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Summary

Myostatin is a member of the TGFB family that
functions as a negative regulator of skeletal muscle
development and growth in mammals. Recently,
Myostatin has also been identified in fish; however, its role
in fish muscle development and growth remains unknown.
We have reported here the isolation and characterization
of myostatingenomic gene from zebrafish and analysis of
its expression in zebrafish embryos, larvae and adult
skeletal muscles. Our data showed thamyostatin was
weakly expressed in early stage zebrafish embryos, and
strongly expressed in swimming larvae, juvenile and
skeletal muscles of adult zebrafish. Transient expression
analysis revealed that the 1.Rb zebrafish myostatin 5
flanking sequence could direct green fluorescent protein
(GFP) expression predominantly in muscle cells,
suggesting that the myostatin 5 flanking sequence
contained regulatory elements required for muscle
expression. To determine the biological function of

Myostatin in fish, we generated a transgenic line that
overexpresses the Myostatin prodomain in zebrafish
skeletal muscles using a muscle-specific promoter. The
Myostatin prodomain could act as a dominant negative
and inhibit Myostatin function in skeletal muscles.
Transgenic zebrafish expressing the Myostatin prodomain
exhibited no significant change in myogenic gene
expression and differentiation of slow and fast muscle cells
at their embryonic stage. The transgenic fish, however,
exhibited an increased number of myofibers in skeletal
muscles, but no significant difference in fiber size.
Together, these data demonstrate that Myostatin plays
an inhibitory role in hyperplastic muscle growth in
zebrafish.

Key words: zebrafishDanio rerio, muscle, Myostatin, hyperplasia,
transgenic fish.

Introduction

Myostatin (or GDF-8), a member of the TransformingOstbye et al., 2001; Rescan et al., 2001; Radaelli et al.).2003
Growth Facto3 (TGF) superfamily, was first identified in In some fish species, two distinoiostatingenes were found
mice by McPherron et al. (1997) and has been demonstraté@oberts and Goetz, 2001; Ostbye et al., 2001; Rescan et al.,
to negatively regulate skeletal muscle growth in severa2001). Comparison of Myostatin sequences revealed that
mammalian specieMyostatinknockout mice show a dramatic Myostatin was extremely well conserved throughout evolution.
increase of skeletal muscle mass, and the increase results fr&eamarkably, the murine, rat, human, porcine, chicken and
a combination of hyperplasia and hypertrophy (McPherron dtirkey Myostatin sequences are all identical in the active C-
al., 1997). The ‘Double muscle’ breeds of cattle that haveerminal region of the protein, suggesting that the function of
significantly more muscle mass than standard breeds wetleis gene might be conserved in all vertebrates. However, this
found to carry natural mutations in thmyostatin gene has not been tested.

(McPherron and Lee, 1997; Kambadur et 8097; Grobet et Like other members of the TJF-family, Myostatin is

al.,, 1997, 1998).In vitro studies have demonstrated thatsynthesized as a prepro-peptide that undergoes two steps of
Myostatin functions by inhibiting myoblast proliferation and proteolytic cleavage to generate the biologically active C-
differentiation (Thomas et al., 2000; Rios et al., 2001; Tayloterminal domain (Thomas et al., 2000; Rios et al., 2001). The
etal., 2001; Langley et al., 2002). This is, in part, accomplishebioactive C-terminal domain dimerizes and binds to membrane
by downregulating myogenic gene expression (Langley et alteceptors on target cells (Thomas et al., 2000). The mature
2002; Amthor et al., 2002). Thmyostatingene has been TGF{3 C-terminal dimer often forms an inactive complex with
cloned from over 20 different vertebrate species includinghe N-terminal prodomain of TGE-(McPherron and Lee,
several fish specigdcPherron and Lee, 1997; Rodgers and1996). This observation suggested that the Myostatin C-
Weber, 2001; Rodgers et al.,, 2001; Maccatrozzo et alterminal active domain might also exist as a secreted latent
2001a,b, 2002; Kocabas et al., 2002; Roberts and Goetz, 20@bmplex with the Myostatin prodomain (Lee and McPherron,
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1999; Thies et al., 2001). Recently, Thies and colleagues (2001)2 kb DNA fragment containing the #anking sequence and
showed that Myostatin prodomain was able to bind to theart of the first exon were generated by PCR using the
bioactive Myostatin C-terminal active domain and inhibit itsmyostatinspecific primersriyostatinE1.1/E1.2) close to the
biological activity, presumably by preventing Myostatin activeATG start codon together with the adapter primers AP1 and
domain from binding to its receptor on the cell surfaceAP2 at the 5end of the flanking region. A 2Kb fragment
Transgenic mice expressing the Myostatin prodomain in musciacluding the 3flanking region and part of the third exon were
cells showed enhanced muscle growth similamigostatin  amplified from the libraries using a setryostatin3' specific
knockout mice (Lee and McPherron, 2001; Yang et al., 2001primers (myostatinE3.1/E3.2) together with the AP1 and AP2
Studies in mice and cattle have demonstratedntlyastatin -~ primers. The middle part of the gene, including part of the first
MRNA was specifically expressed in developing somite andxon, intron 1, exon 2, intron 2 and part of exon 3, was
skeletal muscles (McPherron et al., 1997; Kambadur et algenerated by regular PCR from zebrafish genomic DNA using
1997). Recent studies, however, revealed that in addition two sets ofmyostatinspecific primersmyostatinE1.3/E2.1R
muscle cellsmyostatinmRNA was also expressed in severaland myostatin E2.1F/E3.3. PCR for GenomeWalker was
other tissues, such as cardiomyocytes, mammary glands amadyried out in 5Qil reaction containing fimol -1 of each
at a lower level, in adipose tissue (Ji et al., 1998; Sharma ptimer, four dNTPs at 0.2imoll-1 for each, and 5 units of
al., 1999). In fishmyostatirmRNA was found to be expressed Advantage Tth polymerase (Clontech, Palo Alto, CA, USA).
in muscles, eyes, gill filaments, spleen, ovaries, gut, brain anBCR was carried out in two-step cycle program with 7 cycles at
to a lesser extent, in testes (Rodgers et al., 2001; Maccatroz24°C for 25s and 72°C for Bnin, and followed by 32 cycles at
et al., 2001a).Myostatin expression in skeletal muscles 94°C for 25s and 67°C for Bnin. The regular PCR was carried
appeared to be restricted to certain types of muscle fibersut in a 50ul reaction solution containing imol I-1 of each
Carlson et al. (1999) demonstrated timgostatinmRNA was  primer, four deoxyribonucleotide triphosphates atrfrgol |-1
mainly expressed in fast muscle fibers in mice. Roberts arfdr each, and 2.5 units of Tag DNA polymerase (Promega,
Goetz (2001) reported thatyostatinmRNA was primarily  Madison, WI, USA). PCR was carried out for 30 cycles. Each
expressed in red muscles in brook trout, king mackerel, angy/cle included 3% at 94°C, 3% at 60°C and &in at 72°C.
yellow perch, but expression in the little tunny is in the whiteAll DNA fragments were cloned into pGEM-T Easy Vector
muscles. Consistent with the study by Roberts and GoetPromega) and sequenced with an ABI automated DNA
(2001), Rescan et al. (2001) showed that troybstatin-2  sequencer. Sequence alignment and searches were performed
MRNA was predominantly expressed in red muscles. lusing the BLAST, TRANSFAC and TFSEARCH databases:
remains to be determined if Myostatin is involved in differentApl, 5-GTAATACGACTCACTATAGGGC-3; Ap2 5-AC-
muscle growth of fast and slow muscles in fish. TATAGGGCACGCGTGGT-3 myostatin E1.1, 3-GCT-
Although myostatincDNA has been cloned from zebrafish GATGTTTGGAGCCTGCTTGAGTCG-3 myostatin E1.2,
(McPherron and Lee, 1997), the temporal and spatial patteB*CTTGAGTCGGAGTTTGCTAAGAATTTG-3; myostatin
of its expression is unknown. It is not clear when and where E1.3, 5-CAAATTCTTAGCAAACTCCGACTCAAG-3;
is expressed in zebrafish embryos. Is it expressed in developing/ostatin E2.1R, 5CTGCCAAGACGTGACTCCTGCG-
somites and skeletal muscles as in mammals? Is the musdl@CA-3'; myostatin E2.1F, 5TGAACGCAGGAGT-
expression restricted to specific types of muscle fibersSACGTCTTGGCAG-3 myostatin E3.1, 3-ACTCCCAC-
Moreover, does Myostatin inhibit muscle growth in fish? WeCAAGATGTCTCCCATCAAC-3; myostatin E3.2, 5
have reported here the isolation and characterization @®GCAAAGAGCAGCTCATCTACGGCAAG-3 myostatin
myostatingenomic gene from zebrafish and analysis of it€£3.3, B-CTTGCCGTAGATGATCTGCTCTTTGCC-3
expression in zebrafish embryos, larvae and adult skeletal
muscles. Our data showed a weakostatinexpression in Mapping of zebrafish myostatin gene
early stage embryos and a strong expression in swimming The chromosomal position of zebrafislyostatingene was
larvae and juveniles, and the skeletal muscles of aduihapped using the LN 54 radiation hybrid panel generated by
zebrafish. Overexpression of the Myostatin prodomain ifHukriede et al. (1999). The panel was produced by irradiation
skeletal muscles of transgenic zebrafish had no effect on tloé zebrafish fin fibroblasts prior to fusion with mouse B78
expression of myogenic regulatory genes. However, the adutielanoma cells. DNA from 93 hybrid cell lines was used for
transgenic fish showed hyperplasia in their skeletal muscld3CR analysis to detect the presence of the zebrafisistatin
compared with non-transgenic controls. gene using E1.3/E2.1R primers. The PCR was done as
described above. The results of the PCR from the radiation
) hybrid panel were scored according to Hudson et al.
Materials and methods (1995) using a web-based interface RHVECTOR at
Isolation and characterization of zebrafish Myostatin genomitttp://mgchd1.nichd.nih.gov:8000/zfrh/beta.cgi.
gene
The genomic gene of zebrafisiyostatinwas isolated as Construction of myostatin-GFP plasmid
several DNA fragments by polymerase chain reaction (PCR) The myostatin-GFP gene construct was obtained by
from the zebrafish GenomeWalker libraries (Du et al., 2003). Amplifying the 5flanking sequence of zebrafishyostatinby
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PCR using thé\p2 primer at the 5and a gene-specific primer System Corp., New York, NY, USA). 500 embryos were
myostatibR1 (8-GCGTCGAGGTTCCAAGGCGTGCTAA- injected for each construct.
AGGATG-3) based on the'3JTR sequence of the zebrafish
myostatingene. To minimize mutation introduced by PCR, pfu Whole-mount in situ hybridization and antibody staining
DNA polymerase was used in the PCR reaction. PCR was The whole-mounin situhybridization and antibody staining
carried out in a 5QI reaction solution containingdmol -1 was carried out as previously described (Du and Dienhart,
of each primer, four deoxyribonucleotide triphosphates a2001). The Dig-labeled probe was synthesized by T7 RNA
0.2mmol -1 for each, and 2.5 units of pfu DNA polymerase polymerasein vitro using BanHI linearized plasmid pBS-
(Stratagene, La Jolla, CA, USA). PCR was carried out for 3MSTN that contains the full-length zebrafislyostatincDNA
cycles. Each cycle included 30at 94°C, 3@ at 60°C and (McPherron and Lee, 1997). For embryos ofh24nd older,
5min at 72°C. ASal site was introduced at the end of tHe 5 proteinase K treatment was performed to enhance the
UTR primer. The 1.&b 5 flanking sequence was first cloned permeability of the embryos, as described by Du and Dienhart
into theSma site of Bluescript SK. The'5lanking sequence (2001).
was then released from the Bluescript SK vector Saf
digestion and cloned into tigal site of the GFP construct (Du EXpression analysis of the endogenous myostatin gene and the
and Dienhart, 2001). The resulting plasmid was confirmed by prodomain transgene by RT-PCR
DNA sequencing and designatednagostatin-GFP Total RNA was extracted from zebrafidbanio rerio
embryos, larvae, juvenile and adult muscle with TRIzol reagent
Construction of the mylc-MSPNtransgene encoding the  (Invitrogen Corp., Carlsbad, CA, USA) according to the
myostatin prodomain manufacturer’s instructions. cDNA was synthesized using the
To construct the transgene encoding the Myostatifirst strand cDNA synthesis kit (Life Sciences Inc., St
prodomain, the complete coding region of zebrafigfostatin ~ Petersburg, FL, USA). The expressionmfostatinmRNA
was first amplified by PCR using pfu DNA polymerase. Awas analyzed by reverse transcriptase (RT)-PCR using two
BanHl and aXhd site were introduced by the PCR primers atpairs of myostatinprimers. One pair is a set of transgene-
the B and 3, respectively. Bprimer: 3-GGATCCAACAT-  specific primers rayostatidpc/E2.1r). The myostatibpc
GCATTTTACACAGGTTTT-3, 3-primer: 3-CTCGAGGG- primer (3-CTGCAGCCCGGATCCAACATGCAT-3 was
TTCATGAGCAGCCACAGCGG-3 PCR was carried out in based on part of thé BTR sequence of the ratylcpromoter
a 5Cpl reaction solution containingdmol I-1 of each primer, and part of thenyostatincoding region near the ATG site. The
four deoxyribonucleotide triphosphates at Bufoll-1 each, E2.1R primer (53CTGCCAAGACGTGACTCCTGCGTTCA-
and 2.5 units of pfu DNA polymerase (Stratagene). PCR wa3) was based on part of the sequenaayostatinexon 2. PCR
carried out for 30 cycles. Each cycle includeds38t 94°C, using this pair of primers generated a ®&p7fragment from
30s at 60°C, and Bin at 72°C. The PCR fragment was the mylc-myostatiPf® transgene. Another pair of primers was
purified on a gel and then cloned into a plasmid Bluescript Skhyostatin E1.3/E2.1R. E1.3 (BCAAATTCTTAGCAAAC-
Smad site. To generate the Myostatin prodomain construct, CCGACTCAAG-3) was based omyostatinexon 1, while
stop codon (TAA) was introduced immediately after the RIRRorimer E2.1R was from the exon 2 sequence shown above.
proteolytic cleavage site at position 783 in thngostatin  PCR using this pair of primers generated a 3Zragment
coding region wusing the QuickChange Site Directedrom the endogenousnyostatingene and the prodomain
Mutagenesis Kit (Stratagene). The gene construct encoding th@ansgene. Elongation factorol(Ef-1a) was used as RT-PCR
Myostatin prodomain and its signal peptide were released froontrol. The primers for the Efed5 and 3 primers were EF-
the plasmid byecdRI digestion and cloned downstream of thela-5 (GCATACATCAAGAAGATCGGC) and Ef-&x-3
ratmylcpromoter/enhancer at tiieoR| site (Donoghue et al., (GCAGCCTTCTGTGCAGACTTTG), respectively. PCR was
1991). In addition, SV 40 polyadenylation and transcriptiorcarried out for 35 cycles (30at 94°C, 3@ at 60°C and fnin
termination signals were included at the®d of the Myostatin at 72°C) in a 2%l reaction solution containing imol I-1
preprodomain to ensure proper transcription terminatioof each primer, four deoxyribonucleotide triphosphates at
and polyadenylation of the mRNA encoding the Myostatin0.2mmoll-1 for each, and 0.5 units of Taq DNA polymerase
prodomain. (Promega). 2Qul of the amplified product was analyzed by
electrophoresis on a 1% agarose gel.
Microinjection in zebrafish embryos
The plasmids were diluted in distilled water to a final PCR screening of founder transgenic fish and transgenic
concentration of 5Qg mi-L. Phenol Red was added to the offspring
injection solution at a final concentration of 0.1% to facilitate To screen germline transgenic fish, DNA was extracted from
visualization during microinjection. Approximatelyn2 of  a batch of 100 Fembryos from each cross. Briefly, 500of
DNA solution were microinjected into the cytoplasm oflysis buffer (50mmoll-1 KCI, 10mmoll-1 Tris, pH8.8,
zebrafish embryos at the one- or two-cell stage. Microinjectiofi.5mmoll-1 MgClz, 0.1% Triton X-100) was added to a
was carried out under a dissection microscope (MZ8, Leicaroup of 100 embryos, 48p.f. (hours post fertilization). The
Deerfield, IL, USA) using a PLI-100 pico-injector (Medical embryos were gently homogenized in the lysis buffer. The



4070 C. Xu and others

homogenate was boiled fomain, and was then digested with used to define the cycle in which each sample attained the
proteinase K (10Qig mI-1) for 1 h at 55°C. Proteinase K was threshold value.
inactivated by boiling for 1fnin after the digestion. The

samples were centrifuged at A20g for 5min and 1.5 of Growth evaluations and determination of muscle fiber size
the supernatant was used for the PCR reaction. PCR was and number
carried out in a 2§l reaction solution containing dmol -1 To determine the muscle structure in transgenic zebrafish at

of each primer, four deoxyribonucleotide triphosphates auvenile and adult stagesp Fransgenic fish were generated
0.2mmol -1 for each, and 0.5 units of Tag DNA polymeraseby crossing transgenic males with wild-type females.
(Promega). PCR was carried out for 35 cycles. Each cycl&gpproximately 100 Efish, including both transgenic and non-
included 30s at 94°C, 3@ at 60°C and fnin at 72°C. 1Qul transgenic fish, were raised in the same tank. These fish were
of the amplified product was analyzed by electrophoresis onweighed at 2.5, 3 and 5.5 months of age, after anesthetization
1% agarose gel. with 0.016% tricaine at two time points. The transgenic fish
To screen adult transgenic offspring, DNA was extractedvere identified by PCR using DNA extracted from the tail fins.
from a small portion of the caudal fin as described (Du antMean body mass was calculated for transgenic and non-
Dienhart, 2001) and used for PCR analysis. PCR was carri¢cansgenic males and females of different ages. For fiber size
out using transgene-specific primers (mylc-p2/E2.1R) based and number analysis, five individual fish from each group
the mylc 5 flanking sequence (mylc-p2,-6ACCACT- (female or male and transgene or wild type) were fixed with
GCTCTTCCAAGTGTCA-3) and part of exon 2 (E2.1R) of Bouin’s solution for 24 followed by routine paraffin
zebrafishmyostatin This PCR vyields a 70dp product. Control  sectioning and Haematoxylin/Eosin staining. A horizontal
PCR primers HH-F (SGGACGGTGACACTTGGTGATG-3  section at the base of the first pin of the anal fin was selected
and HH-R (5CGAGTGGATGGAAAGAGTCTC-3) were for quantification of the number of muscle fibers and
derived from the sense and antisense strand digiipe winkle  measurement of the diameter of muscle fibers. A Studest
hedgehogxon 3 sequence, respectively. PCR using this set ofas used to determine whether significant differences existed
control primers produced a 6bp DNA fragment. PCR between wild-type and transgenic fish.
reaction was carried out as described above for the embryos.

Real-time PCR analysis of myogenic gene expression Results
Expression ofMyoD, Myf5 and myogeninmRNAs was Isolation and characterization of myostatin gene from
analyzed by real-time PCR in transgenic and non-transgenic zebrafish

fish at 2, 7, 45 and 240 days of age. For 2- and 7-day-old fish, To better understand thmyostatingene structure, function
total RNA was extacted from 100 embryos or larvae usingnd regulation of expression in fish, the complete genomic
TRIzol. For 45-day-old fish, individual fish were used for RNAsequence of zebrafighyostatinwas isolated by polymerase
extraction. For 240-day-old fish, ~&@y of muscle tissue was chain reaction (PCR) using the GenomeWalker method as
used for RNA extraction. The total RNA was digested withdescribed in Materials and methods. Sequence analysis revealed
DNAses to remove endogenous DNA contamination. Firstthat the zebrafisinyostatingene spanned €kb, including a
strand cDNA was synthesized by reverse transcriptase usidg2kb 5 flanking sequence and a kI transcriptional unit that
oligo-dT primer (RETROscript Kit, Ambion, Austin, TX, includes the 3flanking sequence (GenBank accession number
USA). Real-time RT-PCR was carried out using the followingAY323521). Comparison with the zebrafistyostatincDNA
primers.MyoD was amplified usinglyoD 5'- and 3- primers.  sequence revealed that the zebrafigfostatingene contained
The PCR product was a 289 fragment. SimilarlyMyf5and  three exons and two introns (Figd). The intron and exon
myogeninwere amplified with their specific primers that junctions are highly conserved withyostatingenes of other
generated a 482p and 31%p fragment, respectively: MyoD vertebrate species. Sequence analysis of the zebrafistatin
5. 5-AGACGGAACAGCTATGACAGCTCT-3; MyoD 3, 5 flanking sequence identified a putative ‘TATA’ box at
5-ATTTTAAAGCACTTGATAAATG-3'; Myf-5 5, 5-CAC-  position 11Mp upstream from the ATG start site (Fi@). In
TCAGAAACCTTCAACACCAA-3'; Myf5 3, 5-ATGCTCT-  addition, several putative MyoD binding sites (CAXxTG) that
CTGAGCAGCTGGAGGA-3 Myogenin 5, 5-TCTAGT-  confer muscle-specificity, known as E boxes, were identified in
GATCAGGGCTCTGGCAGCA-3 Myogenin 3, 5-TAAGC-  the B-flanking region (FiglB). Two of the potential E boxes
CCTCCAAGGCTTGTCTAACTTGC-3 (E4, E5) are closely located in theffanking sequence of the
Real-time PCR was carried on Sequence Detector (PRISkebrafishmyostatingene. Of particular interest, two closely
7700; ABI, Foster City, CA, USA). Each reaction (R0 linked E boxes (E5, E6) were present in a similar position in
contained 31 cDNA and primers at a final concentration of the bovinemyostatinpromoter (FiglA), and critical for its
2ngul~L SYBR Green was included in the PCR reaction asnuscle-specific expression (Spiller et al., 2002). Considering
described in the protocol of SYBR Green PCR (ABI). Thethat MyoD often functions as a dimer, the presence of closely
samples were first heated to°60for 2min followed by 98C  linked E boxes in the conserved region rojostatingene
for 10min. The PCR reactions were carried out for 45 cyclepromoters suggests that MyoD may be involved in regulation
at 95C for 15s and 60C for 1 min. SDS v1.7a software was of myostatingene expression.
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Zebrafish myostatin promoter sequence
atcatgccctgttatcggtttattagcacat aaat gttcacaggcat ggt gtttagacgccaagcaacgtt -1144
tt gt gaacggcact gaaat gaaat aat gaccgaaat at t gcacattatccagcttattatttgtatacatg -1073
ccaaat aaat aaat ggattt gaaat att aatt cgcgttacaaat at gctt att acaagagaaacaaact ga - 1002
aact gat gggaaat act t gacaagt ctt gttt acagt tt agt gact gact gact gact gacat cacaattg -931
E- box
cccaggt attcagt gaaccataatgtcatttttattttttattttattagcct acaacatatgcagactag -860
E- box
tgtatccaaaatattttctgatgtaaataggaatgtatgtattgtctagatctgtgttagttttgtttatt -789
ttgcatgtcaccatcatacgtagaatttactttacaggtattcgactagaaagatctacatacctcacctg -718
E- box
gttaacgcgttacacat gt agtt ccacaagat ggcgcaat ttat cct at ccaccgt act aaat gaact gaa - 647 Fig. 1. The genomic structure and promoter
E- box . .
aat gccgcaact acat gagt gt gt t gaat aaat aagat gaact gt gat t agt t aagat ct t act gct aaga - 576 sequence  of .zebraflshT.]yostatln gene.
cagaggaat t gggct gacagat aaat gcact gacagaagat acgttcatttttatccaattacttcttttc -505 (A) The zebraflshnyostatlngene contains
aaacaccacat gaaaaaagat aaaggcaggaat t gagaat att gggt gattttagcatgttattcactata -434 three exons and two introns with conserved
E- box . .
t aaact agcaaat t aaat gat at aact acgaaaat gagt acggt t at t gt gt t at at gcgt aaat at aaca - 363 exon _and intron boundaries. _ Sequence
tgtagcctttgtcaget gegttt gacaaaagacgcaaagt gt gcacgcacgaaaatatgtattttaaatgt - 292 analysis identified seven putative E box
rtatatttit F bo;‘ ¢t qeat aattt ot o Coattt eot atatt 221 sites in the 5Sflanking sequence. Some of
a cataaat ctgcataatttctca caaat gatttccccacgagt cct caaaga - .
g g 99 E- box 929 gatgte the E boxes are conserved compared with
at acct ct tt aagagct gcgaaagaagt ccaget ct gt ccatt aggt tt att gt t gccaget cagccaatc - 150 that in the bovineanyostatinpromoter. (B)
at t gaat ct t acgacacaat agagt ggccaaagt t gcagt at aaaaagcct t gccgaat t t aagcat gaca - 79 The DNA sequence of zebrafishyostatin
TATA box 5 flanki ion. The putative TATA
tctacttgtccggtgecgt ggt gaggtt catttccat agcaaat cagaacat caaacatcctttagcacgcc -8 gene otlanking region. _e putative ]
+1 box and the seven putative E box sites are
tt ggaaCAIAGCgTTlTAgAOSGf/TTIAAlTTTgT- x underlined in the DNA sequence. The
GenBank accession number is AY323521.

Zebrafish is widely viewed as an excellent system fofertilization to 4 days post fertilization). The results showed
genetic study of gene function. To map the position of théhat myostatin mMRNA could not be detected bin situ
myostatingene in zebrafish for future identification of potentialhybridization in zebrafish embryos (FRA,B), suggesting that
myostatinmutants, linkage group analysis was carried outnyostatitnRNA was not expressed or only at a very low level
using the LN 54 radiation hybrid panel generated by Hukried& early stage zebrafish embryos. To confirmithsitu data
et al. (1999). The results placed the zebrafigiostatingene  and to further investigate its temporal pattern of expression in
in chromosome 9, at approximately @éntiRay (IcR is  zebrafish, RT-PCR was used to analyngostatinexpression
approximately 14&b) from the genetic marker Z8363. using total RNA from whole zebrafish embryos, larvae,

juvenile and skeletal muscles of adult zebrafish. The results
Characterization of myostatin MRNA expression in Zebl’aﬁSh'_;onfirmed thamyostatinmRNA was Weak|y expressed in the

There is much evidence thayostatinmRNA is primarily  early stage zebrafish embryos (R2¢.). However, compared
expressed in developing somite and skeletal muscles imith day-4 embryomyostatinmRNA expression appeared to
mammals. Recent studies in fish have also demonstrated tligg increased in 2-week-old swimming larvae, 1-month-old
myostatin mMRNA is predominantly expressed in skeletaljuveniles and skeletal muscle of 3-month-old adult zebrafish
muscles. However, its expression pattern in early stage fiskased on results from regular RT-PCR (2@).
embryos is not clear. A clear understanding nofostatin Analysis of the zebrafismyostatin5' flanking sequence
expression in fish embryos would provide important insightsevealed several putative E box sites that may be involved in
into the role(s) of Myostatin in regulating muscle developmenits muscle-specific expression. To determine if thiéahking
and growth in fish. To determine the temporal and spatiadequence could drive gene expression in muscle cells, the
pattern ofmyostatinmRNA expression in zebrafish embryos, 1.2kb DNA sequence of zebrafighyostatinb' flanking region
whole-mount in situ hybridization was carried out with was ligated with the GFP reporter gene, and the DNA construct
zebrafish embryos at several developmental stagds (b4t  myostatin-GFP (Fig.3) was microinjected into zebrafish
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injected embryos showed muscle expression, although some of
the embryos also showed weak non-muscle expression in floor
plate and head regions (FRC,F). These results indicate that
the zebrafishmyostatin 5 flanking sequence contained
regulatory elements required for muscle expression and
possibly other regulatory sequences foyostatinexpression

in other tissues.

A

C

1d 2d 3d 4d 16d 16d 1m 1m 3m 3m Production of transgenic zebrafish expressing myostatin

N — S Es s prodomain In skeleial muscles
g ¥ To investigate Myostatin function in fish muscle
=i-1a A S b o S i
development and growth, a transgenic approach was used to
Fia o E on offn irin 7ebrafish emb | ) " express Myostatin prodomain in zebrafish muscle cells that
'g. 2. Expression omyostatinn zebrafish embryos, larvae, juvenile .14 syppress Myostatin function. To identify a strong
and adult. (A,B)In situ hybridization showing little or nanyostatin e . - .
N ) i . uscle-specific promoter with which to target the expression
expression in developing somites of zebrafish embryos at 24 h.p. f the M . d L brafish skeletal |
(hours post-fertilization). (C) RT-PCR results showinmyostatin of the Myostatin prodomain in ze ,ra_'s S e_eta muscles, we
(MSTN) expression in early stage zebrafish embryos,di¢days ~analyzed whether or not the rayosin light chairfmylg gene
post-fertilization), swimming larvae (i, juvenile (1 month) and p"omo_ter and its 1/3 enhancer were muscle-specific in
adult skeletal muscles (3 months). Elongation facto(Bf-1a) was ~ zebrafish. Thenylc promoter/enhancer has been shown to be
used as control for RT-PCR. 16d, 1m and 3m are duplicated. muscle-specific in other vertebrates (Donoghue et al., 1991;
Lee and McPherron, 2001). The natylc gene promoter/
enhancer was linked with the GFP reporter gene &AYy. The
embryos for transient expression analysis. As indicated bmylc-GFPconstruct was microinjected into zebrafish embryos.
GFP expression and anti-GFP antibody staining in the injectedFP expression was analyzed by direct observation using a
embryos (Fig3A,B,D,E), the zebrafismyostatin5' flanking  fluorescence microscope or immunostaining using anti-GFP
sequence strongly targeted GFP expression in muscle cellsaiftibody. Over 80%d\=157) of the injected embryos exhibited
zebrafish embryos. Approximately 699%N=148) of the muscle-specific GFP expression (Hg:,D). The remaining

D

Fig. 3. Structure oimyostatinGFP (green fluorescent protein) construct and activitsnydstatinpromoter in zebrafish embryos. (Top) The
myostatinGFP construct contains a kB zebrafishmyostatin5' flanking sequence including th& B8R (5-untranslated region). To ensure
proper processing of the RNA transcripts, the ralfbglobin intron-2 sequence (in) and the SV40 polyadenylation and transcription
termination signals are included in theyogenin-GFReconstruct. (A) GFP expression in myofibers and forebrain region of zebrafish injected
with the myostatin-GFPconstruct at 24 h.p.f. (hours post-fertilization). Forebrain expression is indicated by the white arrow. (B) Higher
magpnification view showing GFP expression in muscle fibers. (C) GFP expression in the floor plate (white arrows) of zebradish embry
injected with themyostatin-GFRconstruct at 24 h.p.f. (D) Whole-mount anti-GFP staining confirming GFP expression in myofibers and brain
(arrow) of injected zebrafish embryos (24 h.p.f.). (E) Higher magnification view of anti-GFP staining in muscle fibers. (BijoBxqfr&-P

in the forebrain region (arrow) of myostatin-GFPnjected embryo, revealed by whole-mount antibody staining. Scale bargnb08,D);

200pm (B,C,E,F).
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A ATG TAA transgene was exclusively expressed in skeletal muscles, and

| it appeared that the expression was fast-fiber specific
I t SV40 poly(A) mylcenhancer . . .
| mylepromozer D (Fig.5H,1). In contrast, line 1 showed expression in skeletal
muscle and weak expression in the brain and spinal cord (data

not shown). Because line 33 exhibited a strong muscle-specific
expression, this transgenic line was primarily used in this
study.

The inheritance of the transgene in line 33 was analyzed in
the R, F> and B generations. The transgene was inherited to

ATG RIRR TAA
LISva0 poly(A) mylcenhancer

mylcpromoter I

D e 2oL — the & and R generations in a Mendelian fashion, suggesting
__§:3 -—u. -~ thatit was integrated in a single site (data not shown). To
T e (g ," determine if the transgene was expressed in skeletal muscles

~ of adult transgenic fish, two sets of RT-PCR were employed
to analyze the expression of the transgene and the endogenous
& iy myostatingene (Fig6). The results showed that the transgene
- was strongly expressed in the skeletal muscles of adult
Fig. 4. Transient expression analysis of the mgtosinlight chain  transgenic fish. RT-PCR using the transgene-specific primers
(mylg promoter in zebrafish embryos and structure ofnilge-GFP  produced a predicted PCR product from the skeletal muscles
(A) andmylc-MSTN'™ (B) transgenes. Thaylc-GFPgene construct  of the transgenic fish (Fig). In contrast, no PCR product of
(A) contains a 1.&b rat myosin light chain promotemf/lq) at the  the transgene was found in non-transgenic fish. RT-PCR using
5, the 0.8&b GFP coding region, a Ok SV40 poly(A) signal, and  gnother set of primers that amplify RNA transcripts from both
amylc 1/3 enhancer from the ratylcgene (Donoghue et al, 1991). the transgene and the endogenmysstatingene generated a
T.he mylc_—MSTlﬂfO gene construct (B) contains the ktsra.t myosin = peoR product from both the transgenic and the non-transgenic
light chain promoterrtylq) at the 3 the 0.8b prodomain coding fish (Fig.6). Moreover, there were clearly more PCR products

region of zebrafistmyostatin(MSTN), the 0.8kb SV40 polyA o -
signal, and thenylc 1/3 enhancer from the ratylc gene. The ATG generated from the transgenic fish than the non-transgenic

start codon, RIRR proteolytic site and the TAA stop codon aréontrol (Fig.6). This was probably because the transgenic fish
indicated. (C,D) Muscle-specific expression of GFP reporter gene igontained RNA transcripts from both the endogenous
24 h.p.f. zebrafish embryos injected with theylc-GFP (C)  myostatin gene and the transgene, whereas in the non-
fluorescence, (D) immunostaining. Scale bar, 10 The mosaic transgenic fish, the PCR product was solely derived from the
pattern of expression is typical for transient expression studies iBndogenous gene transcripts. The PCR fragments were cloned,
zebrafish embryos (Westerfield et al., 1992; Du and Dienhart, 7—001)sequenced and confirmed to be derived fromrlyestatin
gene or the transgene. Together withitheitu data (Fig5),
these studies demonstrated that thgostatin prodomain

embryos that failed to express GFP in muscle cells dittansgene was inherited and expressed in a muscle-specific
not exhibit GFP expression in other tissues. These dataanner in the developing somite of transgenic zebrafish
demonstrated that the malylcpromoter/enhancer was muscle- embryos. Moreover, this transgene is strongly expressed in
specific in zebrafish and could be used to drive the expressiadult skeletal muscles of the transgenic fish.
of Myostatin prodomain in zebrafish muscle cells.

A gene encoding the zebrafish Myostatin prodomain wagdnhibiting myostatin function induced hyperplasia in skeletal
linked with the mylc promoter/enhancer (FigB). The muscles of transgenic fish
resultant constructmylc-myostatif® was microinjected The development and growth of skeletal muscles were
into zebrafish embryos for transgenic fish production. Twanalyzed in the transgenic fish at the morphological,
independent germline transgenic founders (1 and 33) wetdstological and molecular levels. Overall, there were no
identified (out of 184) by PCR screening of theirefnbryos.  obvious morphological changes with the transgenic fish.
To determine the temporal and spatial expression of th€ransgenic fish showed normal development and growth. To
transgene encoding the Myostatin prodomain, whole-miount determine if inhibiting Myostatin function affected the
situ hybridization was used to analyze the expression oéxpression of myogenic regulatory genes, we analyzed the
myostatinprodomain transgene im Embryos at 14, 16 and expression oiMyoD, myogenirand Myf-5 in transgenic fish
24 h.p.f. Because the expression of the endogenoustatin - embryos byin situ hybridization. There was no significant
gene was undetectable by whole-maurgitu hybridization at  change inMyoD, myogeniror Myf5 expression in transgenic
these stages (FigA,B), thein situ expression pattern, thus zebrafish embryos (Fig@). In addition, we analyzed the
represented the expression of the transgene. The resultsmation of embryonic myofibers by F59 and MF20 antibody
showed that thenyostatintransgene was strongly expressed instaining, and found no difference between transgenic and non-
developing somite and embryonic muscles of the transgentcansgenic fish (data not shown). These results demonstrate that
fish embryos (FighA,C,E). The two transgenic lines exhibited Myostatin may not be involved in myogenesis in early stage
different patterns of transgene expression. In line 33, thembryos. To determine if inhibiting Myostatin function affected




4074 C. Xu and others

A I
J ~
5
— T
\ 5
n\ -“ L)
\q

Fig. 5. Expression analysis of tmeylc-MSTN™ transgene in Ftransgenic embryos kin situ hybridization. The expression of the transgene

was visualized byn situ hybridization with a probe that could hybridize with transcripts of both the endogemmstatingene and the
prodomain transgene. (A,C,E,G-I) Expression of Myostatin prodomain transcripts in transgenic fish embryos of line 33. &issianexp
Myostatin prodomain was found in transgenic fish embryos. (B,OrFsiu results of non-transgenic zebrafish embryos using the same probe.

All embryos were analyzed at 24 h.p.f. except G (16 h.p.f.). (H-J) Cross sections showing the fast muscle-specific exgiredsamsgéne
directed by the ramylc promoter. Note the absence of staining in the slow muscle pioneer region at the myoseptum region of the somite
(arrow). Scale bars, 5¢0n (A-D); 20Cum (E,F); 150um (G-J).

the expression of myogenic regulatory genes at later stage when
myostatinmRNA expression was increased, we analyzed the
expression oMyoD, myogenirandMyf-5 in transgenic fish at
days 7, 45 and 240 by quantitative RT-PCR. The results showed
the expression levels dyoD, myogenirandMyf-5were very
similar between transgenic and non-transgenic fish 8Fig.
Tablel). Statistical analysis did not reveal any significant
difference in myogenic gene expression between transgenic and
non-transgenic fish at 2, 7, 45 and 240 days of age.

To determine whether or not Myostatin plays a role in
regulating muscle growth in adult fisky tfFansgenic fish were
generated by crossing fhemizygous) transgenic males with
transgenic females, or transgenic males with non-transgenic
Fig. 6. Expression of the prodomain transgene and the endogenofg@males. The fgenerations from these crosses contained both
myostatingene in skeletal muscles of adult transgenic and nonhomozygous and hemizygous transgenic fish as well as non-
transgenic zebrafish. For each sample, RT-PCR was performed usitrgnsgenic offspring. The body mass and muscle structures of
three different sets of primers that are specific for the transgerthe transgenic and non-transgenic fish were compared at
(mylcMSTN©), the endogenousiyostatingene and the transgene several developmental stages. The hemizygous transgenic fish
(Total MSTN), and the elongation factor al-(Ef-1a) mRNA  ¢id not grow significantly larger than the non-transgenic
transcripts, respectively. Lane 1, RT-PCR results usimgc  gipjings when analyzed at 3 and 5.5 months of age (Rable
myostatifi™ plasmid DNA as positive control. Lanes 2 and 3, RT- owever, there appeared to be a significant increase in mass

PCR results showing the expression of the endogenous gene (to N - - .
MSTN) and EF-ir in the skeletal muscle of two individual non- 30—15 ) yvhen homozygous transgenic fish were included in
fhe analysis at 2.5 months of age (Tad)le

transgenic fish (2 and 3). Lanes 4 and 5, RT-PCR results showing t )
expression of the Myostatin prodomain transgemgl¢MSTN), To determine whether or not the muscle growth was affected

the endogenousiyostatingene and the transgene (total MSTN) andin the transgenic fish, samples of representative fish from
the EF-1n. Lane 6, RT minus control of non-transgenic fish. Lane 7fransgenic and non-transgenic sibling were sectioned to
RT minus control of transgenic fish. determine fiber size and for number analysis at 3 and 5.5

mylcMSTN™

Total MSTN

EF1a
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Fig. 7. In situ hybridizations comparing myogenic gene expression in transgenic and non-transgenic fish embryos. (MyB;&gApression

in transgenic (TG; B,H) and wild-type (WT; A,G) zebrafish embryos. (C,DMy)D expression in transgenic (D,J) and wild-type (C,I)
zebrafish embryos. (E,F,K,lhyogeninexpression in transgenic (F,L) and wild-type (E,K) zebrafish embryos. (A-F) 16 h.p.f. embryos; scale
bar, 200um. (G-L) 24 h.p.f. embryos; scale bar, 300.
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'é Fig. 8. Profile of real-time PCR showingyoD, Myf-5
myogenin(Myog) and Ef-1a expression in transgenic

(MSTN) fish and non-transgenic (WT) control at day 7.

Tablel. Comparison of myogenic gene expression in transgenic and non-transgenic fish by cycle threshold of real-time
polymerase chain reaction

Age Fish EF-la MyoD Myf-5 myogenin

Day 2 Non-transgenic 14.01 20.76 25.36 24.16
Transgenic 14.04 20.4 25.33 24.01

Day 7 Non-transgenic 14.03 21.59 25.22 24.2
Transgenic 14.02 21.33 25.22 23.54

1.5 month3 Non-transgenic 16.0+0.11 21.4+0.77 25.3+0.73 23.5+3.00
Transgenic 16£0.91 20.9+0.32 24.7+0.47 23.8+0.50

8 month§ Non-transgenic 14.03+0.06 18.94+0.35 23.5+0.54 20.9+1.54
Transgenic 14.3£0.24 19.0+0.45 23.5+1.57 22.3£0.64

aThreshold values of 1.5 and 8 months fish are mean values of the PCR threshold of 3 indidduals +
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months. The results showed that the transgenic fish hadhries significantly in different cross section regions, we chose
approximately 10% more myofibers than the non-transgenito compare myofibers from a defined region of the epaxial
fish that were in the similar body mass group (T&pleTo  muscles where the fibers appear to be relatively uniform in
determine whether inhibiting Myostatin function causedsize. The data revealed that there was no significant difference
hypertrophic muscle growth, fiber size was compared itbetween fiber size in transgenic and non-transgenic fish
transgenic and non-transgenic fish. Because the fiber sig€able3). Together, these data indicate that Myostatin may

Table2. Body mass comparison between transgenic fish and non-transgenic siblings

Non-transgenic Transgenic
Age (months) Gender Number Mass4(g) Number Mass (&) P value
2.5 Female 22 0.462+0.092 46 0.531+0.150 <0.001*
Male 26 0.336+0.112 34 0.361+0.330 >0.200
3p Female 24 0.492+0.123 14 0.441+0.094 >0.100
Male 28 0.356+0.072 19 0.340+0.060 >0.400
5.5 Female 38 0.830+0.242 18 0.784+0.298 >0.500
Male 33 0.522+0.060 37 0.535+0.096 >0.400

The three different groups of fish were raised in three separate tanks.

3, offspring of a hemizygous transgenic female crossed with a hemizygous transgenic male. It is worth noting that theréciana signi
increase in mass in female transgenic fish compared with controls at 2.5 months old. Approximately, one third of the fisimsgjer@sent
homozygous transgenic fish.

b.oF, offspring of a hemizygous transgenic male crossed with a non-transgenic female.

dMass is shown as mears£.m.

eP values are the results of-test; * indicates a significant difference.

Table3. Comparison of mass, myofiber number and fiber size between transgenic and non-transgenic fish

Mass (g) Fast musde Slow musclé Total fibe? Fiber size gm)P
Non- Non- Non- Non- Non-
Fish transgenic Transgenic transgenic Transgenic transgenic Transgenic transgenic Transgenic transgenic Transgenic
3 months male
1 0.435 0.460 NA NA NA NA 2621 3229 36.8+5.5 35.5+2.9
2 0.415 0.413 - - - - 2331 2812 36.5+6.3 39.046.2
3 0.351 0.390 - - - - 2355 2537 48.7+5.3 33.64.1
4 0.336 0.342 - - - - 2336 2683 43.1+6.4 37.845.2
5 0.280 0.270 - - - - 1932 2296 38.6x5.9 38.1+6.6
Averagé 0.363+0.028  0.375+0.032 - - - - 2315+110 2711+155  40.7+7.5 36.845.5
P valug! 0.793 - - 0.071 0.174
5.5 months female
1 1.302 1.343 2280 2551 425 483 2705 3034 59.8+12.3 65.6+11.6
2 1.056 1.101 2246 2683 394 296 2640 2979 59.5+10.0 64.9+11.6
3 0.908 0.930 2191 2389 325 359 2516 2748 64.2+11.6 59.5+13.0
4 0.866 0.848 2226 2282 371 293 2597 2575 54.0+14.7 58.2+10.9
5 0.751 0.777 1947 2299 424 345 2371 2644 66.9+16.6 60.2+12.0
Averagé 0.977+0.095 1.000+0.101 2178+60 2441+77 387.8+18.6  355.2+34.5 2566158 2796191 61.4+14.2 61.7+12.3
P valu¢! 0.871 0.027* 0.43 0.064 0.377
5.5 months male
1 0.615 0.626 2210 2386 415 475 2625 2801 72.2+12.5 70.0£12.2
2 0.587 0.582 2196 2438 400 374 2596 2722 61.2+11.0 59.3+13.5
3 0.558 0.561 2153 2248 338 454 2491 2702 58.9+9.5 71.5+8.7
4 0.528 0.526 1879 2166 347 400 2226 2566 64.4+10.5 59.5+8.9
5 0.488 0.490 1849 2127 294 315 2143 2442 57.4+10.7 62.5+10.7
Averagé 0.555+0.022 0.557+0.023 2057+80 227360 358.8+21.9 403.6+28.6 2416+98 2647+64 62.8+12.2 64.6+£12.2
P value! 0.957 0.063 0.249 0.084 0.65

aFiber number was counted in one half of the cross section.

bFiber size represents the average diameter of 20 muscle fibers from a defined area of the cross section in the epaxial muscles.
CAll values are means &E.m.

dp values are results oftaest; * indicates significant difference<0.05).
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play an inhibitory role in hyperplastic myofiber formation, butmice raised the question of whether timgostatinthat we
has little effect on controlling the size of myofibers infocused on in this study was the mammalian homologue, and
zebrafish. Therefore, inhibiting Myostatin function in zebrafishwhether or not additionamyostatin genes are present in
results in a small but significant increase in muscle hyperplasiagbrafish, given that zebrafish have more duplicated genes
but not in hypertrophy. compared to mammals (Wittbrodt et al., 1998; Robinson-
Rechavi et al., 2001). Our BLAST search found two additional
myostatinrelated genes in the zebrafish genome sequence.
Discussion They share approximately 60—70% identity with the zebrafish
In this study, we isolated the zebrafistyostatingenomic = myostatingene used in this study. These tgostatinrelated
gene and analyzed its expression and function in zebrafigienes, however, did not show any expression in developing
embryos, larvae and adult skeletal muscles. Our datsomites when examined by situ hybridization (data not
demonstrated that the zebrafislgostatinmRNA was weakly  shown) and their DNA sequences share less identity with the
expressed in early stage zebrafish embryos. Its expressiorouse myostatingene compared with thenyostatin gene
increased significantly in swimming larvae, juvenile and adultharacterized in this study.
skeletal muscles. Transient expression analysis demonstratedRecently, a closely related gene GDF-11/BMP-11 was
that the zebrafistmyostatin5' flanking sequence contained identified in human, mouse and frog. GDF-11 is expressed in
regulatory elements for muscle expression. To develop many tissues other than the skeletal muscles, such as brain and
zebrafish model for the functional study of Myostatin in fish.eye (Nakashima et al., 1999; McPherron et al., 1999; Gamer
transgenic zebrafish expressing the Myostatin prodomain wegt al., 1999). GDF-11 anmdyostatinare thought to be derived
generated. The Myostatin prodomain was specificallfrom the same ancestral gene through gene duplication. The
expressed in skeletal muscle cells using a muscle-specifinyostatinlike genes in zebrafish could represent the zebrafish
promoter. The transgenic fish developed normally and showgdDF-11. These data suggest that the duplication event that
no defect in muscle development of early stage embryos. Tlgeneratedmyostatinand GDF-11 might occur before the
transgenic fish exhibited an increased hyperplastic muscliivergence of the fish species. It is unknown at present whether
growth, but no obvious increase in hypertrophic muscle growtthe functions of Myostatin and GDF-11 are highly specific, as
compared to non-transgenic siblings. Similar to the result&m mammals. Further studies, especially the characterization of
observed in the present report with zebrafish, a significarfiish GDF-11 expression and function, will provide more
increase in muscle fiber number (i.e. hyperplasia) has beémsight into the possible function of these two highly related
observed in rainbow trout muscle transfected with &aenes in fish.
morpholino oligonucleotide directed against myostatin (T.
Bradley, personal communication). These data demonstrated Myostatin functions in regulating fish muscle formation
that inhibiting Myostatin function in fish had a positive effect Histological analysis revealed that the transgenic fish

in stimulating muscle growth. exhibited stratified hyperplasia (data not shown). Stratified
o _ _ hyperplasia generates new fibers along a distinct germinal
Characterization of fish myostatin genes layer. This type of hyperplasia is found in all fish species. In

Although fishmyostatingenes share high sequence identityaddition to stratified hyperplasia, another type of hyperplasia,
with their mammalian counterpartsmyostatin mMRNA  mosaic hyperplasia, results in a large increase in total fiber
expression in fish is different compared with that in mammalsiumber during juvenile growth, and is therefore very common
In mice,myostatirmRNA is strongly expressed in developing in commercially important aquatic species that grow to a large
somite and skeletal muscles, and weakly expressed Bize. Mosaic hyperplasia is greatly reduced or entirely lacking
cardiomyocytes, mammary glands and adipose tissue species such as zebrafish, guppies and other fish that remain
(McPherron et @) 1997; Ji et al., 1998; Sharma et al., 1999).small (Van Raamsdonk et al., 1983; Weatherley and Gill, 1984,
In fish, several studies have demonstrated that, in addition ®85; Weatherley et al., 1988). The lack of a dramatic effect
muscle expressiomrmyostatinmRNA was expressed in eyes, on enhancing muscle growth in zebrafish could be due to
spleen, gill filaments, ovaries, gut and brain and, to a lesséie lack of mosaic hyperplasia in zebrafish. Nevertheless,
extent, in testes (Rodgers et al., 2001; Maccatrozzo et ainhibiting Myostatin function resulted in a small but significant
2001a; Roberts and Goetz, 2001; Ostbye et al., 2001; Radaéficrease in fiber numbers in the transgenic fish. This is
et al., 2003). Moreover, in contrast to strong expression inonsistent with the recent finding that growth hormone
developing somites in mouse embryos, little ornmgostatin  transgenic zebrafish only grow 20% faster than non-transgenic
MRNA expression could be detected in developing somites abntrol (Morales et al., 2001). It will be interesting to
fish embryos by whole-mouint situ hybridization.Myostatin ~ determine if blocking Myostatin function in large aquatic
MRNA expression in early stage zebrafish embryos could ongpecies has a more dramatic effect in stimulating muscle
be detected by RT-PCR. This is consistent with a recent repagtowth.
in seabream by Maccatrozzo et al. (2001a), and in zebrafish byThe lack of a significant effect on hypertrophic growth in
Vianello et al. (2003). transgenic fish differs from previous findings in mice. In the

The different pattern ofmyostatinexpression in fish and myostatin knockout mice, the marked increase in muscle
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mass was attributed to both hypertrophy and hyperplasiaicroinjection, a large number of copies §)16f the transgene
(McPherron et al., 1997), while the transgenic mice expressingere injected into zebrafish embryos. Compared with the
the Myostatin prodomain or the dominant negative form ofmyostatin mMRNA expression from the two copies of the
Myostatin exhibited primarily hypertrophy (Zhu, 2000; Yang endogenous gene, GFP expression from the injected transgene
et al., 2001). The different response to Myostatin in fish ant expected to be significantly stronger. Moreover, it cannot be
mice could be due to the different types of muscle growth imuled out that thenyostatin5' flanking sequence used in this
postnatal or post-larval stages. Postnatal muscle growth Btudy lacks some of the inhibitory elements that restrict high
mammals is largely contributed by hypertrophy. In contrast, ittevels ofmyostatinexpression in early stage embryos.
most fish species, muscle growth in post-embryonic life is Myostatinexpression is restricted to specific types of muscle
attributed to continuous hyperplastic and hypertrophic growtliibers (Kambadur et al., 1997; Ji et al., 1998; Kocamis et al.,
(reviewed by Rowlerson and Veggetti, 2001). The les4999; Roberts and Goetz, 2001; Rescan et al.,)28@tause
dramatic effect in fish could also be due to other reasonsf the mosaic nature of the transient expression assay, it was
Several studies have demonstrated that there is no correlatidifficult to determine if the expression of theyostatin-GFP
between changes imyostatinmRNA and Myostatin protein transgene was restricted to certain types of myofibers in
levels. Moreover, in zebrafish, it has been shown that most atbrafish embryos. Future studies are required to generate the
the Myostatin proteins exist as precursor protein (Vianellanyostatin-GFPtransgenic model that could be used to study
et al.,, 2003). Therefore, overexpression of the Myostatithe expression and regulation aofyostatin expression in
prodomain may not have a dramatic effect in inhibitingzebrafish and to clarify whether its expression in zebrafish is
Myostatin activity in zebrafish. restricted to certain types of myofibers during development and
The possibility thatmyostatinrelated genes may be also growth.
involved in the process should not be overlooked. Recently,
Lee and McPherron (2001) demonstrated that overexpressionwe would like to thank Bosheng Zhang and Tracy
of Follistatin, a TGH3/BMPs inhibitor, in skeletal muscles of Robinson for assistance in screening the transgenic fish, Se-
transgenic mice induced hyperplasia and hypertrophyin Lee (Johns Hopkins University), Phil Hamilton and Bob
Interestingly, the muscle phenotype is more dramatic than th@urtis (Cape Aquaculture Technologies) for helpful
obtained from themyostatin knockout, suggesting that discussions during the execution of this project, and John
Follistatin may have an additional function than simplyStubblefield for editorial assistance. We would also like
blocking Myostatin activity in skeletal muscles (Lee andto thank the two anonymous reviewers for their very
McPherron, 2001). Follistatin has been cloned in zebrafish angbnstructive comments on the manuscript. This work was
was found to be expressed in developing somite and skele®lpported in part by a NIH grant to SJD (RO1GM58537) and
muscles (Bauer et al., 1998). It remains to be determined # research contract from Cape Aquaculture Technologies.
overexpressing Follistatin in fish skeletal muscles has a morghis publication is contribution number 04-606 from the
dramatic effect in stimulating fish muscle growth. Center of Marine Biotechnology, University of Maryland
Myostatin inhibits myoblast specification and differentiationBiotechnology Institute.
by downregulatingPax3 Myf-5 and MyoD expression in
myoblasts (Langley et al.,, 2002). In this study, we
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