O-mannosy! glycan synthesis (Manya et
al. 2004), and defects in human POMT1 (hPOMTI) or
hPOMT?2 result in WWS, an autosomal recessive disorder as-
sociated with severe congenital muscular dystrophy, abnormal

© The Author 2010. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org 1089
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AGCGAATATTTTTATTCATAATTTACTGCTAAAAGACCGCGCATGTGGTCGTGARAGCA
GCACTGTTCACCTATGATTGCGAAATTCCAGAGGAAAAACTGAATCAAGTCAGGATTGAGCATGCAGTGTGTTARACTGCCCGTCAGTGT
M Q ¢ V KL P V § V

GACAGTGGAGATAARTGTGCTGCTGCTEGGCGETTACAGCACTTGCCCTC TTTACTCGACTTTATGGCATTCACTTTCCCARAGCTGTAGT
T vV E I NV L L L AV TAULALFTURIULY G 1 HVF P KAV V
GTTTGATGAGGTTTATTATGGACACTTCCTGTCATTGTACATGAAGCAGGTTTTTTTCATAGATGAARAGCGGTCCTCCTTTTGGACACAT
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TTGGAGCCTTCGACTGATACCGGCTCTAGCAGECTCTTTT TGTGTGCCACT TGCATATCTTGTAGTAGTGGAGC TGGGATACTCCCACTT
w s L R L I P A L A G S F CV P LAY LV V VYV ETLGY 8 H F
CTCGGCACTGGGGECCTGTGCACTTCTCCTCATGGARAACTCCCTGATTGTGCAATCGCGCTTCATGCTGCTGGAGTCTGTTTTAATTTT
8 AL 6ACALILILMENSIL I V QS RFMILILES V L I F

CTTCTTGCTGTTGCCTETGCTGTCITACCTCCGCTITCCCCAAGCACCGCAACTCATTTTT CAAGTGG T TCIGGUTTGTGATCTETGGEET
F L L L AV L S Y L RVFPQARNZSUVFF KWUVF¥F WLV I CG V
CAGCTCTGCATTCGGAATTGGGGTARAGTACATGGGTATGTTCACATACTTTCTACTGCTGAGCCTGGCAGCTGTACACACCTGGCAGCT
s CAF G 1l GV KYMGME FTYFLILUL S LA BABUVIHTWOQL
TATTGGAGATCCGAACCTTGAGCCATGGCARAGTARTGTTCCAGGTATTAGT TCGCTTCTTGGCACTCGTGGTGCTACCTGTCATCATT TA
I & DbRTUL S HG K VMV FQVLIL VRV FULALU YUV L PV I I Y
CCTTGGETTTTTCTACATTCACCTGACCT TGCTATATCGCAGTGGACCTTCTGACCAGATGATGAGCAGTGCCTTTCAAGCAAGTCTAGA
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v 8§ G Y I DF v § M P A QNILWU RV DIV NIZRES E KEI
CTGGARGACCAT

TTTATCAGAGGTGCGACTAGTCCACGTGAACACCTCAGCTGTTTTAAAGCTCAGTGGAGCCTCTCTGCCGGAGTGGGE
W XK T I L 8§ E V R L V H V T S AV L KL 8 G A 8§ L P E W G
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GGTTGCTGTACTGTCTTCTGTTTTTAACATACTTAC TAAGACGGAGGAGGAAAGT TGAAGACATTCCACAAGACTCT TGGGAACAGTTGGT
v v Yy ¢L L F L T YL LZRRU RZ RI KU YVYET DTIU®PZ QEDSWEQL A

TTTGGCTGGTGTGGTTTGCTT TGGAGGCTGGEGCAGTGAAT TACCTGCCATTCTTCCTAATGGAGAAGACTCTCTTTCTATATCACTATCT
L AGV V CF & G WAVNY L P FF L MEI KTTULTFTULYHYL
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$ DKL AEULU RWI RESWUDIULILR KR *
GATAATTTCATGGTGTCAARATTTTAAATCGAGATGACTGATAGGGCTGATGGATTT TTTGAGAAATGGATTCTGATTCGAARTGCATCA
CTTTTCTGTCTTGARTGGATTCTGAGCTCAGTGTT TAACAGGACGAT TATACCATATGCTTTACAAACTCTGCTTGCTTCCAATTCCTTAC
AAATACCACATGAATCTAAAGTAATCAGTAATGARGTTCAAAT TAGCCAATTACAAARGTGT TTTTAGTGAGCTGTTTACATTAATCTTG
TCATARAGGCCAACTTACATGAAGCACRAGCAATATATGGTTTGAAAACTAGTCAAGAGTGCAACATGCTGTTAAAAACTAAGTTTAGAA
TCACTTCAAGAGAGRATAGCAACGCATTTTGAATCAATTTTTCAATATTACACCATAGTTTTCATGGATTTCCAGAAAGCTGTGAAGCAC
TATTTCTAGGGTCTGTGCCCAAACATAATAATGTGAARAAAAACTCATGCTGCTGAATCTGAAAACTCTAAACCAAATGGACTCTGAAGC
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Zebrafish protein O-mannosylation

E3 1 ACGATGTTGAACACCACCAGCCCABRAAGCTCTTCAATCCTGGTGAGGAATAATGTTTTATTTACCGTTACTGAACTCTGCCATTGTGTTC 90
91 ATAGTGGTTTTGTTACTCACCCATTACTGTCCTCTTCATCT TCAAGAATGGACGTCAGACCGAAGGAGAATTTCTCTCARAGACAAGACA 180

M D V R P K E (:) F § Q R Q DT
181 CATCCGCTGTAAGACATCGAAARACATGTAAGGTAAACGAGAGGECTGAGATTCCTTCCCAGUCTCACAATGGGACTATTAATGGTGTAR 270

S A VR HRIEKTTCZ KV VNETRAETIZPSOQUPH G T I N G V N

271 ATAAGAGGATCACCAAACGAGAAGGAGGAGAACACATCAGTTCACCCAGCAGAGATGCTCATGTGCCCETTTTTATTITGGCTCTGGTGA 360
K R I T K R E G G EH I $ S P S RDAHV PV F IULALVI

361 TAGTCTTGTCTGTATCTACACGCTTTTACAAGATCACTEAGCCTCCTCATGTATGTTGGGATGAGACTCATTTTGGGAAAATGGGAAGCT 450
v L 8§ Vs TRTF Y KTITETPZPUHV CWDETUHTFGZEKMSGSY

451 ATTACATTAATCGCACCTTCTTCTTTGATGTCCATCCGCCCCTTGGARAGATGCTGATCGGCCTCGCTGGATACTTGACAGGTTACGATG 540
Y I R T P F F DV H P PL G KMTILTIGILASGTYTLTZGYDG

541 GGACCTTTCCCTTCATAAAGCCAGGGGACARATATGAGCACCACAATTACTGGGGGATGAGAGCGTTCTGTGCTGCTCTTGGTTCCTGTT 630
T F P F I K P G D K Y EHUHUNZYWGM®RATFTUCAATLTGSCL

631 TGCCTCCTTTTGCCTTTCTTGTTGTCCTGGAGCTCTCTCAGTCTTCARCAGCAGCGCTCATCGCAGCCTCTCTGCTCATCTTCGACACTG 720
P P FAVPF LV VILETLSSGQSSTAATLTILIHSBAAMSTLTLTITFUDTG®G

721 GTTGCATCACCCTGTCTCAGTATATCCTGCTGGATCCCATTCTGATGTTTTTCATCATGGGCTCGETTCTGTGCATGGTCARATTCARCA  B10
c I TL $ ¢ Y I L L DUPILMFFTIMGSUVILCMVUYVY KTFNT

8§11 CGCAAAGACTCGGGCCTTTCAGCTTCTCCTGGTGGTTCTGECTGCTTCTGACAGGGCTATGCCTCTCTGGGTCTCTTGGTGTARAGTTITG 900
0 R L GPF S F S WWF wWILLLTGU LO CTLSGEGS L GV KTFV

901 TGGGGCTGTTTGTCATTCTCTTGGTTGGAATCAACACAGCGCTTGATCTTTGGAGACTGCTTGGGGACCTCAGCTTATCTCTGGTGGATT 990
6 L FVIJLLVGINTA ATZLDILW®WIRTILLSGDTULSUL S L VDF

991 TTGGGAAGCACTTACTAGCTCGAGTTTTTGGGTTGATAATGCTTCCGTTGT TCTTGTACACGACAATATTCGCCATTCATTTCATTGTCT 1080
¢ K HL L ARV FGULIMTZLZPZLTFTULYTTTIZFATITZETFTIVL

1081 TAAACAGGRGTGGTCCCGGAGATGGTTTCTTCAGCTCTGCGTTTCAGTCTCGCTTGATTGGARACAATCTACACAACGCCTCCATGCCAG 1170
R § G P GDGPFVPF S S ATF QS ERULI GNNTILH A 8§ M P E

1171 AGTATCTGGCATATGGCTCAGTCATAACAGTTARAAATCTGCGAATTGCAGGAGGATATTTGCACTCTCACTGGCACCTTTACCCGGAGE 1260
Y L. A Y G 8 VvV I TV KDNTILJZ RTIAGTGT YULHSHWHTLYPEG

1261 GGGTTGGAGCTCACCAGCAGCAGGTTACTGCCTATTTACACARAGATTATAACARCCTGTGGTTGGTCAAGAGACTTGACAACTCTGACG 1350
v G AHQQ@V TAYULHTIEKDT YN NN?NILWILVYVYKT®RTILDNSTDD

1351 ATCTCACAGGCTCACCAGAGCTCGTCCGTCATGGTGACATCATTAGACTGGAGCATAARGAMACTACAAGAAATCTTCATAGTCATTTCC 1440
L T G S P E L Y R HGD I I RLEHZ KETTRNTULHSHTFH

1441 ATGAAGCGCCCCTGACCAAAAAACACCTGCAGGTCACAGGT TATGGCATTARTGGAAGTGGTGACGTGAATGACCTGTGGCAGETGGAGE 1530
E A P LT KZ XKHLQVTGY G I (:) G 8 6 DV NDTULWOGQVEV

1531 TGTGTGGAGGAAGGAAGGGAGATCCAGTGAAGGTGCTCCGCAGTARAGTGCATTTTCTTCATCGCGCCACAGGCTGTGTGCTCTGCTCCT 1620
¢ 6 6 R KGDU&PV KV L RS KUV RTFILMHRZEATU GTCVULCS S

1621 CTGGAAAGACCCTTCCCAAATGGGGATGGGAGCAAGTGGAGGTCACATGCAGCCCGTATGTCAAAGAGACCCCARATTCGCAGTGGRACA 1710
¢ K T L P KW GG WESGQUVEUVTOCCSPYV KETUPWNSQWNI

1711 TTGAGGACCACATCAACCCTAAACTGCCCAACATCAGTCTTGCAGTACTCAAACCCACTTTCCTGGAGATCCTCTGGGAGTCTCATATTG 1800
E D H I N P KL P (:) I $ L AV L K P TFLETIULWESHTIV

1801 TGATGATCAGGGGAAACAGTGGTTTGAAGCCCAAAGACAACGAGATGAACTCTAAACCCTGGCACTGGCCCATTAACTATCAGGGATTAR 1890
M I R G NS GG L K P KDNEMNSIEKUPMWHWPTINYQGTLR

1891 GGTTTTCTGGAGTGAATGAAACTGAATACCGTGTTTATCTCCTTGGARACCCTGTCATTTGGTGGCTGAACTTGTTAAGTCTGGCTCTAT 1980

F 8 G V (:) E T E Y RV Y LULGUNUPVIWWTILDNTZLILSTILATLTF
1981 TTGTAATCCTGCTGACGGTGGCTTCATTAGCCGTGCAGAGAAGAGTGARGATGGAGGGAATGATGARAGTGCATTGTCACACACTTATGG 2070
v I L L T VASTULAVYVYQRTZ RVYKMETGMMTI KTV VHCHTTLME

2071 AGGETGGCGGGATGCTGTTTTTGGETTGGCTGTTACACTATCTCCCATTCTACATCATGGGTCGCATACTCTACTACCATCATTACTTTC 2160
G G 6 ML F LG WL LHYULPFYIMGRTIULYJYHHYTFP

2161 CTGCCATGATGTTCAGCAGTATGCTAACAGGTATTACTCTGGACATCCTCCTTCAGARTTTGCAGCTTCTCTTTAGCTCATCTTTATCTC 2250
A MMT FS S MILTOGITIULDTIULULSZEQNUILOQLULF S$ S8 S L §H

2251 ATTACCTGATGAGGGGAGGTCAGTCGETGCTCCTCTTAGCGTTTATCTACAGCTTTTATCTTTTCCACCCTCTCTCCTATGGCATGAGAG 2340
Yy LM RGGQ SV LULLGPFTI Y S8 F Y LFHPTILSYGMRAG

2341 GGCCGCTGGCACATGACTCTGCCTCCTCCATGGCCEGTCTCAGGTGGATGGAATCCTGGGAGTTTTAGACAAACGTTTTAAGTGTTTTCA 2430
P L AHD S A S S MAGULRWMES WE F *

2431 CTTGATAAAATGTTTTCAARACTATTTCATTTGTTACATGTTCACATTTCCGTGTTGARGGACGGCATTTAGTCTGATTTTAGGCTGTTG 2520

2521  AAAATTTTCAAATAGTATTTTTGTATTGTATAAAATTACGATATTTTACAGTCATGTATTTTACATAAAAATTTGATGTTGTGAARCAGC 2610

2611 TGTAGCTGGACTGAAATABRATTGAAAAAAAAAAAAAAAAAAAARARAAAARAR 2663

Fig. 1. Nucleotide sequences and deduced amino acid sequences of zPOMT! and zPOMT2. The cDNA sequences of zebrafish POMT! (A) and POMT2 (B)

genes are presented on the upper line. Deduced amino acid sequences are indicated by the single-letter amino acid codes. Potential N-glycosylation sites are
indicated by circles. Consensus polyadenylation sites are underlined.
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neuronal migrati(m and cye anomalies (Beltran-Valero de
Bernabe ct al. 2002; van Reeuwijk ¢t al. 2005). POMT ortho-
logs have been l(lumhcd in many animals, including
foos'()/)hi/u (Martin-Blanco and Garcia-Bellido !‘)%‘ Willer
et al. 2002), mouse (Willer et al. 2002: Willer et al. 2004), rat
(Manva ctal. 2006) and nunansthnadoLtaL]999.“|Hc1a1ah
2002). Drosophita, rat and mouse have orthologs of both of hu-
man POMT genes, and their products have protein O-

annmylu‘ans‘t‘crase activity when onlv they are co-expressed
(Ichimiva et al. 2004; Manya et al. 2006; Lommel ¢t al. 2008)
In contrast, Dr r)u)p/n/a does nm ha\c orthologs to human or
murine protein O-mannosc 3 1.2-N-acetylglucosaminyltranster-
ascl (POMGNTI) (Ichimiya et al. 2004). POMGnT] catalyzes
the transfer of GleNAc¢ from UDP GleNAc to the protein
O-mannosyl residue (Yoshida ¢t al. 2001 Lin ¢t al. 2000;
Mivagoe-Suzuki ¢t al. 2009). Therefore, it seems that the
structures of O-mannosylglycans of invertebrates are quite
different from those of vertebrates. Moreover, it has been
reported that hPOMT! and hPOMT2 must form a heterocoms-

plex for protein O-mannosyltransferase activity (Akasaka-
Manya et al. 2000).

The zebrafish (Danio rerio) provides a readily accessible
model for human muscle diseases such as muscular dystro-
phies (Bassett and Currie 2003). Muscle specification and
differentiation follow a well-characterized time course and al-
low detailed analysis with single-cell resolution (Devoto et al.
1996). Zebrafish orthologs of proteins in the human DGC have
been implicated in muscle development, and some zebrafish
DGC orthologs have uses as models to study human muscular
dystrophy and congenital myopathy (Parsons ct al. 2002; Bas-
sett and Currie 2003; Guyon ct al. 2003). More recently, it has
been reported that the zebrafish has orthologs of POMTI,
POMTZ2, POMGnT! and other putative glycosyltransferases
expected to contribute to the symhe%is of mammalian-type
O-mannosylglycan (Steffen et al. 2007: Moore ¢t al. 2008).

Taken together, the structures of()nnannOthchans‘uu
thought to be similar in diverse vertebrates. Therefore, zebra-
fish may be a uscful model for analyses of the bmsymhctlc

A

hPOMT1 68

mPOMT1 90

rPOMT1 90

zPOMT1 67

hPOMT1 LGGFDGNFLWNRIGAEY SSNVPVWSLRLLPALAGALSVPMAYQIVLELHF SHEAAL 158
mPOMT1 LGGFDGNFLWNRIGAEY SSNVPRWSLRLLPALAGALSVPMAYQIVLELHFSHER 180
rPOMT1 LGGFDGNFLWNRIGAEYSSNVPVWSLRLLPALAGALSVPMAYQIVLELHFS 2 180
ZPOMT1 i 2 v, 157
hPOMT1 248
mMPOMT1 270
rPOMT1 270
zPOMT1 243
hPOMT1 338
mPOMT1 xurypmxyanencss 360
rPOMT1 PMIYENGRGSSHEEIZY
zPOMT1 333
hPOMT1 428
mPOMT1 NTHDVAAPLSPHSQEVSCYIDYNISMPAQNL 450
rPOMT1 NTHDVAAPLSPHSQEVSCY IDYNISMPAQNL 450
ZPOMT1 Y Vi | 423
hPOMT1 EHRYGISSEORERERELHS PR 518
mPOMT1 EHRYGHSIEQKERELELHSPTO 540
rPOMT1 540
ZPOMT1 513
hPOMT1 608
mPOMT1 630
rPOMT1 630
zZPOMT1 603
hPOMT1 609 : 698
mPOMT1 631:» 720
rPOMTL 631 : 720
ZPOMT1 693
hPOMT1 725
mPOMT1 746
rPOMT1 747
ZPOMT1 720

1092




Zebrafish protein O-mannosylation

B

hPOMT2 li-cee-rmmmmmm e mcc e amcmmm e e e c e mmm e r A Mo — e —wsam--—-—————-=— GGGLAIZSELRPRRGREFIY
mPOMT2 GRIu1%2:\T elelesm !SELRPFRFR [0
rPOMT2 90
zPOMT2 30
hPOMT2 GWWA) LANVTLLSFATRFHRLDIZPIFH I CWDETHFGKMGSYY INRTFFFDVHPPLGERREY
mPOMT2 h GWWA.HL V‘I‘LLC'FATPFHRLD: YHI CWDETHFGKMGSYYINRTFFFDVHPPLGENE-1G
rPOMT2 H A AV VTLLSFATRFHRLD®, PHHIFWDETHFGKMGQYYINPTFFFD‘/HPPL 180
ZPOMT2 K 120
hPOMT2 111:i% 200
mPOMT2 181: 270
rPOMT2 181: 270
ZPOMT2 121: 210
hPOMT2 IWRPFSAPWWFWLSLTGHSLAGALGVKFVGLFITIRDVGLNT IRDL 290
mPOMT2 ‘RPFSAPWWFWLSLT MSLAGALGVKFV GLFII’QVGLNTI 360
rPOMT2 360
ZPOMT2 300
hPOMT2 291: 380
mPOMT2 361 VLNKSGPGDGFFSSAFQARLSGNELHNAST PEHLAYGSVITVKNLRMAIGYLHSHRELYPEGIGARQQOVTTYLEKD) 450
rPOMT2 LN'K.SGPGDGFFS AFQARLSG LHNASIPEHLAYGSVITVKNLRMAI(‘YLHSHRHLYPEGIGAPQQQVTTYLHKD 450
ZPOMT2 ¥ > V, 390
hPOMT2 470
mPOMT2 540
rPOMT2 540
ZPOMT2 477
hPOMT2 4713858880 iRvuTeloiReSiSe) s 560
ey ICTRRR SR IR THLVTGCVLGS SG 630
rPOMT2 541: RbRIPFIHLV’I‘FC\!LGSSGK 630
ZPOMT2 478 :j38KV] 567
V=0 i Y R AINE FTSKPWHWP INYQGLRFS 650
PN=10) o I K BNEFTSK PWHWP INYQGLRF S TDFRVYLLGNPVVWWLNL] 720
rPOMT2 631 WS [’PWHWPINYQGLRFSGHNDTDFPVYLLGNPVVWWINL SH 2 K 720
zPOMT2 657
hPOMT2 LYFHHYFPAMLFSSMLTGILWDTLLRIFCAW t'LAidPL“R A ;ILSLLLETAY FYLFHPLAY("MVGPLAQ“P;SP 740
mPOMT2 LYFHHYFPAMLFSSMLTGILWDTLLRIFCAW eLA)‘ SPLeRINT GILSLLLWTAYSFYLFHPLAYGMVGPLAQIOPIZSPE 810
rPOMT2 LYFHHYFPAMLFS SMLTGI-,LW'DTL.JR C‘AV\‘HLAI H 2SPI 810
ZPOMT2 v M 746
hPOMT2 750
mPOMT2 820
rPOMT2 820
ZPOMT2 756

pathway of O-mannosylglycans in vertebrates, the mechamsms
of muscular dystrophies, and myogenesis.

In this study, we isolated and cloned full-length cDNAs en-
coding two zebrafish POMT genes, zPOMTI and zPOMT?2,
and examined whether they have protein O-mannosyltransfer-
ase activity. We also investigated the expression patterns of
both genes during embryogenesis and in adult tissues. Further-
more, we analyzed the distribution and localization of a protein
expressed from constructs containing the 3’untranslated region
(3"UTR) of zZPOMT/{ or zPOMT?. Finally, knockdown analysis
using antisense morpholino oligonucleotides (MOs) was per-
formed to assess the function of protein O-mannosylation
during zebrafish development.

Results

¢DNA cloning and sequencing of zPOMT] and zPOMT?2

The full-length cDNAs encoding zPOMT] and zPOMT?2 genes
were cloned by reverse transcriptase-polymerase chain reaction
(RT-PCR) using zebrafish embryos. The complete cDNAs and
deduced amino acid sequences of zZPOMTI and zPOMT? are
shown in Figure 1 (GenBank accession nos. AB281275 and
AB281276, respectively). zPOMT] consisted of an open read-
ing frame (ORF) of 2160 bases encoding a conceptual
translation product of 720 amino acids with a predicted molec-
ular mass of 82,036 Da (Figure 1A). zPOMT?2 consisted of an
ORF of 2268 bases encoding conceptual translation product of
756 residues with a predicted molecular mass of 85,710 Da
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Fig. 2. Comparisons of human, mouse, rat and zebrafish POMTs, ClustalW
alignments of human (h), mouse (m), rat (r) and zebrafish (z) POMTI (A) and
POMT2 (B) amino acid sequences are indicated by single-letter amino acid
codes, respectively. Conserved amino acids are highlighted. (C) ClustalW
phylogenic tree of human, mouse. rat. zebrafish and Drosophila (d) POMTs
and S cerevisive (Sc) Pmts. The amino acid sequence of hPOMTI is a major
type that was used for assay of protein O-mannosyltransferase activity in this
study. The amino acid sequences of mPOMT2 and 1POMT2 belonged to the
testis form. The branch lengths indicate amino acid substitutions per site.

(Figure 1B). A consensus polyadenylation sitc (AATAAA) was
located downstream of the translation termination codon in
both zPOMT] and zPOMT?2. As shown in Figure 2, the de-
duced amino acid sequences in both zPOMTI and zPOMT2
were similar to those of mammals such as human, mouse
and rat (Jurado ¢t al. 1999; Willer ct al. 2002; Willer et al.
2004; Manya ct al. 2006). zPOMTI1 had 66% identity to
hPOMTI (Figure 2A), wherecas zPOMT2 showed 70% identity
to hPOMT?2 (Figure 2B). A phylogenetic analysis of 16 pro-
teins—six Saccharomyces cerevisiae Pmts (ScPmtl-6)
(Willer ¢t al. 2002). two human (hPOMT1 and hPOMT2),
two mouse (MPOMTI and mPOMT2), two rat ({fPOMT] and
rPOMT2), two Drosophila (APOMT1 and dPOMT2) and two
zebrafish (zPOMTI1 and zPOMT2) indicates that zPOMTL is
in the pmt4 subfamily and zPOMT2 is in the pmt2 subfamily
(Frgure 2C).

Gene expression of zPOMTI and zPOMT?
Quantitative PCR was performed with carly developmental
stages (Figure 3A) and all adult tissues (Figure 3B). There

were significant differences in the levels of zPOMT/ and
zPOMT? expression during embryogenesis. At 0 h post fertil-
ization (hpf), both genes, zPOMTI and zPOMT2, were highly
expressed. While zPOMT/ expression decreased after 6 hpf,
zPOMT?2 expression increased at 6 hpf and then decreased at
12 hpf. Furthermore, zPOMT?2 expression increased again
around 24 hpf. There were no significant differences in
zPOMT] and zPOMT? expression levels in males and females
in any adult tissue except for the liver. Interestingly, zPOMTI
and zPOMT?2 were highly expressed in both testis and ovary
(Figure 3B). By means of whole-mount in situ hybridization,
MRNASs of zPOMT! and zPOMT2 were detected during early
developmental stages. Both zPOMT/ (Figure 3C) and
zPOMT2 (Figure 3D) transcripts were ubiquitously expressed
throughout the gastrulation, tailbud and somite stages. At 24
hpf, both zPOMT! and zPOMT2 mRNAs were detected pre-
dominantly in eyes and somites.

Localization of 3'UTRs in zPOMT! and zPOMT?

The 3'UTR of an mRNA can affect the expression and/or local-
ization of the mRNA during development within particular
cells, including primary germ cells (Hashimoto et al. 2009).
Therefore, to investigate the function of 3’ UTRs of zPOMT/
and zPOMT?2, we fused the 3’UTR of each zPOMT to the en-
hanced green fluorescent protein (EGFP) gene (Figure 3E).
Capped mRNAs of EGFP-3'UTR of zPOMTI and zPOMT?2
were synthesized and injected into embryos at the one- to
two-cell stage. With both constructs, EGFP was distributed
throughout the whole body at 6 hpf, and EGFP was highly ex-
pressed in the eye, hindbrain and somite from 18 to 24 hpf
(Figure 3F).

Knockdown analysis of zPOMTI1 and zPOMT2

Antisense MOs against zPOMT/ and zPOMT2 were injected
into the zebrafish embryos at the one- to two-cell stage. and
the developmental progress of the morphants was compared
with that of uninjected and control MO embryos (Figure 4).
There were no significant differences between control MO
and morphant embryos until 12 hpf. At 18 hpf, both zPOMT/
MO and zPOMT2 MO embryos were developmentally delayed
in comparison with control MO (Figure 4A) and uninjected
(data not shown) embryos. At 48 and 72 hpf, zPOMT! mor-
phants showed slightly curved tails and curvature of the
somite boundaries. In contrast, ZPOMT2 morphants at the same
stage showed more severe phenotypes-—including twisted tails,
aberrant pericardium and abnormal eye pigmentation-—than
did the zPOMTI] morphants. Quantitative analyses of embryos
from all treatment groups were performed at 96 hpf. Each

Fig. 3. Gene expressions and whole-mount in situ hybridization for zPOMT/ and zPOMT2. Quantitative PCR analyses of zZPOMTT and zPOMT2 mRNAs during
early developmental stages (A) and in adult tissues (B). PCR products of zPOMT! and zPOMT2 were detected throughout early developmental stages and in all
tissues predominantly in gonads, zfwetin2 and zCox/ were used as internal controls for quantitative PCR in early developmental stages and adult tissues.

respectively. B. brain: L. eye: H. heart : M. muscle © T, testis; O, ovary: LM, liver (male): L, liver (female): IM, intestine (male): IF, intestine (female); KM, kidney
(male); KF, kidney (female): SM. spleen (male): SE. spleen (female). All reactions were performed in triplicate, and average values + SD are shown. zPOMT! (C)
and ZPOMT2 (D) mRNAs were detected. Both genes were expressed ubiquitously throughout early developmental stage. and high levels of expression were

detected at 24 hpf. Arrowheads and boxes shown in the right columns at 24 hpfindicate eves and the central parts of the somites, respectively. Boxes in 24 hpf were

enlarged and shown in the far right panels. Scale bars

100 pm. Hlustration of capped mRNA structure (E) and localization of EGFP-3'UTR of control (upper

panel). zPOMT] (middle panel) and zPOMT2 (lower panel) (F). Arrows and arrowheads indicate the proteins corresponding to FGFP-zPOMTs 3'UTR. At 24 hpf.
EGEP-3'UTR of zPOMT/ was located predominately to the eye (arrowhead), whereas EGFP-3'UTR of zPOMT2 was expressed highly in eye (arrowhead).

hindbrain (arrow), and somite (bracket). Scale bars = 100 um.
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embryo with or without MO treatment was categorized as
having normal, moderate or severe phenotypes according to
morphological characteristics (Table I). The frequency of
moderate and severe phenotypes increased with injection of
increasing amounts of zPOMT! and zPOMT2 MOs. The
zPOMT2 MO embryos had more severe deformities than
did the zPOMTI MO embryos (Figure 4B, Table I). For ex-
ample, aberrant eye pigmentation was observed only in
zPOMT2 MO embryos. Finally, swim bladders were not com-
pletely formed in zPOMTI and zPOMT2 morphant embryos

Uninjected

Control MO

zPOMT1 MO

zPOMT2 MO

Uninjected #’” o

Control MO

in comparison with uninjected or control MO embryos
(Figure 4B).

To investigate the glycosylation status of «-DG in zPOMT/
and zPOMT?2 morphant embryos, we immunostained embryos
at 48 hpf with the anti-glycosylated a-DG antibody 1TH6
(Figure 4C). Strong signals were detected with IIH6 in untreated
embryos. Moreover, IIH6 reactivity in control MO embryos was
also detected in the horizontal and vertical myosepta. However,
the reactivity was almost completely lost in zPOMT/ and
zPOMT2 morphants.

zZPOMT2 MO
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ITH6

Fig. 4. Knockdown analysis of zPOMT/ and zPOMT?2. (A) Sequential changes during carly developmental stages (6-72 hpf) of uninjected embryos (top panel),
embryos injected with control MO (middle upper panel), embryos injected with zPOMTI MO (middle lower panel) and embryos injected with zPOMT2 MO
(bottom panel). Zebrafish embryos were injected with each MO at the one- to two-cell stage and were observed at 6, 12, 18, 24, 48 and 72 hpf. Scale bars = 200 pum.
(B) 96 hpf morphants. Top panel: uninjected embryo (left side) and injected control MO (right side), embryos injected zPOMT! MO (middle panel), and embryos
injected zPOMT2 MO (bottom panel). Zebrafish embryos were injected with each MO at the one- to two-cell stages and were observed at 96 hpf. White arrowheads
indicate swim bladder. Both morphant embryos revealed curved tail, and some had abnormal pericardium (arrows). Some of the zPOMT2 morphants showed
aberrant eye pigmentation (arrowheads). Scale bars = 200 pm. (C) Whole-mount immunohistochemistry with anti-glycosylated a-DG antibody ITH6 in 48-hpf
embryos. Left panels, hematoxylin and eosin staining; right panels, IIH6 staining. ITH6 immunoreactivity was detected in uninjected and control MO but decreased
in zZPOMTI and zPOMT?2 morphants. Arrowheads represent vertical myosepta. Scale bars = 50 pm.

Protein O-mannosyltransferase activity of zPOMTI and
zPOMT?2

To analyze the protein O-mannosyltransferase activity of
zPOMTI1 and zPOMT2, the cDNAs were cloned into an ex-

Table I. Quantification of zPOMT morphant phenotypes at 96 hpt

Concentration (mM) Normal Moderate Severe
Uninjected - 97 (100.0%) 0 (0%) 0 (0%)
Control MO 1.0 65 (95.6%) 3 (4.4%) 0 (0%)
zPOMTI1 MO 1.0 65 (79.3%) 14 (17.1%) 3 (3.6%)
0.5 72 (93.5%) 4 (5.2%) 1 (1.3%)
0.25 72 (98.6%) 0 (0%) 1 (1.4%)
zPOMT2 MO 1.0 33 (35.5%) 31 (33.3%) 29 (31.2%)
0.5 55 (61.1%) 26 (28.9%) 9 (10.0%)
0.25 79 (86.8%) 5 (5.5%) 7 (7.7%)

The phenotypic data shown were obtained from three independent
experiments. The number of embryos observed for each phenotypic class
is shown and also presented as a percentage of the total number of embryos
studied for each morpholino (MO). Moderate (curved tails and curvature of the
somite boundaries); Severe (twisted tail and aberrant pericardium).

pression vector. The resulting expression constructs were
transfected into human embryonic kidney 293T (HEK293T)
cells, and microsomal membranes were used for enzyme as-
say. High levels of protein O-mannosyltransferase activity
was observed only when the zPOMTI and zPOMT2 genes
were co-expressed in HEK293T cells (Figure 5). Jack bean
a-mannosidase digestion showed that the mannosyl residue
was linked to GST-a-DG by o-linkage (data not shown), as
reported previously (Manya et al. 2004). Although a single
transfection of zPOMTI in HEK293T cells did not show
any enzymatic activity, transfection of zPOMT2 alone did re-
sult in low levels of activity. Cells co-transfected with
zPOMTI and hPOMT?2 and cells co-transfected with
hPOMTI and zPOMT?2 showed robust levels of O-mannosyl-
transferase activity. In contrast, cells co-transfected with
zPOMT1 and hPOMTI and cells co-transfected with zPOMT?2
and hPOMT?2 did not show any enzymatic activity (data not
shown). These results indicated that POMT1 and POMT2
from zebrafish and humans are interchangeable and that
POMT! and POMT2 have different functional roles in
POMT enzymatic activity.
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Fig. 5. Protein O-mannosyltransferase activities of zPOMT5. Protein
O-mannosyltransferase activity was based on the rate of mannose transfer from
mannosylphosphoryldolichol to a GST-a-DG. Vector, cells transfected with
vector only: z1, cells transfected with zPOMTI; 22, cells transfected with
zPOMT2: z1+22, cells co-transfected with zPOMT7 and zPOMT?2; z1+h2, cells
co-transfected with zPOMT1 and hPOMT?2; h1+z2, cells co-transfected with
hPOMTI and zPOMT2; h1+h2, cells co-transfected with #POMTI and
hPOMT?. Average values + SD of three independent experiments are shown,

Discussion

Zebrafish have been useful for the study of human muscular
dystrophies and congenital myopathies (Parsons et al. 2002;
Bassett and Currie 2003; Bassett et al. 2003; Guyon et al.
2003) because zebrafish have orthologs of genes implicated
in human muscular dystrophies, including POMTI, POMT?2,
POMGnTI, dystrophin, fukutin and fukutin-related protein
(FKRP) (Steffen et al. 2007; Moore et al. 2008). Recently,
it has been reported that knockdown analysis of FKRP, one
of the causative genes in a-dystroglycanopathies, resulted in
morphants that showed a pathological spectrum similar to
those of human muscular dystrophies associated with muta-
tions in FKRP (Thornhill et al. 2008). However, the
function of FKRP is not clear yet (Esapa et al. 2002; Esapa
et al. 2005; Matsumoto et al. 2004; Dolatshad et al. 2005;
Torelli et al. 2005; Beedle et al. 2007). In contrast, POMTs are
known to be protein O-mannosyltransferases. FKRP MO and
zPOMTs morphant embryos showed a reduction in the glycosy-
lated «-DG staining, indicating that FKRP may affect the
biosynthetic pathway of O-mannosylglycans (Thornhill et al.
2008).

In mammals. two protein O-mannosyltransferase (POMTs)
family members, POMT1 and POMT?2, are known to exist.
hPOMTI and hPOMT?2 catalyze protein O-mannosyl! transfer
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to a-DG, which serves as a protein substrate, and mutations in
the hPOMT1 and hPOMT?2 genes result in WWS, a severe
muscular dystrophy that also results in structural alterations
in eyes and brain malformations, such as cobblestone lissence-
phaly. In this study, we have identified, cloned and expressed
the full-length cDNAs of the zPOMT] and zPOMT? genes, and
our results suggest that high levels of protein O-mannosyl-
transferase activity depends on expression of both genes. Co-
expression of both zPOMT] and zPOMT?2 genes showed high
protein O-mannosyltransferase activity similar to results from
analyses of hPOMTs. Although transfection of zPOMT! alone
did not show any enzymatic activity, transfection of zPOMT?2
alone showed slight activity. These results suggest that zZPOMT?2
itself has enzymatic activity, or zZPOMT2 may form a complex
with endogenous hPOMTT resulting in low levels of enzymatic
activity. Two heterologous protein combinations, zZPOMT]1 and
hPOMT?2 or zPOMT2 and hPOMT 1, resulted in robust levels of
enzymatic activity (Figure 5). This result suggests that a single
mechanism of O-mannosylation is common to humans and zeb-
rafish. On the other hand, cells co-transfected with zPOMT1 and
hPOMTTI and cells co-transfected with zPOMT2 and hPOMT?
did not show any enzymatic activity, indicating clearly that
POMT]1 and POMT?2 have different functional roles in POMT
enzymatic activity. It is not clear why protein O-mannosyltrans-
ferase activity requires co-expression of POMT1 and POMT2
(Ichimiya etal. 2004; Manya et al. 2006; Manya et al. 2004); this
study). One possibility is that POMT]I is a catalytic molecule
and POMT2 is a regulatory molecule or vice versa. Another pos-
sibility is that assembly of POMTI and POMT2 forms a
catalytic domain. To further understand the mechanism of pro-
tein O-mannosylation, it is necessary to perform a structural
study of a complex formed by POMT1 and POMT?2.

Remarkably, overlapping expression patterns of zPOMT/
and zPOMT?2 were observed by whole-mount in situ hybridiza-
tion (Figure 3C). Such overlapping pattern suggests that the
two proteins may collaborate functionally in vivo. This expres-
sion data are consistent with data suggesting that simultaneous
expression of zZPOMTI1 and zPOMT?2 is required for POMT
enzymatic activity. Interestingly, similar co-expression of
POMTs was observed in various tissues and during different de-
velopmental stages of embryogenesis in mouse and Drosophila
(Ichimiya et al. 2004; Lyalin et al. 2006; Lommel et al. 2008).
These results suggest that both protein O-mannosylation ma-
chinery and biological importance of protein O-mannosylation
may have been conserved during metazoan evolution, although
further analyses are necessary to understand the molecular me-
chanisms of protein O-mannosylation and its evolution.

The expression levels of the two POMTs genes differed at
various developmental stages and in specific tissues of mouse,
Drosophila and zebrafish. For example, while mouse POMT?2
was highly expressed in testis (Willer et al. 2002), zPOMT!
and zPOMT2 were highly expressed in ovary and testis
(Figure 3B). Since POMT] knockout in mice results in embry-
onic lethality, protein O-mannosylation is necessary for normal
development (Willer et al. 2004). In the case of Drosophila
POMTs, the expression level of dPOMT/ was higher than that
of dPOMT?2 from 0 to 2 h in the embryo (Ichimiya et al. 2004),
whereas the expression level of zPOMT?2 was higher than that
of zPOMT] at from 0 to 6 hpf. It was assumed that both
zPOMT] and zPOMT2 mRNAs at these stages were derived



from maternal expression. Furthermore, the expression level of
zPOMTI decreased from 0 to 6 hpf, whereas zPOMT?2 expres-
sion was high from 0 to 6 hpf (Figure 3A). These results
suggest that the expression of zPOMTI and zPOMT2 may be
regulated differently.

In humans, defects of protein O-mannosylation lead to
WWS (Manya et al. 2003; Akasaka-Manya et al. 2004). To un-
derstand the importance of protein O-mannosylation in
zebrafish development, we carried out the knockdown analysis
of antisense MOs against zPOMT] and zPOMT?2. As a result,
zPOMT] and zPOMT?2 morphant embryos showed curved tail,
and some had edematous pericardium (Figure 4B). Since both
zPOMT! and zPOMT2 morphants showed these phenotypic
aberrations, they could not swim straight or feed at all, and
they eventually died. At 96 hpf, the phenotypes of zPOMT2
morphant embryos showed a higher incidence of more severe
phenotypes than the zPOMT] morphant embryos did (Table I),
yet immunoreactivity of 1IH6 in zPOMT] and zPOMT2 mor-
phants was similar (Figure 4C). We predicted that the
phenotypes of zebrafish embryos injected with MOs against
zPOMT! and zPOMT?2 would be the same or similar because
the expression patterns of the two genes were similar before 24
hpf (Figure 3). Therefore, the difference of phenotypes observed
between zPOMTI and zPOMT2 morphants in early develop-
ment of the zebrafish might be explained by the variance of
knockdown efficiency or by another function of zZPOMT2 in ad-
dition to enzymatic activity. It may be consistent with severe
phenotypes observed in zPOMT2 embryos that only zPOMT2
morphant embryos showed aberrant pigmentation in eyes.
Fukutin-deficient chimeric mice revealed abnormalities in eyes,
indicating that corneal opacification with vascular infiltration
and eye abnormality was quite remarkable according to their
aberrant pigmentation (Takeda et al. 2003). Further studies
are necessary to reveal the role of O-mannosylglycans in the
pathogenesis of eye abnormalities.

Here, we demonstrated that zebrafish POMTs possess pro-
tein O-mannosyltransferase activity when co-expressed in
HEK293T cells. This result suggested that the protein O-man-
nosylation machinery is conserved in mammals and zebrafish.
Therefore, to elucidate whether the function and mechanism of
protein O-mannosylation related to POMTs are evolutionarily
conserved in the vertebrates, the zebrafish should be a useful
model. It was also suggested that the zebrafish may be a useful
model for understanding the functions of glycans in the whole
body. In the knockdown analyses of zPOMT1 and zPOMT2 by
MOs, no glycosylated «-DG was detected in 48 hpf embryos
(Figure 4C). Therefore, it appears that the enzymatic activity
was completely lost. Furthermore, zebrafish a-dystroglycano-
pathy models may be useful to search for chemicals that treat
a-dystroglycanopathies; the simple addition of candidate mo-
lecules to water could be developed as assays for theraputic
effectiveness.

Materials and methods

Zebrafish and embryos

Zebrafish adults were maintained at 28°C under light condition
of 14 h light period and 10 h dark period. Embryos were col-

lected from pair-wise mating of adults and kept in filter-
sterilized fresh water at 28°C.

Zebrafish protein O-mannosylation

Cloning and sequencing of the full-length cDNAs

Total RNAs were purified from 24 and 48 hpf embryos by using
QIAzol (Qiagen, Hilden, Germany), and cDNA fragments were
generated by RT-PCR using oligo dT primer and Superscript II
reverse transcriptase (Invitrogen Corp., Carlsbad, CA). Degen-
erated oligonucleotide primers were designed by mRNA
sequence of zebrafish POMT1 (zPOMT1) (accession no.
NM_001048067.2). ZPOMT2 gene (accession no. AB281276)
was cloned in a zebrafish embryonic cDNA library that was syn-
thesized with a SMART c¢cDNA Library Construction Kit
(Clontech, Mountain View, CA). Both zPOMT1 and zPOMT2
genes were amplified with the forward primers, 5'-atgcagtgtgt-
taaactgeeegteagtgt-3' and 5'-atggatgtcagaccgaaggagaattic-3',
and the reverse primers, 5'-ttagcgtttgcgtaagagaatatcccaactete-
3’ and 5'-ctaaaactcccaggattceatecace-3', respectively. The am-
plified cDNA fragments were cloned into pT7Blue vector
(Novagen, Madison, WI), and the sequences were confirmed
by CEQ™ 2000 DNA Analysis System (Beckman Coulter,
Inc., Fullerton, CA) with a DTCS Quick Start kit (Beckman
Coulter, Inc.). The nucleotide sequence was subjected to the
basic local alignment with a BLAST search provided by the
National Center for Biotechnology Information. The se-
quences were obtained from GenBank and aligned using
CLUSTAL W (Thompson et al. 1994). A phylogenetic tree
was generated using the neighbor-joining method. TREE-
VIEW software generated visual representations of clusters
(Page 1996).

Quantitative PCR analyses

Total RNA was extracted from embryos at 0, 6, 12, 18, 24,
48, 72 and 96 hpf and the tissue samples (brain, heart, liver,
kidney, spleen, intestine, muscle, testis and ovary) of either
male or female adult zebrafish. One microgram of total
RNA was used for cDNA synthesis. First-strand ¢cDNA was
synthesized as described in the section of ¢DNA cloning
and sequencing of zPOMTI and zPOMT?2. Quantitative
PCR was carried out with SYBR Green Realtime PCR Master
Mix (TOYOBO Co. LTD., Osaka, Japan). Two microliters of
cDNA (0.1 pg/uL) was used for a template. The primers used
to detect the messages of zPOMTI and zPOMT?2 were 5'-
tgttggctgtgctgtettace-3’ (forward) and 5'-catggetcaaggtic-
gatctc-3’ (reverse), 5'-ccteatgtatgtigggatgagac-3” (forward)
and 5'-gaaccaagagcagcacagaac-3’ (reverse), respectively. The
primers for zB-actin2 and zCox]—S5'-agttcagccatggatgatgaaa-
3’ (forward) and 5’-accatgacaccctgatgtet-3' (reverse), 5'-
ttggccacccagaagtetac-3' (forward) and 5'-getegggtgtetacate-
cat-3’ (reverse), respectively—were used as internal controls.
Annealing temperatures were 63°C for zPOMTI and zPOMT2,
52°C for zP-actin2 and 54°C for zCox/. Melting curves were
calibrated by LineGene (NIPPON Genetics Co. LTD., Tokyo,
Japan).

Whole-mount in situ hybridization

Antisense probe synthesis was performed using a Digoxigenin
(DIG) RNA Labeling Kit (Roche Diagnostics, Basel, Switzer-
land). Zebrafish embryos were collected after spawning and
maintained at 28°C. Embryos at 0, 6, 12, 18, 24, 48, 72 and
96 hpf were fixed with 4% paraformaldehyde (PFA)-phos-
phate-buffered saline (PBS). dehydrated and kept in methanol
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