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Abstract

Three members of the TGFF superfamily, bmp9, bmpl} and gdfl I were isolated

from zebralish genomic and cDNA libraries to further elucidate the role of these genes

during embryogenesis.

Zebrafish bmpg and, bmpl} belong to the BMP9/IO subfamily. The level of

sequence similarity between the zebrafish and mammalian BMP9/10 subfamily members

prompted an investigation into the evolutionary relationships of the zebrafish genes. The

orthology of bmpg and bmpl} were examined by phylogenetic and syntenic analysis.

Phylogenetic analysis grouped bmp9, DSLI, Bmpg and BMP9 into a single clade and

bmpl}, BmpI? and BMPL} into another. Zebrafish bmp9 and human BMP9 were mapped

to linkage group 12 and chromosome 17, respectively, and share syntenic relationships

with a number of other genes mapped onto these respective chromosomes. Zebrafish

bmpl0 and human BMPI) were mapped to linkage group 5 and chromosome 2,

respectively, and share syntenic relationships with mcm6lMCM6 and pa:c&/PA)(8. The

phylogenetic and syntenic analyses support the orthology of bmp9 and bmplo to human

BMP9 and BMPI}, respectively. The phylogenetic analysis also suggests that chick DSLI

is not a rrnique member of the TGFF superfamily but is the chicken ortholog of

BMP9|Bmp9.

The expression patterns of bmp9 and bmpl0 were analysed by RT-PCR, Northern

analysis, and by whole mount in situ hybridisation. No specific expression pattern was

detected for either bmpg or bmpl} by whole mount in situ hybridisation, indicating the

low expression levels of these genes. The lower than expected sequence similarity to the

mammalian orthologs and the low level of expression suggest a lack of evolutionary

pressure between subfamily members.



In

Zebrafish Gdfl l shows a high level of amino acid identity over the length of the

entire protein to mouse GDFl1. Phylogenetic analysis grouped gdflI,GdflI andGDFII

into a single clade. Zebrafish gdfl I and human GDFI I were mapped to linkage group I I

and chromosome 12, respectively, and share syntenic relationships with atpSblATP1b,

dspg3lDSPG3, hoxcb/HOXC, and plcuricinlPRPH on I-Gl l/Hsal2. The phylogenetic and

syntenic analyses, therefore, support the ortholo gy of gdfl l to human GDFI l.

The expression pattern of gdfl l was analysed by whole mount in sitrt

hybridisation. Expression of gdfl l was detected in both the dorsal and vegetal tail bud

progenitors and during segmentation stages, expression becomes restricted to the caudal-

most chordamesoderm of the tail bud. During the pharyngula stage, dynamic expression

of gdfl l was detected in neural structures including the ventral hindbrain, midbrain and

the forebrain. Expression of gdfl t was absent in the tait bud of ntflesmutant embryos but

present in neural structures, indicating that the expression of gdfl I is regulated by

different factors in these tissues. The function of gdfl I was analySed by microinjection of

synthetic gdfl I mRNA. Overexpression of gdfl I, however, resulted in the severe

dorsalisation of the embryo, probably due to activation of a Nodal specific pathway.
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International System of Units (SI) were used for abbreviations of units and standard

notations for chemical elements and formulae. Other abbreviations used in this work are

listed below.
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BCIP 5- bromo-4- chloro-3 -indolyl -phosphate

BLAST basic local alisnment search tool

BMP bone momhoeenetic protein

bp base pair

BSA bovine serum albumin

Bt Bos taurus

cDNA comDlementarv deoxyribonucleic acid
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DT'T dithiothreitol

DV dorsaVveotral
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EST exoressed seouence tas

EVL envelopins laver



xvr

F, first filial seneration

FCS fetal calf serum

GDF srowth/differentiation factor

Ge Gallus pallus
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RH radiation hvbrid
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rpm revolutions per minute
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SSCP single-stranded conformational polymorphism

SSLP simple sequence leneth polvmomhism



xvu
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T melting temperahrre
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U units
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The following one-letter and three lefter amino acid abbreviations were used in the text

and figures.

A ala alanine

C cys cysteine

D asp aspartic acid

E Alu slutamic acid

F phe phenvlalanine

G glv slvcine

H his histidine

I ile isoleucine

K lys lvsine

L leu leucine

M met methionine

N 48tr ilsDaragtne

P pro proline

O glu elutamitre

R arg arguune

s sef s€nne

T thr threonine

V val valine

w trp tryptophan

x xxx anv amino acid

Y tYr tvrosine
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The following one letter abbreviations for uucleic acids were used in the text and figures

according to (Cornish--Bowden, l9B5).

A adenine

C cvtosine

G euanine

T thvmine

U uracil

R purine (A or G)

Y pyrimidine(C orT/U)
K kelo (G orT/U)
M amino (A or C)

S strons (G or C)

w weak (A or T)

B notA (C orG orT/U)

D not C (A or G or T/u)
H not G (A or C orT/U)
v notT/U (A orC orG)
N anv (A or C or G or T/U)
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Nomenclature

Gene names and protein names were written according to the nomenclature in Wood

(1998). The nomenclature for Bos taurus, Sus scorfa, Papio hatnadryas, Ovis aries and

Meleagris gallopavo was based on that of Homo sapiens and Gallus gallus. The

nomenclature for Xenopus laevis was based on that of Danio rerio. A summary of gene

and protein nomenclature is tabled below.

ORGANISM GEIYE -IULL GEI\IE.SYMBOL PROTEIN

Drosophila

melanogaster

lower case, italic

eg. decapentaplegic

(recessive mutation,

dominant mutation has

canital for first letter)

abbreviation,

maintaining style

eg.dpp

upper case, no

italics

eg. DPP

Danio rerio lower case, italic

eg. bone morphogenetic

protein 9

abbreviation,

maintaining style

eg. bmp9

idtial letter

capitalised, no

italics

es. Bmp9

Mus musculus,

Rattus

norvegicus

lower case, no ialics
eg. bone morphogenetic

protein 9

abbreviation, first
letter capitalised,

italics

ee. Bmp9

upPer case, no

italics

eg. BMP9

Homo sapiens,

Gallus gallus

Iower case, no italics

eg. bone morphogenetic
protein 9

upper case, italics

eg. BMP9

upper case, no

italics

es. BMP9

Caenorhabditis

elegans

lower case, italics,

numerals hyphenated

eg. bone morphogenetic
protein-9

abbreviation,

maintaining style

eg. bmp-9

upper case, no

icalics

eg. BMP-9



xxl

Company Abbreviations

COMPANY ADDRESS

Ambion Ambion,Inc.,

2130 Woodward Street,

Suite 200,

Austin, TX 78744, USA

Amersham Phamracia Biotech Amersham Pharmacia Biotech New

7*aland,

P.O. Box X 634,

Auckland. New Zealand

Aquarium Pharmaceutical s Aquarium Pharmaceuticals, Inc.,

P.O. Box 218,

Chalfont, PA 18914, USA

Aquarium Systems Aquarium Systems, Inc.,

8l4l Tyler Boulevard,

Mentor, OH 44O60r4E9, USA

ASI Applied Scientific Instrumentation, Inc.,

3770 West 1o Ave,

Eugene, ORq74O2, USA

BDH British Drug Houses Chemicals NZ Ltd,

680 Tremaine Avenue,

Palmerston North, New Zealand

Bellco Bellco Glass, [nc.,

34O Rlrudo Road,

P.O. Box B,

Vineland, NJ 08360-0017, USA

Bio l0l Bio 101,Inc.,

P.O. Box 2?&,
[,a Jolla, CA 92038-22&,USA

Biolab Scientific Biolab Scientifi c Limited,

Private Bag lO2T22,

North Shore Mail Centre,

Auckland. New Zealand

Bio-Rad Bio-Rad l-aboratories,

2000 Alfred Nobel Drive,

Hercules, CA 94817, USA
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Centre for Gene Technology Centre for Gene Technology,

School of Biological Sciences,

University of Auckland,

Private Bag9?-OI9,

Auckland, New Zealand

Clontech Clontech laboratories, [nc.,

4030 Fabain Way,

Palo Alta. c/i^*1303ffi1, usA
CLP Continental Laboratory Products lnc.,

92y'Otvftra Este Court,

San Dieeo, CA !2126, USA

Corning Corning Scientific, Inc.,

45 Nagog Park,

Acton, MA 1720, USA

Difco Difco laboratories,

P.O. Box 331058,

Detroir, MI 8232-7058, USA

Eppendorf Eppendorf-Nethel er-Hinz GmbH,

D-2233 I Hamburs. Germanv

Falcon Trademark ofi

Becton Dickinson L,abware,

Becton Dickinson Co.,

2 Bridgewater Lane,

Lincoln Park, NJ 07035, USA

Genetics Institute Genetics Institute,

87 Cambridge Park Drive,

Cambridge, MA 02140, USA

GibcoBRL Bethesda Research Laboratories,

Life Technologies Inc.,

8717 Grovemont Circle,

Gaithersburs, MD 20887, USA

Hoefer Hoefer Pharmacia Biotech Inc.,

654 Minnesota Street,

San Francisco, CA 94W7-A387, USA

Hollywood Fish Farm Hollywood Fish Farm Aquarium Specialist,

36 Frost Rd,Mt Roskill,

Auckland, New Zealand



xxllr

IntelliGenetics IntelliGenetics lnc.,

700 East El Camino Real,

Mountain View, CA 94040, USA

Kodak Eastman Kodak Company,

24O0 Mount Read Boulevard,

Rochester. NY 14650. USA

Kyowa Kyowa Hakko Kogyo Co., [Id
1-6 I Ohtemachi, Chiyoda-ku,

Tokvo, Japan

Lagan Pharmaceuticals l,agan Pharmaceuticals,

lO Main Street, Upper Hutt, New 7*dand

Marine Biotech Marine Biotech,Inc.,

54 West Dane Street,

Unit A, Beverly, MA 01915, USA

Miles Miles Inc.,

Elkart, IN 46515, USA

Millipore Mil lipore Corporation,

Bedford, MA 01730, USA

Narishige Narishi ge Biosciences Inc.,

4O1 Glen Cove Avenue,

Sea Cliff, NIY I1579, USA

NCBI National Center for Biotechnology

Information,

8600 Rockville Pike,

Bethesda, MD 2089f-0OOl, USA

NEB New England Biolabs Inc.,

32Tozer Road,

Beverly, MA 019115599, USA

Nunc Nalge Nunc International,

2000 North Aurora Road,

Naperville, IL 60563-1796, USA

Oligos Etc. Oligos Etc.Inc.,

2W7O SW Town Loop West,

Suite 8419, Wilsonville, USA

Oxford Molecular Group Odord Molecular Group,

Medawar Centre,

Oxford Science Park,

Oxford, OX4 4GA, Eneland



xxrv

Perkin Elmer Perkin Elmer Cetus,

761 Main Avenue,

Nonualk, CT 06859, USA

Pharmacia Pharmacia LKB Biotechnology,

Bjdrkgatan 30,

5-751 Uppsala, Sweden

Polaroid Polaroid Corporation,

549 Technology Square,

Cambridse. MA 02139, USA

Promega komega Corporation,

280O Woods Hollow Road,

Madison, WI 5371 1-5399, USA

QIAGEN QIAGEN GmbH,

Max-Volmer-StraBe 4,

Q7A+ Hilden, Germany

Research Genetics Research Genetics,

2130 Memorial Parkway,

Huntsville, AL, 35801, USA

Riedel-de Ha€n Riedel-de Ha€n,

Aktiengesellschaft,

Wunstorfer StaBe 4O,

P.O. Box D-3016 Seeze

Hanover. Germanv

Roche Molecular Biochemicals Roche Molecular Biochemicals,

D-682913 Mannheim, Germany

Schott-Ger6te Schott-Ger[te GmbH.

[6 t anggewann 5,

P.O. Box 1130,

D-6238 Hofheim, Germany

SDR Clinical Technology SDR Clinical Technology,

213 Easter Valley Wuy,

Middle Cove, N.S.W }O8,Australia
Sigma Sigma Chemicals Co.,

St. louis, MO 63178, USA

Stephens Scientific Stephens Scientific,

Division of Cornwell Corporation,

Riverdale, NJ 07457-1710, USA



xxv

Stratagene Stratagene Cloning Systems,

ll0ll NorthTorrey Pines Road,

LaJolla, CA Y2087, USA

Summit Aquaculture Summit Aquaculture Technologies, L.C.,

2331 North 1350 West,

Oeden. UIT 84404, USA

Sutter Instmment Co. Sutter Instrument Co.,

40 lrveroni Court,

Novato, CA 9+9+9, USA

Terumo Terumo Medical Corporation,

Elkton, MD 21921, USA

Wallac Wallac Oy,

P.O. Box 10,

FIN-20101 Turku, Finland

Whatman Whatman L,aboratory Products Inc.,

9 Bridewell Place,

Clifton, NJ ffiOl4 USA

Zeiss Carl Zeiss,Inc,,

One Zeiss Drive,

Thornwood. t{Y 10594 USA
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Chapter 1

Introduction

l.L The transforming growth factor B superfamily

Members of the transforming growth factor p (TGFB) superfamily of secreted

growth factors have many functions including roles in gastrulation, neurogenesis,

chondrogenesis, patterning, organogenesis, chemotaxis, differentiation, cell cycle control,

immunosuppression, proliferation and apoptosis (reviewed in Massague, 1998). A

number of human disorders result from the loss of correct TGFp superfamily signalling

(Table 1.1) and the TGFp superfamily sigualling pathway is compromised in all

pancreatic and colon cancers, and in many other cancers and leukemias (Massague et al.,

2000).

The TGFp superfamily is generally divided into two functional branches

comprising the closely related BMP (bone morphogenetic protein) family (Figure l.l)

and the diverse TGFp/ActivinA{odal family. Both the BMP and TGFp/Activin/tlodal

families signal through a simple pathway that includes the type I and type II

serine/threonine kinase receptors and the Smad proteins, which act to co-repress or co-

activate target gene expression.

While some TGFB superfamily members are expressed in only a few cell types or

for limited periods of time during development, other superfamily members are expressed

widely in both embryonic and adult tissues. For example, Myostatin is only expressed in

skeletal muscle (McPhenon and l-ee,1997\, while decapentaplegic (dpp) mutants display

defects in at least 15 of the major imaginal discs (Spencer et al., l9B2).



neurturin
Gdnt
I{is
activinBe
activinBc
activinpa
activinBb
myostatin
cdfL1
BmpS

Bnp6
BmpT
BnpS
edfs
Gdt6
GdtT
Bnp9
BnpL0
Bnp2
Bnp4
GdTJ.

edf70
nodal
rsfp3
rsfB2
rgtBl
GdTTs
cdf9
Bnpl5

BMP
family

inhibin-a
lefty

Figure 1.1, The phylogenetic relationship of the mouse members of the TGFp

superfamily. The mature domains of mouse TGFp superfamily members were aligned

using Geneworks (IntelliGenetics). GenBank accession numbers: neurturin (W63),
Gdnf (P4854O), Mis (Y27106), activinFe (M_032ffi), activinpc (P55104), activinpa

(Q049!A), activinBb (Q04999), myostatin (U84(nt, Gdfl l (AF100906), Bmpj (l499.Z),

Bmp6 (nV722), BmpT (NP-031583), BmpS (Hi482l), GdfS (NP-032135), Gdft
(AAA18in9), GdfT ( AA18780), Bmpg (AF188286), Bmpl} (AF101033), Bmp2

(NP-031579), Bmp4 (NP-031580), GdfI (NP-032133), GdfI} (Wn37\ nodal

(P43o2r), TsfP3 (NP-0333e1), TsfP2 (Pnwo), Tsfpt (ru2o2), Gdfls (NP-O3slte),

B mp I 5 (NP_033 887), inhibina (Q04997), lefty (CAA6909).



2

HI,JMAN DISORDER AFTECTED GEI\IE(S) RBFERBNCES

Proximal synphalangism;

multiple synotoses

noggin (antagonist) (Gong et al., 1999)

Persistent Miillerian duct

syndrome

AMH(ligand),
AMHRII (AMH type II
receptor)

(Belville et al., 1999)

Hereditary

chondrodysplasia

GDFS (ligand) (Polinkovsky et al., 1997;

Thomas et al., 1997;

Thomas et al., 1996)

Hereditary hemorrhagic

telanglectasia

endoglin (TGFF type III
receptor), ALK-l (TGFB

type I receptor)

(Abdalla et al., 2000)

(Lux et al.,2000)
(Pece-Barbara et al., 1999)

Hereditary non-polyposis

colorectal cancer

TGFQRII (type II TGFp

receptor)

(Lu et al., 1996)

(Akiyama etal., 1997)

Familial primary pulmonary

hypertension

BMP2 (ligand) BMPRII
(type II BMP receptor)

(The International PPH

Consortium et al., 2000;

Deng et al., 200O; Machado

et a1.,2001; Thomson et aI.,

2000)

Juvenile polyposis

syndrome

SMAD4 (signal

transduction)

(Howe et al., l9!n)

Holoprosencephaly TG IF (transcriptional co-

repressor)

(Gripp et a1.,2000)

Progressive diaphyseal

dysplasia

TGFpI (ligand) (Janssens et a1.,2000;

Kinoshita et al., 2000)

Cleidocranial dysplasia CBFAI (signalling co-

factor)

(Lee et al.,1997; Mundlos,

1999)

Table 1.1. Mutations in human TGFp superfamily ligands, extracellular antagonists, and

in downstream components of the signalling pathway.

l.L.L Structure and processing of TGFB superfamily proteins

TGFF superfamily members are synthesised as large precursor proteins that arc

proteolytically processed to release the active secreted mature domain. The precursor

proteins consist of a signal sequence peptide, a pro-domain, and the mature domain

(Figure l.2A). The pro-domain sequence is poorly conserved between TGFp superfamily



T
Leader

(15-25 aa)

A.

Pro-domain
( 50-375 aa)

cccccoc
Mature domain

( 1.1.0-140 aa)

B.

HeeI

Finger 2

Figure 1.2. Structure of the TGFB superfamily ligands. (A) The primary structure of

TGFp superfamily members, modified from (Kingsley, 1994). TGFp superfamily ligands

are synthesised as precursor proteins comprised of a short leader peptide, a pro-domain of
variable length, and a highly conserved mature domain. TGFp superfamily members are

proteolytically processed at a dibasic cleavage site, RXXR, to release the biologically

active mature domain polypeptide. The mature domain contains the seven cysteine

residues that form the cysteine knot motif characteristic of the TGFp superfamily. (B)

Schematic drawing of the primary and secondary structures of the TGFp superfamily

monomer, modified from (Daopin et al., 1992: Griffith et al., 1996). a-helices are

represented by boxes and B-sheets by arrows. Structures present in TGFB2 are displayed

in red; other structures are common to nearly all members of the TGFp superfamily. The

intrasubunit disulfide bonds that make up the cysteine knot motif are displayed in green.

The conserved cysteine residues are numbered in order. The secondary structure

resembles a hand, with the coillmon a-helix making up the heel and the p-sheets the

fingers.
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members but more highly conseryed irmong the same protein isolated from different

species (Kingsley, 1994). The mature domain sequence is highly conserved between

species, and between subgroups of TGFp superfamily members, hence phylogenetic

classification of the TGFP superfamily is usually based upon mature domain sequences

(Davidson et al., 1999; Hogan, 1996).

1.1.1.1 The TGFB superfamily pro-domain

The function of the pro-domain has not been extensively studied, but it may play

roles in the synthesis, stabilisation, folding, and secretion of the active ligand (Constam

and Robertson, 1999; Gray and Mason, 1990; Hammonds et al., 1991; Thomsen and

Melton, lgg3).The in yfvo half-life of the mature ligand is significantly inlluenced by the

identity of its pro-domain (Constam and Robertson, 1999). The NODAL ligand is highly

unstable in transfection assays and this instability is imparted by the pro-domain

(Constam and Robertson, 1999). Fusion of the NODAL pro-domain with either the

BMP4 or DORSALIN mature domains renders these ligands unstable and, conversely,

fusion of the NODAL mature domain with the DORSALIN pro-domain stabilizes the

NODAL ligand (Constam and Robertson, 1999). Mature TGFp is secreted in noncovalent

association with a disulfidelinked homodimer of its pro-domain, which masks the

activity of TGFp and prolongs its iz vivo half-life (Gentry et al., 1988; Miyazono et al.,

19{38; Wakefield et al., 1988; Wakefield et al., 1990). An association of the mature

domain of DORSAIINI with its pro-domain has also been described (Constam and

Robertson, L999), however, no association of the mature domain of BMP4 with its pro-

domain has been found (Constam and Robertson, 1999; Hammonds et al., l99l; Wozney

et al., l9B8).
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t.l.l.z Processing of the TGFB superfamily precursor protein

The functional cleavage site of TGFp superfamily members is predicted to be the

conserved dibasic amino acid motif, RXXR, immediately amino-terminal to the first

conserved cysteine residue. This has been confirmed by amino-terminal sequencing of

mature ligands (Basler et al., 1993; Celeste et al., 1990; de Martin et al., 1987; Derynck et

al., 1985; Graycar et al., 1989; Hammonds et al., 1991; Ling et al., 1986; Panganiban et

al., l99O). The substilisinlike proprotein convertase (SPC) family hydrolyze peptide

bonds that are preceded by the dibasic motif RXXR (Creemers et al., 1993; Molloy et al.,

1992). Roles for SPCI and SPC4 in BMP4 and NODAL processing in vitro (Constam

and Robertson, 1999; Cui et al., l9!E) and TGFp signaling in vivo (Constam and

Robertson,2000a; Constam and Robertson,2000b) have been identified.

Proteolytic processing of TGFp superfamily precursor proteins releases a mature

domain of 110-l40aa (Kingsley, 1994), although some antagonistic members (see

Section 1.1.3.1) have a much longer mature domain. The mature domain ligands are

active as dimers which form before secretion (Hogan, 1996). If one or more related TGFp

superfamily members are expressed within the same cell, the active ligand can form

either a homodimer or a heterodimer. Naturally occurring heterodimeric ligands include

TGFpI/TGFp2 (Cheifetz et al., 19{17), TGFF2/TGFp3 (Ogawa et al., 1992) and the

ACTIVINs (Ling et al., 1986).

1.1.1..3 Structure of the mature domain ligand

The mature domain contains seven conserved cysteines that form the cysteine

knot motif (McDonald and Hendrickson, 1993), which is a characteristic feature of

members of the TGFp superfamily (Figure l.2B). The crystal structurc of the cysteine

knot motif was determined by three-dimensional studies of TGFB superfamily members
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(Daopin et al., 1992; Griffith et al., 1996; Hinck et al., 1996; Mittl et al., 1996; Scheufler

et al,, 1999; Schlunegger and Grutter, 1992). The cysteine knot motif is formed by

disulfide bond pairs between the first and frfth, the second and sixth, and the third and

seventh cysteine residues. The first and fifth cysteine pair bond fonns through a ring

created by the other two disulfide bond pairs (Egure 1.28). The monomer fold has been

described as resembling a "left hand" (Figure l.zBxcriffith et a1., 1996). The active

dimer is formed by the association of the "heel" of one monomer with the "fingers" of the

other monomer, and is stabilised by a disulfide bond between the fourth conserved

cysteine residues of each monomer (Grifnth et al., 1996). The mature domains of the

TGFps, growth/differentiation factor (GDn ll, Myostatin, and the Activins have two

additional conserved cysteines, that form a disulfide bond anchoring a short a-helix to the

first B-sheet of finger one (Daopin et al., l99 z).

1.1.2 TGFB superfamily signal transduction

Signal transduction of the TGFp superfamily (overviewed in Figure 1.3) has been

elucidated by multidisciplinary efforts in model systems such as Drosophila,

Caenorlnbditis elegans, Xenopus, zebrafish, the mouse, and in mammalian tissue culture

(Hogan, 1996; Raftery and Sutherland, 1999; Sakou, 1998; Zimmerman and Padgett

2000).

TGFp super{amily members transduce their signals via trans-membrane serine-

threonine kinase receptors (reviewed in Massague and Weis-Garcia, 1996). Only the

distantly related TGFF superfamily member glial cell-derived neurotrophic factor

(GDND does not sigual via the serine/threonine kinase receptors. GDNF, which is one of

the most divergent members of the TGFp superfamily, signals via the receptor tyrosine

kinase Ret (Massague, 1996).
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The receptor serine/threonine kinases are divided into two subtypes, the type I

receptors (listed in Table 1.2) and the type II receptors (listed in Table 1.3), based upon

phylogeny and functional similarities (Massague, 1998). Muttiple splice variants of the

serine/threonine kinase receptors have been identifred (Attisano et al., 1992; Ethier et al.,

1997; Mathews and Vale, l99l; Shoji et al., l99B). The function of the majority of the

different splice variants is unknown, however, it has been shown that some modify

ligand-binding affinities (Attisano et al., 1992\.

Table 1.2. The mammalian type I serine/threonine kinase receptors. Potential ligands are

indicated.

Table 1.3. The mammalian type II serine/threonine kinase receptors. Potential ligands are

indicated.

RECEPTOR LIGAND(S) REFERENCES

TBRUALKs TGFF (Franzen et al., 1993; Yamashita et al., 1994)

ActRIB/ALK4 ACTIVIN (Carcamo et al., L994; ten Diike et a1., 19%)

BMPRWALK3 BMP (Yamashita et al., 1995)

BMPRIB/ALK6 BMP (Koenig et al., 1994)

ALKT unknown (Ryden et al., 1996;Tsuchida et al., 1996)

ALKI TGFB. weaklv (Attisano et al., 1993)

ActRIIALK2 TGFp, BMP and

possibly AMH

(Attisano et al., 1993; Ebner et al., 1993; He et

al., 1993; Liu et a1.,1995; ten Djke et al.,

1994a; ten Dijke et al., 1994b; Yamashita et al.,

lees)

RECEPTORS LIGAI\ID(S) RBFERENCES

TSRII TGFF (Lin et al.,1992)

BMPRII BMP (Liu et al., 1995; Nohno et al., 1995; Rosenzweig

et al., l99t
AMHR AMH (Baarends et al., 1994; di Clemenle et al., I99/l)

ACTRIIA
and

ACTRIIB

ACTIVIN or

BMP depending

on the type I
receDtor

(Attisano et al., 1992; Hoodless et al., l9%;
Mathews and Vale, l99l; Mathews et al., 1992;

Nishitoh et al., 1996; Yamashita et al., 1995)
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Cross-linking studies highlighted a third receptor subtype (Cheifetz et al., 1987),

the type III receptor, that was subsequently identified as colresponding to either

betaglycan or endoglin (Gougos and Letarte, 1990; Lopez-Casillas et al., 1991; Wang et

al., l99l). The type III receptors have no intrinsic signalling function, but act to regulate

access of ligand to the type I and type II receptors (Massague, 1998). Betaglycan

functions as an Inhibin co-receptor, in association with ACTRII, and mediates the

antagonism of Activin function by Inhibin (Lewis et a1.,2000).

l.l.2.l Activation of the TGFB serine/threonine kinase signalling

complex

The BMP and TGFp/Activin/Nodal families signal via different subclasses of

type I and type II receptors and different receptor associated Smads (see Tables 1.2 and

1.3 and Figure 1.3). The ligands are active as dimers, with each monomer having contact

sites for both type l, and type II, receptors (Kirsch et al., 2000). Two different modes of

ligand binding have been described for the BMP and TGFp/Activin/Nodal families

(Massague, 1998). The type I receptors for the TGFp/Activin/i'Iodal family can only bind

ligand already bound to the type II receptor (Attisano et al., 1993; Bassing et al.,1994;

Ebner et al., 1993; Franzen et al., 1993).An active TGFp/Activin/t{odal receptor

complex is therefore achieved by ttre binding of ligand to the type II receptor and the

subsequent recruitment of the type I receptor. The BMP fardly ligands bind

cooperatively to the type I and type I[ receptors as they have higher affinity for co-,

expressed receptors than for either receptor alone (Koenig et al., 1994; Liu et al., 1995;

Natsume et al., 1997; Nishitoh et al., 1996; Nohno et al., 1995; Rosenzweig et al., 1995:

ten Dijke et al., 1994b). BMP ligands hence form an active signalling complex by the

simultaneous recruitment of both type I and type II receptors.
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Formation of a heterotetrameric receptor/ligand complex results in

phosphorylation of the type I receptor by the type II receptor (Attisano et al., 1996;

Souchelnytskyi et al., 1996; Wieser et al., 1995; Wrana et al., 1994). The activated type I

receptor then phosphorylates the Smad proteins (Kretzschmar et al., 1997: Macias-Silva

etal.,1996).

1.1.2.2 Intracellular transduction of the TGFp signal

The Smads are the only known proteins capable of transducing the TGFp

superfamily signal. The Smad proteins fall into three subfamilies based upon phylogeny

and function; the "receptor-regulated" or R-Smads, the "common" or Co-Smads, and the

"antagonistic" or anti-Smads (Zimmerman and Padgett, 2000). The R-Smads are further

divided into two groups based upon which members of TGFp superfamily they transduce.

Smadl/Smad5lSmad8 specifically transduce BMP signals (Chen et al., lWIb; Graff et

al.,'1996; Suzuki et al., 1997; Thonxien, 1996; Yamamoto et al., l9g7), while

Smad?Smad3 transduce TGFp/Activin/Nodal signals (Baker and Harland, 1996; Eppert

et al., 1996; Graff et al., 1996; Macias-Silva et al., 1996). The specificity of the R-Smads

for either the BMP or TGFp/ActivinA.,lodal pathway is determined by their affinities for

particular type I receptors (Chen et al., 1998b; Lo et al., 19JE; Persson et al., 1998).

1.L2.3 The receptor-associated Smads

The Smads consist of two conserved globular domains; the MHI and MHZ

domains (Shi et al., lW; Shi et al., 1998). The MHI domain recognises the DNA

sequence CAGAC (Kim et a1.,1997; Shi et al., 19'98; Tawel et al., l9!A) while the MH2

domain mediates a number of protein-protein interactions (Zimmerman and Padgett,

2000). The MH2 domain of Smad2 and Smadl also has an intrinsic nuclear import
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activity (Xu et al., 2000). The Smads are cytoplasmically localised in the absence of

signal but are translocated to the nucleus upon receptor activation (Inoue et al., 1998;

Maduzia and Padgett, lW7). The protein SARA (Smad 4nchor for geceptor activation)

plays roles in presenting R-Smads to their receptors, tethering R-Smads in the cytoplasm,

and occluding the intrinsic nuclear import signal (Tsukazaki et al., 1998; Xu et al., 2000).

Receptor phosphorylation of the R-Smads increases their affinity for the Co-Smads and

phosphorylation of Smad2 diminishes its affinity for SARA, thus exposing the nuclear

import signal of the MH2 domain (Xu et al., 2O0O). The cytoplasmic protein, ARIPI

(Activin leceptor-lnteracting Brotein 1), has been shown to bind to both ACTRIIA and

Smad3 and may play a role similar to SARA (Shoji et a1.,2000).

Lf.2.3.1 The common-Smads and DNA binding

The Co-Smads are essential for the assembly of ranscription complexes (Xu et

al., 2000) and can enhance the signalling of both BMP-specific and TGFp/Activin/Nodal-

specific R-Smads (Lagna et al., 1996). The only identified mammalian Co-Smad, Smad4,

was isolated in a search for genes homozygously deleted in pancreatic carcinomas and is

also referred to as DPC4 (Deleted in pancreatic gancer 4) (Hahn et al., 1996).The Smads

appear to function as oligomeric complexes that consist of a homohimer of Smad4 and a

homotrimer of a specific R-Smad, although the exact composition has not been

determined (discussed in Raftery and Sutherland, 1999).

Smad complexes recognise and bind to the sequence CAGAC, although the

affinity of this interaction is low (Shi et al., 1998). DNA-binding co-factors must

therefore associate with the Smad complexes to provide strong and highly specific

recognition of regulatory elements in target genes (Massague and Wotton, 20OO). Several

such co-factors have been identified that associate with MH2 domains of the Smad

proteins. The co-factors LEFI/TFE| and the AML proteins, but not FASTI, OAZ, Mixer,
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and Milk, have intrinsic trars-activating activity (Chen et al., lWa; Gerrrain et al.,

2000; Hanai et al.o 1999; Hata et al., 2000; Hua et al.,1999; Labbe et al., 2000; l,abbe et

al., 1998; Pardali et al., 2000; Saijoh et al., 2000). Other co-factors, such as the API

transcription factors, bind to the linker reglon between the MHI and MH2 globular

domains of the Smad proteins (Wong et aI., 1999; Zhang et al., 1998b). While other co-

factors, such as HOXC8, HOXA9 and the vitamin D receptor transcriptional regulator,

TIF2, bind to the MHI domain (Shi et a1., 2000; Shi et aI., 1999:' Yanagisawa et al.,

re99).

Once a Smad complex binds to a target gene, tie Smads may recruit the co-

activators p300/CBP,which have histone acetyl transferase activity, or the co-repressors

TGFI, CSKI and SNON, which recruit histone acetylases (Derynck et al., l9!}8;

Massague and Wotton,2000). Smads may therefore activate, or repress, transcription of a

target gene by altering nucleosome structure and facilitating or preventing the formation

of a functional transcription complex.

1.1.2.3.2 The antagonistic-Smads

Smad signalling is in part regulated by a feedback mechanism involving the anti-

Smad proteins, Smad6 and Smad7. Smad7 inhibits activation of the R-Smads by

occupying the type I receptors (Heldin et al., 1997; Massague, 1998). Smad6 inhibits

signalling by competition for Smad4 (Hata et al., 1998; Ishisaki et al., 1999), while at

higher concentrations can also occupy type I receptors (Imamwa etal.,1997). Expression

of Smad6 and, SmadZ is increased in response to BMP and TGFp/Activin/Nodal

signalling, indicating a negative feedback mechanism (Ishisaki et al., 1999; Ishisaki et al.,

1998; Nakao et al., lgg7).Smad signalling is also regulated at a number of different

points by interactions from other signalling pathways including the RAS pathway

(reviewed in Massague and Chen,2000).
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1.L.2,4 Targets of TGFB superfamily signalling pathways

A limited number of target genes for the TGFp superfamily have been identified.

Activin responsive elements (ARE), which facilitate transcriptional regulation of the

Activin pathway, have been identified in a number of Xenopus Activin-inducible genes;

including gsc (Watabe et al., 1995), mix2 (Huarrg et al., 1995), hnfl a (Weber et al.,

1996), xliml (Rebbert and Dawid, lW7\, xbra (Iatinkic et al., l9g7), and xfdl

(Kauffman et al., 1995). An ARE, which is activated by Activin, B-Vgl and

autoactivated by Xnrs (Xenopus Nodal related proteins), has also been identified in the

first intron of xnrl, suggesting a positive feedback mechanism (Osada et al., 200O). The

Activin response factor (ARD was identified as the factor that binds to the mix2 promoter

in response to Activin signalling (Huang et al., 1995). The components of ARF have

subsequently been identified as Smad2, Smad3, Smad4 and Fastl (Chen et al., 1996b;

Chen et al.,1997a; labbe et al., l99B; Liu et al., 1997;Yeo et al., 1999).

1.1.3 Extracellular antagonists of TGFp signalling

The ubiquitous expression patterns of several type I receptors (Dewulf et al.,

lD5; Ikeda et al., 1996), type II receptors (Nagaso et al., 1999) and Smads (Muller et al.,

1999) suggests that most cells have the capacity to receive BMP signals. The morphogen

hypothesis proposes that a gradient of instructive signal specifies different cell fates over

a range of different concentrations. Activins and BMPs specify multiple cell fates over a

range of concenhations ln vitro and there is indirect evidence that suggests these factors

acts as morphogens in vivo (Dale and Wardle, l99P; Dosch et al., 1997; McDowell and

Gurdon, l9D; Whitman, l9{)8).

The extracellular antagonists help to define the gradient of active ligand (the

morphogenetic potential) by preventing the binding of ligands to their receptors and/or
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preventing receptor activation. The extracellular antagonists include TGFp superfamily

member ligands and pro-domains, type I receptors, and a group of unrelated secreted

molecules that specifically bind ligands and inhibit receptor activation.

l,.13.L TGFp superfamily members as antagonists

One of the six Xenopus Nodal-related genes, xnr3, inhibits BMP and Activin

activity (Hansen et al., L997). Xnr3 lacks the seventh conserved cysteine and unlike other

TGF superfamily members, which have glycine located between the second and third

cysteines, Xnr3 contains a serine in this position (Ezal et a1.,2000). It has been speculated

that Xnr3 may act as a receptor antagonist (Hansen et al., lWl).

The lefty-related genes, which antagonise Nodal signalling, lack both the fourth

cysteine residue and the long cr-helix (see Figure t.3) that are required for dimerisation

and dimer stabilisation, respectively (Meno et al., 1997; Meno et al., 1996; Thisse and

Thisse, 1999). lefty proteins are active as monomers and may act to block the

availability of the receptors for Nodal (Schier and Shen, 2O0O). The mature domain of

Lefty-related proteins (286291aaXThisse and Thisse, 1999) is almost twice the length of

that of otherTGFp superfamily members (l lO-l4O aa) (Kingsley,1994).

The Inhibins and Activins are comprised of four different p-subunits and a single

cr-subunit (Pangas and Woodruff, 2000). Inhibin is formed by a dimer between two

dissimilar subunits; an cr-subunit and a p-subunit, while Activin is formed by a dimer

between two p-subunits (Pangas and Woodruff,2000). Inhibin antagonises the biological

activities of Activin (Lebrun and Vale, 1997; Xu et al., 1995). Inhibin may antagonise

Activin signalling by competing for binding to the type I and II receptors (Attisano et al.,

1992; I-ebrun and Vale, 1997: Mathews and Vale, 1991).
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BMF3 antagonises the osteogenic activity of BMP2 and acts as a negative

regulator of bone density (Daluiski et al., 2001). BMP3 antagonises BMP2 activity

independently of the BMP receptors but was shown to activate a TGFp/Activin specific

pathway, suggesting that BMF3 antagonism may act by competition for intracellular

signalling molecules (Daluiski et a1.,2001).

The pro-domain of TGFp, also referred to as the latency associated peptide, acts

as an extracellular antagonist. The pro-domain of TGFF remains noncovalently bound to

the mature domain after secretion, thus preventing an association of TGFp with its

receplors (Gentry et al., 1988; Miyazono et al., l9B8; Wakefield et al., l9B8).

1.13.2 Antagonistic receptors

Human NMA, zebralish nma, and Xenopus bambi encode transmembrane proteins

that show similarities to the type I receptor extracellular domain, but lack the cytoplasmic

kinase domain required for type I receptor activity (Degen et al., 1996; Onichtchouk et

aL., 1999; Tsang et al.,2OO0). Overexpression of NMA-related genes during zebrafish and

Xenopus development results in inhibition of BMP signalling (Onichtchouk et al., 1999;

Tsang et al., 2000). It has been shown that Bambi inhibits BMP signalling by forrring

heterodimers with type I receptors (Onichtchouk et al., 1999).

1.1.3.3 The extracellular antagonists Chordin, Noggin, Follistatin and

the DAlrl-familv

The dorsal/ventral (DV) pattern of an embryo is determined by a morphogenetic

gradient of BMP activity that is patterned by the antagonism of Chordin, Noggin,

Follistatin and the DAN family of secreted proteins (reviewed in Dale and Wardle,1999;

Hammerschmidt et al., 1996d; Holley and Ferguson,1997; Thomsen, IgqD.
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Chordin, Noggin, Follistatin and DAN-related proteins are structurally unrelated

secreted proteins that bind to TGFp superfamily members, thus prcventing activation of

their receptors (Hsu et al., 19{)8; Piccolo et al., 1999; Piccolo et al., 1997; Yokouchi et al.,

l99E; Zimmerman et al., 1996). Chordin and Noggin bind to BMP family members but

not to Activin orTGFp, (Piccolo et al., 1996; Zimmerman et al., 1996), while Follistatin

binds to both Activin and the BMPs (de Winter et al., 1996; Iemura et al., lgf8). It has

been suggested that some of these secreted proteins may act as reservoirs of active ligand

(Massague and Chen, 2000) and it has also been suggested that Follistatin may act to

target ligands for internalisation and lysosomal degradation (Hashimoto et al., L997).

The DAN family are also capable of coordinating signals from other pathways

(Hsu et al., 1998; Piccolo et al., 1999; Yokouchi et al., 1999). The Xernpns DAN family

member Cerberus, contains binding sites for Bmp4, Xnrl and XwnE (Piccolo et al.,

rege).

1.1.3.4 Antagonism of the antagonists

The morphogenetic gradient is also patterned by antagonism of the antagonists.

Genetic studies in Drosophfla identified tolloid (Marques et al., l9fl'l), which enhances

the activity of the Bmp4 ortholog, DPP (Ferguson and Anderson, 199 2). This

enhancement is mediated by proteolytic cleavage of the Drosophila ortholog of Chordin,

Short Gastrulation (Francois and Bier, 1995). It has been shown that the Xenopus Tolloid

homolog, Xolloid, cleaves Chordin at two specific sites (Piccolo et al., 1997), thus

decreasing the affinity of Chordin for Bmp4 and restoring BMP activity (l,arrain et al.,

2000). Theoretically, the interaction of BMP ligand, Chordin and Tolloid could create a

complex gradient of BMP activity (see Figure 1.4 for model) whereby rwo domains of

activity could be specified a number of cells apart.
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1.L.4 The BMP family

The BMP family includes the Drosophila ligands Decapentaplegic (DPP), Glass

bottom boat-6oA and Screw, and their closely related vertebrate homologs BMP2 to

BMP1O and growth/differentiation factor 5 (GDFS) to GDFT (Celeste et al., 1994i

Neuhaus et al., 1999; Raftery and Sutherland,1999; Sakou, I99B).BMP family members

have seven conseryed cysteines and form a closely related subgroup of the TGFP

superfamily (Figure l.l). The first BMPs were isolated from demineralised bone by their

ability to induce ectopic bone formation (Wozney et al., l9B8). The BMP family regulate

a number of cellular functions and play important roles in a number of diverse processes

such as chondrogenesis, mesoderm pafierning, organogenesis, and neurogenesis

(reviewed in Dale and Jones, 1999;Hogan, 1996; Massague, l99B; Sakou, 1998).

BMP family members may show functional redundancy. For example, during

early mouse development, the expression pattern of Bmp| is very similar to that of BmpT

(Lyons et al., 1995; Solloway and Robertson, 1999). l-oss-of-function mutations in Bmp5

are viable but display defects in the development of specific bone elements and several

soft tissues (King et al., 1994; Kingsley et 
^1., 

IWz). Loss of BmpT function causes focal

defects in the eye, kidney, and skeleton at sites where BmpT appears to be the only BMP

present (Dudley et al., 1995; Dudley and Robertson, 1997; Luo et al., 1995). Double

BmpTlBmpS mutants have additional defects in tissues and organs, such as the heart,

where transcripts for both genes are found (Solloway and Robertson, 1999).

Some BMP family members may act as heterodimers. Heterodimeric forms of

BMP?S, BMP2I6, Blvlf|zlT and BMP4/7 have been found to be more potent in the

induction of alkaline phosphatase activity in vito than individual homodimers (Israel et

al., 1996). It was also found thatBMWT and BMP?6 heterodimers were more potent in

the induction of ectopic bone in vivo than BMP2 alone (Israel et al., I996).In zebrafish,

the dorsalised snailhouselbmp7 null mutant phenotype is identical to the swirllbmp2b
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phenotype (Kishimoto et al., 1997; Mullins et al., 1996; Schmid et al., 2000). Double

mutant snailhouse;swirl embryos do not exhibit stronger dorsalised phenotypes,

indicating that these genes have equivalent genetic roles but are not functionally

redundant (Schmid et al., 2000). Furthermore, overexpression experiments reveal that

bmp2b and bmpT synergise in the ventralisation of wild-type embryos through a cell-

autonomous mechanism, suggesting that bmp2blbmpZ heterodimers may act in vivo to

specify ventral cell fates in the zebrafish embryo (Schmid et al., 2000).

The high level of relatedness between BMP family members is not predictive of

their biological function. For example, BMPT (also referred to as Osteogenic protein I

(OPl)) isX)Vo identical to BMP6 and only 6O% identical to BMP2 and BMP4. Cells can,

however, be induced to express nsx,l upon implantation of beads coated with BMP2,

BMP4 and BMPT but not with beads coated with BMF6 (Furuta et al., 1997; Shimamura

and Rubenstein, 1997).

l.l.4.l The BMP9/10 subfamily

The BMP family comprises a closely related subgroup of the TGFp superfamily

that signal via the R-Smads, Smadl/Smad5/Smad8, and play many important roles both

during development and in the adult. The genes Bmp9, Bmpl0 and dorsalinl (Basler et

al., 1993; Celeste et al., lD4; Neuhaus et al., 1999) comprise a subgroup of the BMP

family referred to as the BMPg/IO subfamily. The BMP9/10 family members are

generally expressed in a limited number of tissues, including the liver and the heart, and

may have potential roles in trabeculation, haematopoietic and hepatic proliferation, and

cholinergic differentiation.
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1.1.4.1.1 Isohtion and characterisation of rodent Bmp9

Mouse Bmpg was isolated from a fetal liver cDNA library in a degenerate

oligonucleotide PCR screen for new TGFP superfamily members (Celeste et al., 1994).

Bmpg is expressed significantly in the mouse fetal liver (Celeste et al., 1994) and the rat

adult liver (Mitler et al., 2000). Within the adult liver, Brnpg is expressed specifically in

non-parenchymat cells (Miller et al., 2000). tsl-labelled recombinant human BMP9 (t2sl-

rhBMPg) bound reversibly and specifically to Kupffer and liver endothelial cells but not

to hepatocyte primary cultures (Miller e[ al., 2000). ttI-rhBMPg also binds human

HepG2 liver tumor cells with high affinity and specificity (Song et al., l99t. Binding of

trI-rhBMPg to Kupffer and liver endothelial primary cell cultures was not competed for

by the addition of excess unlabelled BMP2, BMP4, BMP6, TGFpl, orTGFp3 (Miller et

al., 2000). In addition, binding of tEI-rhBN{Pg to HepG2 cells was not competed for by

the addition of a 100-fold excess of unlabelled TGFBI, TGFB2, rhBMP2, rhBMFti,

rhBMP4, rhBMP5, rhBMPS, or a rhBMP?6 heterodimer (Song et al., 1995). These

results indicate that BMPS may act through a novel set of receptors, as other TGFp

superfamily members do not compete for binding to HepG2, KC and LEF cells.

Another indicator of a novel receptor for BMP9 was the observation that both

Kupffer and liver endothelial cells internalispd t5I-rhBMPg (Miller et al., 2000), although

internalisation of TGFp has also been reported in rat kidney, and mouse BALB/c 3T3,

fibroblast cells (Frolik et al., 19{34; Massague and Kelly, l9tl6).

Roles for rhBMPg have been described in hepatic cell growth and function,

haematopoietic cell proliferation and as a cholinergic differentiation factor (Song et al.,

1995; Ploemacher et al., 1999; lopez-Coviella et al., 2000). rhBMP9 stimulates HepG2

cell proliferation and primary rat hepatocyte proliferation in a dose-dependent manner fn

ultrro (Song et al., 1995). In the presence of neutralising antibodies to TGFpl, rhBMP9

synergises with various combinations of the cytokines Interleukin 3, Steel factor, Fetal
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liver kinase 2, Interleukin llll2, Granulocyte macrophage colony stimulating factor, and

Macrophage colony stimulating factor, to increase the number of clonable haematopoietic

progenitors and to stimulate the time of colony appearance and colony size (Ploemacher

et al., 1999). Bmpg expression has not been detected in haematopoietic tissues, but rEI-

BMP9 binds specifrcally to haematopoietic cells (Ploemacher et al., 1999), suggesting

that BMP9 acts as a haematopoietic hormone.

Expression of mouse Bmpg was also detected in the septum and the spinal cord of

the fetal central nervous system at 14 days post coitum (dpc) by RT-PCR (Inpez-

Coviella et al., 2000). In primary septal cultures, rhBMPg increased acetylcholine (ACh)

levels 2O-fold (Lopez-Coviella et al., 2000). In comparison, only a a, l3-, or l4-fold

increase in ACh levels was detected in septal cultures treated with

rhBMP6/rhBMPT/rhBMPl2, rhBMP2, and rhBMP4, respectively (Lnpez-Coviella et al.,

2000). Recombinant human BMPS also induces a change in neural culture cell

morphology, from a uniformly dispersed monolayer, to round clusters that extended long

and numerous processes that express both choline acetyltransferase, the ACh-

synthesising enzyme, and vesicular acetylcholine transporter (L,opez-Coviella et al.,

2000). The choline acetyltransferase and vesicular acetylcholine transporter genes reside

in a single evolutionarily conserved genomic locus, which is thought to perrnit

coordinated regulation of their expression (Berse and Blusztajn, 1995). Expression of

both genes is significantly increased after rhBMP9 treatment (t opez-Coviella et al.,

2000). The expression of a luciferase reporter gene driven by the choline

acetyltransferase M promoter (Berse and Blusztajn, 1995) is also induced after rhBMP9

treatment (Lopez-Coviella et al., 2000). Injection of hBMP9 into the cerebral ventricles at

14 or 16 dpc results in aTOVo or3DVo increase in ACh levels, respectively.
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1.1.4.1.2 Chick dorsalinl

Chick dorsalinl (DSI/), was isolated from spinal cord cDNA by a degenerate

oligonucleotide PCR screen for new TGFp superfamily members (Basler et al., l9%).

DSLI expression is first detected in the dorsal third of the neural tube at the time of

neural tube closure (Basler et al., l9g3). Expression persists in the dorsomedial region of

the spinal cord, including the roof plate, until embryonic day 5 (the latest stage examined)

and is observed in the dorsal hindbrain after neural tube closure (Basler et al., 1993). The

only non-neural expression of DSLI is in the kidney and myotomal cells, but at a much

lower level than in the CNS (Basler et al., 1993). Expression of DSLI is regulated by

signals from the notochord. Notochord grafts result in the loss of DSLI expression

adjacent to the graft and ablation of the notochord leads to a ventral expansion of DSLI

expression (Basler et al., l9g3). These results suggest that the expression of DSLI in the

ventral neural tube is inhibited by signals from the notochord. DSLI induced neural

crest-like cell differentiation in neural plate explants and suppressed the differentiation of

motor neurons in explants exposed to ventralising signals from the notochord or floor

plate (Basler et al., 1993). DSLI is not, however, expressed until after neural crest cells

have been specified (Nakagawa and Takeichi, 1995; Nieto et al., 199[). BMP4 and

BMPT are also capable of inducing neural crest cell differentiation in vitro and are

expressed at the appropriate time in the epidermal ectoderm, which induces neural crest

cells (Liem et al., 1997; Liem et al., 1995). Epidermal ectoderm induction of neural crest

cells is inhibited by noggin and follistatin, which also inhibit the activity of BMP4 and

BMP7, but not of DSLI, to induce Dl neurons invitro (Liem et al., 1997). These results

suggest that DSLI is not directly involved in neural crest cell induction but may play a

later role in the fates of differentiating neural crest cells.

An association of the DSLI pro-domain with the DSLI mature ligand has been

reported (Constam and Robertson, 1999). The association of the pro-domain with the
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mature ligand may act to regulate access of DSLI to its cognate receptor and/or to

increase its biological half-life, similar to that described for TGFp (Gentry et al., 1988;

Miyazono et al., 1988; Wakefield et al., 1988; Wakefield et al., 1990).

1.1.4.1.3 Isolation and expression of movse BmpI0

A mouse BmpI0 probe was amplified from genomic DNA using degenerate PCR

with primers based on the sequence of human BMPI} (Neuhaus et al., 1999). The mouse

Bmpl} probe was then used to isolate clones from a mouse heart cDNA library by high

stringency homology screening (Neuhaus et al., 1999). Expression of BmpIO is detected

exclusively in the developing heart (Neuhaus et al., 1999). At 9 dpc, expression of Bmpl0

is restricted to the myocardial cells that form the trabeculae of the common ventricular

chamber and of the bulbis cordis (Neuhaus et al., 1999). The level of Bmpl0 expression

is most abundant in the trabeculated part of the ventricles through to 14.5 dpc (the latest

stage examined) and increases as the degree of trabeculation increases (Neuhaus et al.,

1999). From 12.5 dpc, expression of Bmplo is also detected in cells that form the

trabeculae of the inner atrial wall (Neuhaus et al., 1999). By Northern analysis of adult

tissues, BmplT transcripts were detected predominantly in the adult heart and at lower

levels in the adult liver and lung (Neuhaus et al., lg99). The expression pattem of Bmpl0

suggests a role in trabeculation of the embryonic heart.

1.1.5 The TGFB/Activin Alodat family

The TGFp/Activin/Nodal family have many diverse functions ranging from the

production of follicle-stimulating hormone, erythrcid cell differentiation, cell cycle arrest,

mesenchyme proliferation and differentiation, wound healing, immunosuppression,

mesoderm induction, left-right patterning, endoderm patterning, to anterior/posterior
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patterning and positioning (reviewed in Massague, 199{3; Schier and Shen, 2000).

TGFpiActivin/l',lodal family members are grouped together based upon the subclass of

receptors and signal transducers they utilise. At the nucleotide level the members of the

TGFp/Activin/Nodal family are no more closely related to one another, than they are to

other members of the TGFp superfamily (Griffrth et al., 1996).Functionally, Activin and

Nodal signal via the same subclass of type I and type II receptors (Schier and Shen,

2000), despite Nodal containing seven cysteine residues, and Activin containing an

additional two cysteine residues, within the mature domain. Nodal differs from other

TGFP superfamily members in that the position of the fourth cysteine residue is not

conserved (Ezal et al., 200O). Within most TGFp superfamily members, the fourth and

fifth cysteine residues are consecutive. In Nodal-related proteins, the fifth cysteine

residue is separated by two amino acids from the fourth cysteine residue.

1.1.5.1. The GDFII/DISTN subfamilv

The GDFI I/MSTN subfamily is comprised of vertebrate Gdfl I and Myostatin

(Mstn) and Drosophiln myoglianrn. GDFII/MSTN subfamily proteins contain niue

conserved cysteine residues, similar to the Activins and TGFps, and by phylogenetic

analysis, are most closely related to the Activins (Figure l.l).

1.1,5.1.1 Isolation and expression of Drosophila myoglianin

Drosophila myoglianin was isolated from the Berkeley Drosophila Genome

hoject Database in a search for sequences with similarity to BMPs (Lo and Frasch,

lDg). Drosophila myoglianin encodes a predicted protein of 598 amino acids, with 46Vo

identity over the mature domain region to mouse GDFI I and MSTN and 44Vo identity to

mouse BMP3 (also referred to as Osteogenin) (Lo and Frasch, 1999). BMP3, a regulator
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ofosteogenesis and chondrogenesis, contains only seven cysteines and is 17-19 aa longer

over the mature region than Myoglianin (Sampath et al., lW71' Wozney et al., 1988)

(Vukicevic et al., l9B9). Drosophila myoglianin is expressed throughout the

preblastoderm embryo but with a higher level of localisation in the future pole plasm.

Embryos mutant for oslcar (lrhmann and Nusslein-Volhard, 1985) lack pole plasm and

contain no posterior myoglianin localisation (Lo and Frasch, 1999). During gastrulation,

pole plasm transcripts appear to be incorporated into the pole cells (t o and Frasch, 1999).

At later stages of development, rnyoglianin is expressed in glial precursor cells, in the

somatic, visceral, and heart musculature and in a subset of cells in the brain and venhal

nerve cord that are presumably glial (Lo and Frasch, 1999\. Expression of myoglianin in

glial cells is supported by the observation (I-o and Frasch, 1999) that myoglianin is only

expressed in muscle populations in gltal cells missing mutant embryos, which lack glial

cells (Hosoya et al., 1995; Jones et al., 1995a; Vincent et al., 1996).

f.1.5.1.2 Isolntion and function of vertebrate myostatin

Mouse Mstn was isolated in a degenerate oligonucleotide PCR screen for new

TGFp superfamily members (McPherron et al., 1.99D. During early stages of

embryogenesis, Mstn expression is restricted to the myotome compartment of developing

mouse somites, while in later stages of mouse development and in adults, it is almost

exclusively expressed in skeletal muscle (McPhenon et al., 1997; McPherron and he,

lW7). Targeted disruption of the Mstn gene in mice results in a large increase in the size

of all adult skeletal muscles with individual muscles of mutant animals weighing 2-3

times more than those of wild-type animals (McPherron et al., 1997). The increase in

muscle mass results from a combination of muscle cell hyperplasia (an increase in

number of muscle fibres) and hypertrophy (an increase in muscle fibre diameter)

(McPhenon et al., l9qD. Subsequently, it was determined that "double-muscled" cattle
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breeds contain mutations in their MSTN genes (Grobet et al., 1997; Kambadur et al.,

1997; McPherron and l*e, 1997). The "double-muscled" Piedmontese bull contains a

point mutation that changes the fifth conserved cysteine residue into a tyrosine residue

(McPherron and l*e, 1997). This residue is conserved among all TGFp superfamily

members and is involved in forming the cysteine knot motif (Daopin et al., lWz)

(Griffith et al., l9%; Schlunegger and Grutter, IWZ). When this cysteine residue was

mutated to an alanine residue in ACTIVINPA, the mutant protein had only 2Vo of tte

activity of the wild-type protein (Mason, 1994). The Belgian Blue and Asturiana

"double-muscled" cattle breeds contain an I I bp deletion that results in a truncated

protein that lacks nearly the entire mature domain (Grobet et al., lW; McPherron and

I*e,1997).

A correlation between high levels of MSTN expression and muscle wasting in

HIV positive men has been reported (Gonzalez-Cadavid et al., l99tt).This finding, the

skeletal expression of Mstn, the mouse knockout phenotype, and the mutation of the

MSTN gene in "double-muscled" cattle, demonstrates that Mstn fnnctions directly as a

negative regulator of skeletal muscle growth.

1.1.5.1.3 Isolation and function of mouse Gilftl

Mouse Gdfl l was isolated from a mouse genomic library by high stringency

homology screening using the human homolog and was independently amplified from

mouse genomic DNA and rat dental pulp RNA by degenerate PCR (Gamer et al., 1999;

McPherron et al., 199; Nakashima et al., 1999). Expression of GdfI I is first detected

within the late primitive streak at 8 dpc (McPherron et al., 1999'). Expression within the

primitive streak is localised to the epithelium in anterior regions, and to the neural

epithelium and mesoderm in posterior regions (McPherron et al., 1999). At 9.5 dpc, when

the tail bud replaces the primitive streak as the source of new mesoderm (Schoenwolf,
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lVlT;Tam and Beddington, 1987; Tam and Tan, I9E2), expression of Gdfl I is detected

predominantly in the tail bud (Gamer et al., 1999; McPherron et al., 1999; Nakashima et

al., 1999). GdfII mRNA is also detected from 10.5 dpc in the dorsal neural tube (Gamer

et al., 1999; Nakashima et al., 1999). From 10.0 to 10.5 dpc, Gdfll is expressed in the

distal and posterior region of the limb bud and later localizes to the mesenchyme between

skeletal elements (Gamer et al., 1999; Nakashima et al., 1999). At later stages of

embryogenesis, Gdfl I transcripts are detected within the developing maxillary process,

the mandibular arch, the hyoid arch, the nasal epithelium, the retina, the lens, in

preodontoblasts and in terminally-differentiated odontoblasts (Gamer et al., 1999;

Nakashima et al., 1999). GdfI I is also expressed in specific regions of the developing

nervous system including the dorsal root ganglia, the dorsal lateral region of the spinal

cord, the thalamus, the hippocampus, the striatum, the preoptic area, the outer later of the

inferior colliculi, the fornix, and in various nuclei of the ventral midbrain and anterior

hindbrain (Gamer et al., 1999: Nakashima et al., 1999). In the adult brain, strong

expression of Gdfl I is detected in the thalamus, the Purkinje cell layer, the hippocampus

and in scattered cells of the midbrain and hindbrain (Nakashima et al., 1999).

ln Xenopus ectodermal explant (animal cap) assays GDFI I and MSTN act in a

dose-dependent manner to induce axial mesodermal tissue, such as muscle and notochord

(Gamer et al., 1999). GDFII also induces the expression of the homeobox gene mixl,

while at higher concentrations it induces the neural markers xtwist and hoxb9 (Gamer et

al., 1999). The Activin antagonist, Follistatin, but not the BMP antagonist Noggin, inhibit

GDFIl animal cap activity (Gamer et al., 1999).In binding studies, GDFI I interacts with

Follistatin but not with Noggin or Chordin (Gamer et al., 1999).

Gene targeting of the mature domain region was used to knockout GdfI I in mice

(McPhenon et al., 1999).Offspring of homozygous GdfII-'- mice have shortened or

absent tails and die within 24 hours of birth (McPherron et al., 1999). Although the
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precise cause of death is unknown, knockout mice have a range of palate and renal

abnormalities (McPhenon et 21., 1999). Mutant animals also have homeotic

transformations of the vertebral segments, with posterior vertebrae assuming the identity

of more anterior segments (outlined schematically in Figure 1.5) (McPheron et al.,

1999). GdfI Ir- mice have l7 to 18 thoracic vertebrae, compared with 13 in wild-type

mice, as the first 4 or 5 lumbar vertebrae are transformed to thoracic vertebrae

(McPherron et al., 1999). The posterior thoracic vertebrae are also transformed, as GdfI l-

'- mice have 10 or I I attached vertebrae compared with only seven pairs in wild-type

mice, suggesting that vertebrae 8 to t0/11 are transformed from unattached to aftached

morphologies (McPherron et al., 1999). Gdfl It- mice also have a posterior movement of

the spinous and articular processes, and in some cases the second thoracic vertebrae

appeared to have the morphology of the first thoracic vertebrae (McPherron et al., L999).

Wild-type animals have 6lumbar vertebrae, however, Gdfllr'animals haveT-9, which

indicates that some sacral or caudal vertebrae have been transformed into lumbar

vertebrae (McPherron et al., 1999). The sacral and caudal vertebrae are severely

malformed, extensively fused, and the total number is reduced in the knockout mice

(McPherron et al., 1999). Gdfl ft animals also have a posterior displacement of the

hindlimbs relative to the forelimbs (McPherron et al., 1999). Gdfl I''' heterozygous mice

showed limited posterior axial skeleton transformations suggesting that GDFI l functions

in a dose-dependent manner. Heterozygous Gdfl l*'- mice have extra attached thoracic

vertebrae, a posterior shift of spinous and articular processest and a posterior

displacement of the hindlimbs (McPherron et al., 1999).

Both Gdfl l-'- and GdfI I*/'embryos have the same number of somites as wild-type

embryos, strongly suggesting that the abnormalities represent true transformations of

segment identities and are not due to the insertion of additional segments due to an

increased rate of somitogenesis (McPherron et al., 1999).
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The phenotype of Gdfl I knockout mice suggests that GDFI I acts in a dose-

dependent manner to specify positional identity along the AP axis. In met4zoan embryos,

the organisation of the AP axis is controlled by the Hox genes (reviewed in McGinnis and

Krumlauf, lW2)- Mutations in the Hox genes usually result in transformations of the

vertebrae (Mak et al., 1998a). In GdfI I't' mice, the posterior expression boundary of

Hoxc6 and HoxcS is shifted posteriorly and the entire expression domains of Hoxcl0 and

Hoxcll are shifted posteriorly, suggestrng Gdfl I acts upstream of the Hox genes to

regulate axial patterning.

1.1.5.1.4 Expression and ftrnction of chick GDFII in the limb bud

Chick GDF| l was isolated from a aday embryo cDNA library by high

stringency homology screening with a mouse Gdfl l pro-domain probe (Gamer et al.,

2001). Expression of Chick GDFI I is first detected at the distal trp of the early limb bud

within the subectoderm. Later in limb bud development, GDFI I is also expressed more

proximally in between the forming skeletal elements (Gamer et al., 2001). Despite

expression of mouse Gdfl I in the limb bud, this structurc is not affected h Gdfl I

knockout mice. To investigate a role for Gdfl / in limb formation, rhGDFll-incubated

beads were implanted in the chick wing bud (Gamer et al., 2001). Implantation of beads

incubated in rhGDFl l caused severe truncations of the limb that appear to result from the

inhibition of myogenesis and chondrogenesis (Gamer et al., 2001). GDFI1 rnay act by

regulating the expression of HO)(Dll and HOXDI3 as GDFII induces ectopic

expression of these genes (Gamer et al.,20Ol) and the phenotype of the GDFII

implanted wings is similar to that seen with misexpression of HOXDII and HOXDI3

(Goff and Tabin, 1997). GDF1 l also ectopically induced the expression of it aotagonist,

Follistatin, suggesting that the activity of GDFI l may be controlled by a negative

feedback mechanism (Gamer et al., 2001). Implantation of ThMSTN-incubated beads in the
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chick wing bud induced equivalent phenotypes to that observed upon implantation of

rhGDFl l-incubated beads (Gamer et al., 2001).
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L.2 The zebrafrsh, Danio rerio, fls fl model organism

I.z.L Using the zebrafish to study embryogenesis

The zebrafish has become a favoured model for the investigation of early

developmental processes due to a number of important features. Large numbers of eggs

are laid externally and embryos are optically transparent, enabling cell movement and

organ development to be followed with ease (e.g. L,ong et al., lW7). Zebrafish embryos

also develop rapidly, the heart can be observed beating and the blood flowing within 24

hours. Gene function can be dissected by microinjection of RNA or DNA (Holder and

Xu, 1999; Xu, 1999) and cell fates can be studied by transplantation and by lineage

tracing (e.g. Kanki and Ho, l9g7). The large number of offspring and a relatively short

generation time makes the zebrafish amenable to Drosophila-style mutagenesis screens.

Two large chemical mutagenesis screens, performed in Boston, USA, and Tiibingen,

Germany, isolated 1163 mutants that fall into at least 372 complementation groups

(Driever et al., 1996; Haffter et al., 1996). Mutants were isolated that affect many

processes including cardiogenesis (Chen et al., 1996a; Stainier et al., 1996), gastrulation

(Hammerschmidt et al., 1996b; Solnica-Krezel et al., 1996), DV patterning

(Hammerschmidt et al., 1996c; Mullins et al., l9%), notochord formation (Odenthal et

al., l9%; Stemple et al., 1996), somitogenesis (van Eeden et al., 1996a), brain

development (Brand et al., 1996; Heisenberg et al., 1996; Jiang et al., 1996; Schier et al.,

1996) and haematopoiesis (Ransom et al., 1996; Weinstein and Fishman, 1996). A large

scale chemical mutagenesis screen, that will involve 17 million fish and aims to mutate

every important developmental gene in the zebrafish, is currently in progress (Aldhous,

200O; Butler,2000)

Mutants provide genetic enfiry points for dissecting developmental functions and

provide valuable tools for studying human diseases (Brownlie et al., 1998; Donovan et
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al., 2000; Dooley and Zon, 2000; Wang et al., 19{A).The time-consuming and difficult

task, once mutants are isolated, is the identification of the mutated gene and less than 50

mutants have been subsequently chamcterised at the molecular level (Talbot and

Hopkins, 2000). A number of genetic maps (Gates et al., 1999; Geisler et al., 1999;

Hukriede et al., 1999; Kelly et al., 2000b; Knapik et al., 19fE; Postlethwait et al., 1998;

Shimoda et al., l99D; Woods et al., 2000), and genomic libraries (Amemiya et al., 1999;

Arnemiya andZon,1999;Zhong et al., 19'98), are available that will facilitate isolation of

further mutant genes by the identification of candidate genes and by positional cloning.

The future sequencing of the zebrafish genome (Butler, 2000) should also facilitate the

candidate and positional cloning strategies. Isolation of further mutant genes will also be

facilitated by insertional mutagenesis screens, which benefit from the observation that the

insertional event, which causes the mutation, can be used to sequence the flanking DNA.

A large insertional mutagenesis screen is nearing completion and is predicted to isolate

25G'500 mutant genes (Amsterdam et al., 1999). Insertional mutagenesis screens using

transposons are also under development (lvics et al., 1997; Raz et al., 1998).

Recently, a reverse-genetics technique has been developed for creating temporary

gene-targeted knockdown of translation in zebrafish (Ekker, 2000; Nasevicius and Ekker,

2000). The "morphant" technology utilises microinjection of modified antisense

oligonucleotides, called morpholinos, that specilically prevent translation of a target gene

(Nasevicius and Ekker, 2000). This technique will prove to be a significant weapon in the

zebrafish arsenal and has been shown to recapitulate known mutant phenotypes and to be

capable of developing new zebrafish models of human disease (Nasevicius and Ekker,

200O; Nasevicius et a1.,2000).

Despite the genome duplication event

chromosomes (linkage groups) comparable

(Postlethwait et al., 2000).

(see below), the zebrafish contains 25

to the 23 chromosomes of humans
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1.2.2 Zebrafish development

The early stages of zebrafish development have been well characlerised (Kimmel

et al., 1995) (outlined in Figure 1.6). The yolk and cytoplasm of the zebrafish egg are

initially intermixed. After fertilisation, the cytoplasm streams towards the future animal

pole and 3040 minutes later the first blastomere is observable. The 4-cell (4-blastomere)

blastodisc is formed an hour later after three cleavage events (Figure l.6A) and after 3

hours, the blastodisc consists of greater than I I tiers of blastomeres. The mid-blastula

transition (at approximately 3.5 hpf) is marked by a lengthening of the cell cycle (Kane

and Kimmel, 1993) and a transition from maternal control to the zygotic control of

cellular functions (Kane et al., 1995). Beginning at the late blastula stages (4.34.7 hpf),

the blastodisc spreads over the yolk by a process termed epiboly (Solnica-Krezel and

Driever, 1994).507o epiboly (5.3 hpf) refers to the stage when the blastodisc has spread

over frVo of the yolk cell, this is also called the shield stage (Figure l.6C). The topology

of the zebrafish fale map (Figure 1.7), at this stage, is equivalent to the fate maps of other

chordates at the equivalent stage of development (Kimmel et al., 1995). During epiboly,

the cells at the margin involute to form two layers; the upper, epiblast layer and the

lower, hypoblast layer (Kimmel et al., 1995). The epiblast cells give rise to ectoderm,

while the hypoblast cells give rise to mesoderm and endoderrn (Kimmel et al., 1995),

collectively referred [o as mesendoderm (Thisse et al., lW3). Cells in both layers also

converge towards the dorsal side, producing a thickening of the germ ring refened to as

the embryonic shield (Kimmel et al., 1995). The embryonic shield is equivalent to the

amphibian organiser (also referred to as the Spemann organiser) due to its dorsal margin

position, the cells it gives rise to, and its ability to induce a second axis (Kimmel et al.,

1995). Accumulation of cells at the dorsal side, and extension and continued convergence

cell movements, eventually produce an embryo with an obvious anterior/posterior,

dorsaUventral and mediolateral axis. By 907o epiboly (9 hpfl, the dorsal side of the
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Figure 1.7. Schematic drawing of the zebrafish blastula stage fate map. Reproduced from

Thisse and Thisse (1999). The zebrafish fate map at the late blastula stage (left) and the

derived structures at segmentation stages (right). Abbreviations: endoderm and

prechordal plate (e-p), notochord (n), paraxial mesoderm (pm), ventral and lateral

mesoderm (vm), spinal cord (sc), hindbrain (hb), midbrain (mb), diencephalon (d),

telencephalon (t), epidermis (epi), ventral (V), dorsal (D), vegetal pole (vp), and animal

pole (ap).
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blastoderm is distinctly thicker than the ventral side and an obvious anterior/posterior

axis exists (Figure l.6E). Also evident at t hpf is the thickened brain rudiment. Within

the next 20 hours the neural primordia become regionalised (Fjose, 1994; Woo and

Fraser, 1995), the neural canal and the brain venhicles form (Papan and Campos-Ortega,

l99|), and a highly stereotyped axonal scaffold is formed (Chitnis and Kuwada, 1990;

Ross et al., lW2; Wilson et al., 1990). By 20 somites, neurons, including the spinal

primary motoneurons, trigeminal ganglion neurons and Rohon-Beard neurons, have

growing axons (Kimmel et al., 1995).

During the segmentation period (10-2a hpfl the somites, pharyngeal arch

primordia and neuromeres develop, and the tail forms and extends (Kimmel et al., I99i)

(Figure l.6E-F). The notochord and the somites develop in an anterior/posterior sequence

(Kimmel et al., 1995). The zebralish develops 30-34 somites and unlike "highe/'

vertebrates the major component of the somite is myotome, which gives rise to muscle,

and not sclerotome, which gives rise to bone (Morin-Kensicki and Eisen, l9g7).

During the pharyngula period (?.,+48 hpf), the body axis straightens, the heart

starts beating, the blood starts circulating, pigmentation develops and the fins begin to

form (Kimmel et al., 1995) (Figure l,6G). During the hatching period (4&72 hpf), the

rapid morphogenesis of the primary organ systems is completed, cartilage develops in the

head, pectoral fins develop and the embryo hatches (Figure 1.6H). After 96 hpf,

morphogenesis is essentially complete, the swim bladder fully inflates and the larva starts

feeding and actively swimming (Kimmel et al., 1995) (Figure l.6I).
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L.2.3 Using the zebrafish as a model organism for studying

the TGFB superfamily

L.2.3.1 Zebrafish mutants in the TGFp superfamily signalling pathway

The mutagenesis screens (Driever et al., 1996; Haffter et al., 1996) have isolated a

number of mutants in known TGFp superfamily ligands, receptors, signal transducers,

target genes and extracellular antagonists (Table 1.4). The zebrafish TGFp superfamily

pathway mutants provide a number of entry points for dissecting the function of this

signalling pathway and for the identification of new pathway members or modifiers. A

potentially novel BMP signalling antagonist has been identified by the ogon muiarfi

(Miller-Bertoglio et al., 1999). T\e ogon mutant does not represent a mutation in any of

the previously cloned zebrafish BMP signalling antagonists (Miller-Bertoglio et al.,

1999). A temperature sensitive mutant of bmp7 that is active at 33"C, but not at ?8"C,

has been isolated (Dick et al., 2000).This mutant could be used to study BmpT function

at later developmental stages or in the adult by raising fish at 33"C, the perrrissive

temperature, and then changing the temperature to ?8"C, the restrictive temperature, to

inactivate function.

LIGAI{DS REFERENCE

cy c I o p s (no da I- r elated) (Rebagliati et al., 199{3a; Sampath et al.,

1998)

s q ui nt (no da l-r elated) (Feldman et al., l9!)8; Rebaeliati et al., l9ffia)
srnilhouse (bmp7) (Dick et al., 2OOO; Schmid et a1.,200O)

swirl (bmp2b\ (Kishimoto et al.. l9g7\
RECEPTORS

lost afinfulk8\
RECEPTOR CGFACTORS
one eyed pinhead (EGF-CFC

protein, Nodal signalling co-

factor)

(Schier et al., 1997;Zhanget al., 1998a)
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EITTRACELLULAR
AI\TAGOI\TISTS

chordino (chordin'1 (Fisher and Halpern, 1999')

opon (unknown) (Miller-Bertoelio et al., 1999\

mini frn (toilotil (Connors et al., 1999)

SMADS

somitabun(smadf) (Hild et al.,1999)

SMAD CO-FACTORS

schmalspur ffastl\ (Pogoda et a1.,200O; Sirotkin et a1.,2000)

bonnie and clyde (mix family) (Kikuchi et a1.,2000)

Table 1.4. TGFp signalling pathway mutants isolated in chemical mutagenesis screens.

The mutated gene, if known, is indicated in brackets.

1.23.2 The use of Nodal-related mutants to elucidate gene function in

the zebrafish

The utility of the zebrafish as a model organism for elucidating TGFB superfamily

member function is highlighted by the use af Nodal-related mutants to study the role of

Nodal signalling in mesoderm induction. Studies in Xenopus suggested that Activin and

B-Vgl (human BMP2 pro-domain/Xenopus Vgl mature domain chimaera) act as

inducers of mesoderm in vivo (Harland and Gerhart, l9g7). Active Vgl, however, has not

been detected tn vtr'vo, mouse mutants of both Activinfo and ActivinBD form mesoderm,

and blocking Activin activity with Follistatin, or with a dominant negative, does not

consistently block mesoderm formation (Hawley et al., 1995; Kessler and Melton,1995;

Matzuk et al., 1995b; Schulte-Merker et al., l994tb; Sun et al., 1999). Mutant Activin

receptors can inhibit mesoderm formation (Dyson and Gurdon, 1997; Hemmati-

Brivanlou and Melton, 1992) but have been shown to block not only Activin signalling,

but also BMP, Vgl, and Nodal signalling (Hemmati-Brivanlou and Thomsen, 1995;

Meno et al., 1999; Schulte-Merker et al., 1994b). In contrast, double mutants of the

zebrafish Nodal-related genes, cyclops (cyc) and squint (sqr), lack head and trunk
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mesodenn (Feldman et al., l9!E) and mouse Nodal mutants lack most mesoderm (Conlon

et al., 1994). A role for Nodnl-related genes in mesoderm induction is also supported by

the observation that mouse, Xenopus and zebrafish Nodal-related proteins can induce

mesoderm in explant assays (Erter et al., 1998; Jones et al., 1995b; Joseph and Melton,

1997; Rebagliati et al., 19ff3b; Sampath et al., l99B).

Genetic studies in zebrafish have shown that one eyed pinhead (oep) is essential

for Nodal signalling (Gritsman et al., 1999). Mutants that lack both maternal and zygotic

oep (trf7nep) activity have the same phenotype as cyc and sqr double mutants (Gritsman

et al., 1999). While overexpression of Nodal in wild-type embryos induces ectopic

mesoderm, overexpression in MTnep mutants has no effect (Gritsman et al., 1999).

Zebrafish oep and mouse Cripto and Cryptic encode related EGF-CFC proteins (Shen et

a1.,1997;Zhang et al., 1998a). Cripto mutant mice also lack embryonic mesoderm (Ding

et al., 199{3).The membrane association (Zhang et al., lg{Aa) and cell autonomous role of

Oep (Gritsman et al., 1999; Schier et al., 1997; Strahle et al., lW7) indicate a possible

requirement for EGF-CFC proteins as components of the Nodal receptor complex.

,Overexpression of the antagonistic krty genes, which are themselves TGFp

superfamily members, produce phenotypes identical to ltl'7nep or cyc;sqt double mutants

(Bisgrove et al., 1999; Meno et al., 1999; Thisse and Thisse, 1999). Studies in zebra{ish

and Xenop,rs also indicate that Nodal signalling leads to the induction and maintenance of

Iefiy expression (Bisgrove et al., 1999; Cheng et al., 2000; Meno et al., 1999). This

indicates a negative feedback mechanism whereby Nodal induces the expression of the

antagonist [,efty, thus effectively attenuating Nodal activity, and probably restricting the

spatial range of Nodal activity (Meno et al., 1999).

Additional work in zebralish with the cyclsqt mutants, has also indicated roles for

Nodal in endoderm formation, AP patterning, positioning of the AP axis, and ventral

midline formation during embryogenesis (reviewed in Schier and Shen, 2000).
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1.2.4 The zebrafish genome

1.2.4.1 Genome duplications

Analysis of the zebrafish genome suggests that a genome-wide duplication event

occurred in the teleost lineage subsequent to its divergence from the 0etrapod lineage

(Amores et al., 19{)8; Gates et al., 19991. Postlethwait et al., 1998). The zebrafish may

therefore contain more than one ortholog of a mammalian gene under study.

A duplication event may lead to one of three consequences: (l) both duplicate

copies become compromised (by mutation) to a level where their combined functional

capacity represents the capacity of the single-copy ancestral gene (subfunctionalisation),

(2) one copy is silenced and other maintains the original function (nonfunctionalisation),

(3) one copy retains the original function and other develops a new function

(neofunctionalisation) (Lynch and Conery, 2000). Nonfunctionalisation is the most

common outcome (Lynch and Conery,2000).

The multiple noggin genes in zebrafish (Furthauer et al., 1999) serve to illustrate

the subfunctionalisation of gene function after gene duplication. The expression pafierns

of the multiple zebrafish noggin genes together appear to recapitulate the expression of

the single noggin gene in other vertebrates. The differential loss of tissue-specific

elements in their promoters may account for their restricted spatio-temporal expression

domains (Furthauer et al., 1999). This duplication and subfunctionalisation may be

advantageous for dissecting Noggin function. The separate functions of the zebrafish

orthologs could be studied independently to dissect the combined Noggin function in

mammals. For example, the function of mouse Noggin during chondrogenesis could be

examined independent of its roles in DV panerning by specifically mutating the zebrafish

noggin gene implicated in chondrogenesis.
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1.2.4.2 Determining orthologgr

When large gene families are duplicated, the orthology (direct descendants of an

ancestral gene after speciation) or paralogy (duplication within an arcestral species) of

family members becomes key (Stock et a1., 1996;Zardoya et al., 1996).Considering that

the zebrafish is ultimately used as a model for human development it is important to

identify which genes are orthologous between them. Orthology is determined by

sequence identity (Barbazuk et al., 2000), phylogenetic analysis (Jockusch and Ober,

2000; Rikke et al., 2000) and/or syntenic analysis (Barbazuk et al., 2000; Davidson et al.,

1999). Determining orthology by sequence identity can be unreliable for large multigene

families (Zardoya et al., 1996). Phylogenetic analysis is a means of infening the origins

and evolution of related sequences. Phylogenies iue usually depicted as a tree that

represents the pedigree of relationships between molecules. The duplication of large

families of related genes can sometimes allow duplicate genes to diverge to become more

similar, phylogenetically, to paralogous family members than to its orthologs in

respective species. In such cases, synteny may be used to resolve the correct orthology

(Barbazuk et al., 2000).

Synteny is defined as the presence of two genes on a single chromosome segment

(Aparicio, 1998). Orthologous genes represent gene copies directly descended from an

ancestral gene after speciation and, therefore, may have conserved syntenies between

species due to conservation of chromosome segments (Aparicio, 1998). Syntenic

relationships are determined by comparing the mapped positions of genes between

organisms. At least 167 syntenic regions have been described, by analysis of genes and

ESTs, that are shared between the zebrafish and human genomes (Woods et a1., 2000).

Zebrafish share almost as many conserved syntenies with human segments, as rat and

mouse combined (O'Brien et al., 1999). Synteny is, therefore, an effective tool for
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1".3 Research objectives

At the commencement of the rcsearch presented in this thesis, a developmental

role for the TGFp superfamily members BMP9, BMP10, and GDFII (initially referred to

as BMPI l) had not been described. To investigate the role of these TGFp superfamily

members during development, the orthologs of these genes were isolated in the zebrafish.

During the progression of this study, the developmental expression patterns of mouse

Bmp9, BmpI) and GdfI I were described and analysis of the developmental role of mouse

GdfI I was determined by gene knockout. Mouse BmpI) is expressed in the developing

heart and may play a role in habeculation (Neuhaus et al., 1999), mouse Bmp9 is

expressed in the developing brain and has a potential role in cholinergic differentiation

(Miller et al., 2000), while mouse GdfI I is expressed in the tail bud and plays a role in

patterning the axial skeleton (Gamer et al., 1999; McPherron et al., 1999; Nakashima et

al., 1999).

Chapter 3 describes the molecular isolation of bmp9 and bmpl0 genes from the

zebrafish, the use of phylogeny and synteny to determine orthology, and the investigation

of the expression patterns of bmp9 and bmpl0. Chapter 4 describes the molecular

isolation of zebrafish gdfl I, the determination of its orthology, the expression pattern of

gdfl I during development and the analysis of its function.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.L Bacterial growth media

2.l.Ll Liquid media

Luria-Bertani (LB) medium and terrific broth medium were prepared according to

(Sambrook et al., ll}8g). NZCYM medium was prepared from powdered stock

(GibcoBRL) according to manufacturer's instructions.

2.1.1.2 Solid media

Top agarose contained liquid medium supplemen0ed with O.7?o (wlv) agarose

(GibcoBRL).Agar plates contained liquid medium supplemented with l.5%o (wlv) bacto-

agar (Difco l-aboratories).

2.1.1..3 Antibiotics

Tetracycline (Roche Molecular Biochemicals), ampicillin (Roche Molecular

Biochemicals) and kanamycin (Sigma) were obtained in powdered form. Stock solutions

of ampicillin and kanamycin were preparcd in sterile distilled water at?S mglml and 10

mglml respectively, filter sterilised through a 0.22 pM filter (Millipore) and stored at
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-20"C. Stocks of tetracycline were prepared in l00%o ethanol at a concentration of 5

mg/ml and stored at -2OoC. Solid and liquid media were supplemented with 75 pg/ml

ampicillin, l0 pg/nrl kanamycin or 10 pg/ml tetracycline when required.

2.I.2 Bacterial Strains

Bacterial strains used in this work are listed in Table 2.1. These strains were

stored at -70"C in the appropriate growth medium supplemented with lSVo (vlv) sterile

glycerol.

STRAIN SOURCE VECTOR/LIBR.ARY
B84 Stratagene ?\ZAP

KW251 Promega iTFIXII

CffiO Hfl Clontech iretl0
SOLR Strataeene Uni-ZAP XR
XLl-Blue MRF' Stratagene Uni-ZAP XR

DH5cr Clontech Plasmids

Table 2.1. Bacterial strains. The library or vector each strain

was used to propagate are also listed.

2.1.3 Buffers and solutions

Buffers and solutions used in this work are listed in Table 2.2. All buffers and

solutions were prepared in distilled water and sterilised either by autoclaving for 15

minutes at 122"C or by filter sterilisation through a O22 pM filter (Millipore), utrless

otherwise indicated. Solutions used for RNA work were treated with

diethylpyrocarbonate (DEPC) or made with DEPC-treated water. All other common

solutions and reagents were prepared according to (Sambrook et al., 1%9).
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BTJF'I'EWSOLUTION CONTENTS

Alkali buffer 4O0 mM NaOH

Alkaline phosphatase staining

buffer

100 mM NaCl, 100 mM Tris-HCl pH 9.5,

50 mM MeCl,. 0.l%oTween-20

Blocking solution (in situ) Zmglml bovine serum albumin (fraction Y),SVo (w/v)

fetal calf serum (heatinactivated), lTo (vlv) DMSO

Blocking solution (Northern)

(10x)
lMo Roche Molecular Biochemicals blocking reagent,

lX maleic acid buffer

Denaturation solution 1.5 M NaCl,500 mM NaOH

Denhardt' s solution (50X) l%o (wlv) bovine serum albumin, l%o (wlv\ Ficoll,

l%o (w I v) pol yvinyl pyrrolidone

Detection buffer (l0X) I M Tris-HCl. I M NaCl: pH 9.5

DIG labelling mix (10X) l0 mM ATP, l0 mM CTP, 10 mM GTP,

5.5 mM UTP,3.5 mM DIG-UTP; pH 7.5

Digestion buffer 100 mM NaCl, l0 mM Tris-HCl pH 8.0,

25 mM EDTA pH 8.0, 0.57o (w/v) SDS,

100 ue/ml Proteinase K
E3 (s0x) 250 mM NaCl,8.5 mM KCl, 16.5 mM CaClr,

16.5 mM MgSO"

Hybridisati on buffer ( Southern) 5X SSC,5X Denhardt's solution,O.5To (w/v) SDS,

100 ue/ml salmon sperm DNA

Hybridisation buffer (in situ\ 507o formamide (v/v),500 pg/rnl bakers yeast tRNA,

50 pe/ml heparin, O.l%oTween-Z0

Kinase buffer (lOX) 500 mM Tris-HCl pH 8.0, 100 mM MgCl,
I mM EDTA

Loading buffer (Northern) 12.4 M formamide, 2.2 M formaldehyde,

l.l2M MOPS,7.45Vo (v/v) glycerol,

O.257o (v/v) bromophenol blue

Loading dye (DNA) 65Vo (wlv) sucrose, O.3Vo (wlv) bromophenol blue,

l0 mM Tris-HCl pH 7.5. l0 mM EDTA

Maleic acid buffer (MAB)
(10x)

I M maleic acid, 1.5 M NaCl; pH 7.5

MOPS (lox) 20O mM 4-morpholinepropanesulfonic acid,

50 mM sodium acetate pH 5.2,10 mM EDTA; pH 7.0.

NENsorb buffer (1X) l0O mM Tris-HCl, l0 mM Triethylamine,

I mM EDTA

Neutralising solution 1.5 M NaCl, 500 mM Tris-HCl pH7.2,
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1 mM EDTA

PBT (I X) lX PBS. O.l%o Tween-20

Phosphate buffered saline (PBS)

00x)
1.5 M NaCl, 100 mM Na"FIPO., 40 mM KHtPOo;

pH7.2

PFA solution 4Vo oanformaldehvde in tX PBS

PTU O.3Vo (wlv\ 1-phenyl-2-thiourea, lX E3

RNA extraction buffer 100 mM p-mercaptoethanol,4 M guanidinium

isothiocyanate, O.SVo (w/v) NJauroylsarcosine,

25 mM sodium citrate oH 7.0

ssc (20x) 3 M NaCl,0.3 M sodium citrate

SSCT QJ. or 0.2X) 2X or 0.2X SSC, O.lVo (vlv\ Tween-20

T4 DNA ligase buffer (lOX) 50 mM Tris-HCl pH'1.5,10 mM MgClr,

l0 mM DTT, I mM ATP,

25 v"elml bovine serum albumin

T4 DNA polymerase buffer
(10x)

50 mM NaCl, 10 mM MgCl, lmM DTT pH 79

T4 polynucleotide kinase

reaction buffer (lOX)
700 mM Tris-HCl pH7.6, 100 mM MgCl,
50 mM DTI.

TA buffer (lOX) I M Tris-acetic acid pH 7.8,5 M KOAc,

1 M MeOAc, I M spermidine-Hcl, I M DTf
TAE buffer (50X) 2 M Tris-acetic acid pH 8.3,50mM EDTA pH 8.0

TE buffer 10 mM Tris-HCl pH 8.0,

I mM EDTA pH 8.0

TBS buffer 10 mM Tris-HCl pH 8.0, I mM EDTA,

0.17o (w/v) SDS

Tricaine solution ( l00X) ZVo (wlv) 3-aminobenzoic acid ethyl ester,

20 mM Tris-HCl pH 9.5; pH7.0

Washin e buffer (Northern) lX MAB, O37o (vlv\ Tween-2O

Table 2.2, Buffers and solutions.

2.1.4 Chemicals and radioisotopes

All chemicals were analytical or molecular biology grade reagents and were

obtained from either Roche Molecular Biochemicals, BDH l.aboratory Supplies, Sigma,

Riedel-de Hadn or GibcoBRL.
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All radiolabelled chemicals were obtained from New England Nuclear.

2.1.5 Enzymes

2.1.5.1 Restriction endonucleases

Restriction endonucleases used in this work were obtained from GibcoBRL, New

England Biolabs or Roche Molecular Biochemicals.

2.L.5.2 Other enzymes

All other enzymes used in this work are listed in Table 2.3.

ENZYMB SOURCE

Calf intestinal alkaline phosphatase (CIP) Roche Molecular Biochemicals

DNA polymerase I,large (Klenow) fragment New Ensland Biolabs

DNase I, RNase-free Ambion

Expand hieh fidelity PCR system Roche Molecular Biochemicals

Pronase Roche Molecular Biochemicals

Proteinase K Roche Molecular Biochemicals

RNase A Roche Molecular Biochemicals

SP6 RNA polymerase (DlG-labelline) Roche Molecular Biochemicals

SP6 RNA polvmerase (svnthetic mRNA) Ambion

Superscript II RNase H- reverse hanscriptase GibcoBRL

T3 RNA polvmerase GibcoBRL

T4 DNA ligase New Ensland Biolabs

T4 DNA polvmerase New Ensland Biolabs

T4 polynucleotide kinase Promesa

T7 RNA polvmerase GibcoBRL

Ia4 DNA polYmerase Roche Molecular Biochemicals

Table 2.3. Enzvmes.
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2.I.6 Genomic and cDNA libraries

The genomic and cDNA libraries used in this work are listed in Table 2.4.

Aliquots of these libraries were stored at -70"C. R4O8 and SOLR helper bacteriophage

were obtained from Stratagene, stored in aliquots at -70oC, and used to excise

pBluescript SK- from I,ZAP and Uni-ZAPXR libraries, respectively.

LIBRARY VECTOR SOTJRCE

Zebrafish genomic IFIX II Stratagene

Grunwald adult ?\ZAP J. Grunwald

Grunwald embryonic AZAP J. Grunwald

%lhof Urt-Zao Uni-ZAP XR Stratagene

T2 kidney i\ZAP Stratagene

One month 5' stretch )uetlO Clontech

Table 2'4'Zebrafish-derived genomic and cDNA libraries.

2.1.7 Nucleic acid molecular size standards

DNA and RNA molecular size standards used in this work are listed in Table 2.5.

NAME SOIJRCE

100 bp DNA L,adder GibcoBRL

I kb DNA l,adder GibcoBRL

I kb Plus DNA Ladder GibcoBRL

O.164.-n Kb RNA Ladder GibcoBRL

0.7+9.5 Kb RNA Ladder GibcoBRL

Table 2.5. Molecular size markers.
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2.1.8 Plasmids and expression vectors

Plasmid and expression vectors used in this work are lisled in Table 2.6 and were

stored in sterile distilled water at-2O"C.

PLASMII) SOIJRCE/REFERENCE

n Genetics Institute
pBluescript II SK- Strataeene

pBluescript II KS- Stratagene

pCR2.1 Iuvitrosen

pCS2+ (Rupp et al.. 1994\

pGEM4Z homesa
pIRES-EGFP Clontech

Table 2.6. Plasmids and vectors.

2.1.9 Oligonucleotides

Oligonucleotides were obtained desalted from Life Technologies and resuspended

in s0erile water at a concentration of 500 pmole/pl and stored at -20"C. Primers used in

this work are listed inTable2.l.

PRIMER GE}TE TYUCLEOTIDE

POSITION
SEQI]ENCE (s',TO 3',)

mBMP9Fl Bmp9 1516-1535 ctagatggatacacagctgt

mBMP9Rl Bmp9 t8!yt--rg77 ctacctacacccacactcag

mBMPl0Rl BmpI0 12ffi-1237 tctacagccac actcagacacagc

mBMPl0Fl BmpI0 9,61988 ccccactatacatc gacttcaagg

zBMP9Fl bmp9 137+1391 caaccgacaccgcaggag

zBMP9Rl bmp9 172r17ffi ctaccCacagccacactttg

zBMP9F2 bmp9 182&1851 caccccaaaaattaaaagtctgtt

zBMP9R2 bmp9 1983-1964 catccctgctgaaaaate.ca

zBMPl0Fl bmpI0 1722-1745 actgacac gcctc g g gataaatga
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ZBMPlORI bmpI0 t96f.1943 gatac ggagcft g gtg gaaactgg

hBMP9FI BMP9 1573-t593 cctgctctccctccccacacc

hBMP9RI BMPg 1869-1849 gc ggcct gctccttccctcta

hBMPIOFI BMP]O t-21 S gggagaggaagagtggtagg

hBMPIORI BMPIO r39-119 gccaagcc a g gaaggtltagc

2fflFl efla 142-t6r atctacaaatgcggtggaat

zEFlRl efla 206-183 atctca gc g gcttccttctc gaac

2tr1R2 efla m42l ataccagcctcaaactcacc

zBMP9F3 bmp9 90r-973 caaggcaac 
^ 

A acccaacaccg

zBMP9R3 bmp9 136&1345 tggagcttgatftcccacttgctg

zBMP9R4 bmp9 121+ll9f3 cagctatgttggacttc

ZBMPIOF2 bmpI0 1020-1043 gggtgacctgEEacaaaaagatgg

zBMPl0R2 bmpl0 1362-t339 tagttcagtcg gcacAcaacaagc

zBMP10R3 bmpl0 1320-1301 ttstcttatsttccqccc

zBMPl0F5 bmp9 952-976 cac saaqaqattacctcastccagc

zBMPl0R5 bmp9 t3&1342 gctt gatrtccc acttgctgtt g

zBMP10R6 brnpl0 2t32-21t4 gagtcagactgctgaaccg

zBMP9Ll bmp9 t399-1415 gac qctcttcac gtaaa gcaaagaacaatta

zBIvdP9L2 bmp9 t725-t708 attq sc scsccctacctacagccacactt

hGDFI IFI GDF] I 8%-912 Itcsastcctagaga

hGDFI IRl GDF] ] 1260-r?lr aagagcagccacagcgatcc

zGDFllFl pdfl I rTlI-179[3 t sca statttcacattcasasacaatas

zGDFl lRl edfl I 2t56'2t38 tgga Eqgqaggggtcaat

zGDFrlF? pdfl I 650-670 cc gtcatcacaatggcttcag

zGDFl lR2 pdfl I 959-939 tgtg gctgcttgaacca gttc

Table 2.7. Oligonucleotides. Nucleotide numbering refers to sequence in this work
(bmp9, bmplO and gdfl I) or to the following GenBank sequences: Bmp9 (GenBank

4F188285), Bmpl0 (GenBank AF101033), BMP9 (GenBank AF188285), BMP|0
(GenBank AF101441) , efl a (GenBank L23W7), and GDFI I (AF100907). The

nucleotides underlined represent adapter sequence.
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2.1.10 Digoxigenin-labelled riboprobes

The restriction endonucleases used to linearise the riboprobe templates and the

RNA polymerases used to transcribe digoxigeninlabelled antisense and sense riboprobes

used in this work are listed in Table 2.8.

Gene/

template
Enzyme
(anticense)

RNA
polSmerase
(antisense)

Enzyme
(sense)

RNA
Polymerase
(sense)

Source/

Reference

shh Hindlll T7 (Krauss et al.,

1993)

evel Sail w E. Liao

axial Dral T3 (Strahle et al.,

t9g3\
ntl Xhol T7 E. Uao

wnt5a EcoHI T3 A. Bardsley

sdfta EcoKI T3 C. Hall

8sc BamHI T7 (Stachel et al.,

te%)
efla Spel T7 This work

bmp9l

bmp9Sc/Cl

Sacl T3 Xhol T7 This work

hnp9l
bmp9Sc/)(b

Sacl T3 Xbal T7 This work

bmp9l

bmp9Sc/Ac

Sacl T3 Hindlll T7 This work

bmp9l

bmp9Ac/Xb

Hindlll T7 Xbal T3 This work

bmp9l

bmp9Xb/Sl

Xbal T3 Sail T7 This work

bmp9l

bmp9PRO

Spel TI Notl T3 This work
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bmpl0l
bmplOEcDft

EcoRl TI Xbal T3 This work

bmpl0l
bmol0Hc/Hd

Xhol T7 Hindlll T3 This work

bmpl0l
bmplOHcD(c

Hincll T3 EcoRI T7 This work

bmpl0l
bmpl0Xc/Xb

Hindlll T7 Xbal T3 This work

bmpl0l
bmol0Xb/Ev

Xbal T3 HindIII TI This work

bmpI0l

bmp10UTR

Spel T7 Notl T3 This work

gdfl It
sdfllE/X

Xbal T3 Hindlll T7 This work

Table 2.8. Dlc-labelled riboprobes. Alongside each marker gene or template are the

restriction endonuclease(s) used to linearise the template and the RNA polymerase(s)

used to generate DlG-labelled antisense and sense probes.

z.L.ll Zebrafish stocks

Wild-type zebrafish (Danio rerio| were obtained from Hollywood Fish Farm

(Auckland, New Zealand) and maintained in the zebrafish fish facility (Faculty of

Medical and Health Sciences, University of Auckland, Auckland, New 7*aland).The ntl

mutant fish used in this work were a gift from N. Glickman (Institute of Neuroscience,

University of Oregon, Eugene, Oregon, USA).
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2.1.12 Computer Analysis

DNA sequences were analysed and compiled on Apple Macintosh computers

using Geneworks (IntelliGenetics), MacVector 6.0 (Oxford Molecular) and

AssemblyLIGN 1.0 (Odord Molecular). DNA and protein databases were searthed on-

line using basic alignment search tool (B[-AST) (Altschul et al., 1990) and were accessed

at the National Centre for Biotechnology Information (NCBI) web site

(http://www.ncbi.nlm.gov/). Signal seguetrce peptides were predicted using the program

SignalP Version l.l (Nielsen et nl., lW7), available from

http://www.cbs.dtu.dk/services/Si gnalP/#submission.

Phylogenetic andysis was performed using PHYLIP Version 3.573 (Felsenstein,

l9q3), which is available from http://evolution.genetics.washington.edu/phylip.html.

Zebrafish mapping data and panels are available through the Zebrafish Server

(http://zfish.uoregon.edu/index.html). The Stanford SHGC G3 panel is available from

http://www-sh gc.standford.edu/lvlappin g/rh/.

The relative density was calculated from gel images using the program NIH

Image Version 1.52, avarlable from http://lpcl.clpccd.cc.ca.us/lpc/ward/ftp/nihl52.bin.
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2.2 Methods

2.2.1 Growth of bacteria

2.2,1.1 Growth of bacterial strain DHScr

Single bacterial colonies were obtained by plating bacteria onto LB agar plates.If

rccombinant colonies containing ptasmid vectors were to be selected the plates were

supplemented with the appropriate antibiotic. The plates were incubated at 37'C for 16

hours and stored at 4"C.

Liquid cultures were obtained by inoculating LB medium, supplemented with the

appropriate antibiotic, with either a single bacterial colony for cultures of less than 10 ml

or with an aliquot (of an overnight culture at least 1:10O the volume of the scaled up

culture) for larger cultures. The culrures were grown in either 50 ml Falcon tubes or

Erlenmeyer flasks at37"C for 16 hours on a rotary shaker (Innova 4230, New Brunswick

Scientific) at225rpm.

2.2.1.2 Growth of BB4, B,B.4-7, KW 251, C600 Hfl and XLl-BIue MRF

Single bacterial colonies were obtained by streaking bacteria onto NZCYM agar

plates and incubated for 16 hours at 37"C and stored at 4"C. Liquid cultures were

obtained by inoculating NZCYM medium with a single bacterial colony and incubated on

a rotary shaker (Innova 4230, New Brunswick Scientific) at 37"C at225 rpm until an A*

of 1.0 was obtained.
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2.2.2 Preparation of glycerol stocks

Bacterial strains and recombinant cells were stored as glycerol stocks. Overnight

bacterial cultures were supplemented with l1Vo (v/v) glycerol and stored at -70"C.

2.2.3 Preparation of competent DH5a cells

LB medium (50O ml) supplemented with O.lVo (wlv) glucose was inoculated with

an overnight DH5a liquid bacterial culture (5 ml) and incubated at 37"C, on a rotary

shaker, until an Auro of 0.2 was obtained. The cells were chilled on ice, harvested by

centrifugation at 3000 rpm (Sorvall RC26 Plus, S[,A-1500 rotor) for 15 minutes at 4"C

and gently resuspended in ice-cold 100 mM MgClr(2fi nrt). The cells were recovered by

centrifugation at 2000 rpm (Sorvall RC26 Plus, S[.A-1500 rotor) for 10 minutes at 4"C,

gently resuspended in ice-cold 100 mM CaCl, (250 ml) and incubated on ice for 20

minutes. The cells were centrifuged at 20OO rpm for lO minutes at 4"C(Sorvall RC26

Plus, SA-3OO rotor) and gently resuspended in an ice-cold solution of 100 mM CaCl, and

857o glye,erol (20 ml). Aliquots (200 g,l) of the bacterial suspension were dispensed into

Nunc CryoTube vials (Nunc) and quick-frozen in liquid nitrogen and stored at -70oC.

2.2.4 Transformation of competent DHScl cells

An aliquot of competent DH5a cells was thawed on ice and 100 pl transferred to

an ice-cold 15 ml Falcon tube. p-mercaptoethanol (25 mM final concentration) was

gently added to the cells. The cells were incubated on ice for l0 minutes, with gentle

mixing every two minutes. l-50 ng DNA was gently added and the cells were incubated

on ice for 30 minutes. The cell suspension was heat-shocked at 42"C for 45 seconds and
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returned to ice for I minute. LB medium (900 pl) supplemented with 20 mM glucose was

prewarmed to 42"C then added to the competent cells and the culture incubated for I

hour at 37oC on a rotary shaker (Innova 4?30, New Brunswick Scientific) at 225 rym.

The transformed cells were plated onto LB agar plates supplemented with the appropriate

antibiotic and incubated for 16 hours aI37"C.

2.2.5 Isolation and purification of DNA

2.25.1 Small scale preparation of plasmid DNA from bacteria

LB medium (5 ml) supplemented with the appropriate antibiotic was inoculated

with a single recombinant colony and incubated at 37"C on a rotary shaker (Innova 4230,

New Brunswick Scientific) at 225 rpm for 16 hours. Plasmid DNA was isolated from the

cell culture using the QIAprep Spin Miniprep kit (Q[AGEN) according to the

manufacturer's instructions. DNA was eluted in l0 mM Tris-HCl (pH 8.5) and stored at

-20"c.

2.2.5.2 Large scale preparation of plasmid DNA from bacteria

LB medium (250-1000 ml), containing the appropriate antibiotic, was inoculated

with l/l0o of an overnight recombinant bacterial culture and incubated at 37"C for 16

hours on a rotary shaker (lnnova 4?3O, New Brunswick Scientific) at 225 rpm. Plasmid

DNA was isolated from the cell culture using the QIAGEN Plasmid Midi Kit (QLAGEN),

according to the manufacturer's instructions. DNA was eluted in l0 mM Tris-HCl (pH

8.5) and stored at -20oC.
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2.2.5.3 Isolation of genomic DNA

Genomic DNA was isolated from either whole adult zebrafish or mouse brain

tissue. Whole adult zebrafish were sacrificed by anaesthetising in lX tricaine solution and

were then snap-frozen in liquid nitrogen. Mouse brains were dissected from sacrificed

mice (C59BU6xI29/SB strain, grft from J. Greenwood, Faculty of Medical and Health

Sciences, University of Auckland, Auckland, New T,r;aland) and snap-frozen in liquid

nitrogen. Snap-frozen zebrafish or mouse tissue was ground into a fine powder using a

mortar and pestle. The fine powder was resuspended in digestion buffer (2 ml per l0O mg

tissue) by incubation for 16 hours at 50"C on a rotary shaker (lnnova 4230, New

Brunswick Scientific) at 5O rpm. The suspension was extracted twice with an equal

volume of 25:?A:l buffer saturated phenol (GibcoBRl):chloroform:isoamyl alcohol by

centrifugation at275O rpm in a swinging bucket rotor (Beckman GS6R Centrifuge) for

l0 minutes at room temperature. The genomic DNA was precipitated by addition of

ammonium acetate (final concentration 2.5 M) and 2 volumes of l0[,Vo ethanol to the

aqueous phase. The genomic DNA was pelleted by centrifugation at 27OO rpm for 2

minutes at 4oC in a swinging bucket rotor (Beckman GS-6R Centrifuge). The pellet was

rinsed twice with 2 volumes of TOVo ethanol and then briefly air-dried. The DNA pellet

was r€suspended in TE buffer by incubation at 65"C for 2-3 hours and transferred to a 1.5

ml Eppendorf tube (Eppendorf). Residual RNA was removed by incubation in 0.17o

(w/v) SDS supplemented with I pg/ml RNase A at 37'C for I hour. The genomic DNA

was precipitated by the addition of 0.1 volumes of sodium acetate (pH 5.2) and 2 volumes

of lffiVo ethanol and mixed by inversion. The DNA was recovered by centrifugation for 5

minutes at 5000 rpm (Eppendorf YITC centrifuge), washed twice withT0%o ethanol, and

briefly air-dried. The genomic DNA was resuspended by incubation at 65"C for2-3 hours

in TE buffer and stored at4"C.
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2.2.5.4 Purification of nucleic acids from PCR reactions and restriction
endonuclease reactions

hotein, primers and salts were removed from PCR products and restriction

endonuclease reactions using the QlAquick PCR Purilication Kit (QIAGEN) according to

the manufacturer's instructions. The DNA was eluted in 10 mM Tris-HCl (pH 8.5) and

stored at -20oC.

2.25.5 Purification of DNA from agarose gels

DNA fragments were resolved on a l7o (wlv) low melting point agarose (Sigma)

gel in lX TAE buffer. The DNA was visualised under ultraviolet illumination and the

desired fragment excised from the gel. The DNA was isolated from the gel slice using the

QlAquick PCR Purification Kit (QLAGEN) according to the manufacturer's instructions

with the following modification; the gel slice was resuspended in 5 volumes of PB buffer

(QIAGEN) at 5O"C for AIO minutes and then added to the column. The DNA was eluted

in 30 pl of 10 mM Tris-HCl (pH 8.5) and stored ar-ZO"C.

2.2.6 Analysis of DNA

2.2.6.1 Automated DNA sequencing

Automated DNA sequencing was performed at the Waikato DNA Sequencing

Facility (University of Waikato, Hamilton, New Zealand), the Centre for Gene

Technology (School of Biological Sciences, University of Auckland, Auckland, New

7*aland) or the DNA Sequencing Facility (Faculty of Medical and Health Sciences,

University of Auckland, Auckland, New Txlaland).
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2.2.6.2 Quantification of nucleic acid

Samples of DNA or RNA wene quantified by spectrophotomehic measurement

using the GeneQuant RNA/DNA calculator (Pharmacia) according to the manufacturer's

instructions.

2.2.6.3 Separation of DNA by gel electrophoresis

Agarose (GibcoBRL) was used for diagnostic gels while low melting point

agarose (Sigma) was used for preparative gels. DNA samples containing lX DNA

loading buffer were electrophoresed in 0.6 - 27o (wiv) agarose gels buffered in lX TAE

containing 500 ng/rnl ethidium bromide at 5 V/cm applied voltage (Model 250 power

supply, GibcoBRL). Small horizontal slab gels (6.5 cm x 10 cm) were cast and run using

the BIO-RAD Mini Sub DNA Cell apparatus, medium gels (15 cm x l0 cm) were cast

and run using the BIO-RAD Wide Mini Sub Cell apparatus and large gels (15 cm x 20

cm) were run using the BIO-RAD Sub-Cell GT apparatus. Separated DNA fragments

were visualised by ultraviolet illumination and imaged using the Eagle-Eye II still-video

system (Stratagene).

2.2.6.4 Southern blot analysis

Genomic or plasmid DNA fragments were resolved by agarose gel

electrophoresis. The gel was immersed in 0.25 M HCI for 15 minutes to partially

depurinate the DNA. The gel was briefly washed in dist'rlled water and the DNA

transferred to Hybond-N* membrane (Amersham Pharmacia Biotech) by capillary

transfer (Sambrook et al., 1989) in 0.4 M NaOH for 16 hours. The membrane was

blotted dry and the DNA immobilised by baking the membrane at 80oC for 2 hours.
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Hybridisation was performed in hybridisation tubes (Amersham Pharmacia Biotech) in a

Hybaid Spin 'nn Stack hybridisation oven. The membrane was prehybridised in 20 ml of

hybridisation buffer for t hour at 55"C or 65"C for random-primed probes, or at the T.

(T," =[4(G +C) + 2(A + T)]; (Sambrook et al., 1989)) for oligonucleotide probes.

Denatured taitPl dCTPlabelled random-primed probe or [y-"p] ATP-labelled

oligonucleotide probe was added to the hybridisation buffer at a final concentration of I x

106 cpm/ml. The membrane was hybridised with the probe for at least 12 hours and then

_ 
washed at the appropriate stringencies. Excess volumes were used for all washes, and

after the first wash the membrane was transferred to an airtight plastic container and

washed in a shaking water bath (Bellco). For membranes probed with random-primed

probes, high stringency washes were performed at 65oC while low stringency washes

were performed at 55'C. The membrane was rinsed in 2X SSC,0.17o (w/v) SDS, washed

twice in 2X SSC, 0.17o (w/v) SDS for 15 minutes for low stringency and was then

washed twice in lX SSC, O.IVo (wlv) SDS for 15 minutes and finally washed twice in

0.2X SSC, O.lVo (w/v) SDS for 15 minutes for high stringency washes. When

oligonucleotide probes were used the membranes were washed twice in 5X SSC, O.l7o

SDS at the T, for 30 minutes. Excess liquid was removed and the membrane sealed in

plastic film. Membranes were exposed to autoradiography film (Kodak XAR) for 14

hours at room temperature or at -80oC with l-2 intensifying screens (Hyperscreen,

Amersham Pharmacia Biotech) for l-7 days. Autoradiographs were developed using the

h[35 X-OMAT Processor (Kodak).

If the membrane was to be reprobed, the hybridised probe was stripped from the

membrane following exposure to film. The membrane was incubated in a solution of

0.4 M NaOH for 3O minutes at 45"C in a shaking water bath, followed by a 15 minute

incubation in a solution of 0.lX SSC, 0.17o (w/v) SDS, and 0.2 M Tris-HCl pH 7.5. The

membrane was stored at4"C in an airtight bag.
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2.2.6.5 Quantification of radioactive nucleotide incorporation

To determine the amount of radiolabelled nucleotide, an aliquot (1 pl) of purified

probe was added to 1 ml of aqueous scintillant (ASCII, Amersham Pharmacia Biotech)

and quantified in a liquid scintillation counter (1450 Microbeta Trilux, Wallac) according

to the manufacturer' s instructions.

2.2.7 Manipulation of DNA

2.2.7.L Preparation of radiolabelled probes

2.2.7.1.1 Synthesis of random-primed DNA

Radiolabelled double-stranded DNA probes were synthesised using the

redipimell kit (Amersham Pharmacia Biotech) according to the manufacturer's

instructions. Unincorporated nucleotides were removed using MicroSpin G-50 columns

(Amersham Pharmacia Biotech) according to the manufacturer's instructions.

2.2.1.1.2 End-Iabelling of oligonucleotides

A reaction mixture containing 50 pmoles of oligonucleotide, lX T4

polynucleotide kinase reaction buffer, 50 pCi [y-"P] ATP (3000 Cilmmol, l0 mCi/ml)

and 10 units of T4 polynucleotide kinase was incubated at 3'7"C for 6O minutes.

Unincorporated nucleotides were removed using MicroSpin G-25 columns (Amersham

Pharmacia Biotech) according to the manufacturer's instructions.
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2.2J .2 Restriction endonuclease digests

DNA (2-2O pg) was incubaled with restriction endonuclease (2 U/pg) in lX TA

buffer or in the buffer recommended by the manufacturer at"37"Cfor l-2 hours.

2.2.7,3 Dephosphorylation of DNA

DNA (1-10 pg) was dephosphorylated by incubation with I unit of calf intestinal

alkaline phosphatase (CIP, Roche Molecular Biochemicals) in lx TA buffer at 37"C for

20 minutes. ClP-heated fragments were resolved on low melt agarose gels and purified

using the QlAquick PCR Purification Kit (QLAGEN) according to the manufacturer's

instructions.

2.2.7.4 Blunt-ending 5' overhangs

DNA with 5' overhangs was blunt-ended by filling in the overhang using T4 DNA

polymerase. DNA (l-10 pg) was incubated in lX T4 DNA polymerase buffer

supplemented with l0O pM dNTP and T4 DNA Polymerase (3 U/pg) at L2 "C for 20

minutes. The DNA was then purified using the QlAquick PCR Purification Kit

(QIAGEN) according to the manufacturer's instructions.

2.2.7.5 Blunt-ending 3' overhangs

DNA with 3' overhangs was blunt-ended using Escherichia coli DNA polymerase

In large (Klenow) fragment. DNA (l-10 pg) was incubated in lX TA buffer

supplemented with 33 pM dNTP and I unit/trrg Klenow at room temperature for 15
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minutes. The DNA was purified using the QlAquick PCR Purification Kit (QIAGEN)

according to the manufacturer's instructions.

2.2.7.6 Ligation reactions

ClP-treated vector (50 ng) was ligated with either an equimolar (for blunt ends) or

three-fold molar excess (for 5' or 3' overhangs) of insert DNA in lX T4 DNA Ugase

buffer with T4 DNA ligase (1 U) at l6"C for 16 hours. Rapid ligation was performed

using the Rapid DNA Ugation Kit (Roche Molecular Biochemicals) according to the

manufacturer' s i nstructions.

2.2.8 Polymerase Chain Reaction

2.2.E.1 Amplification of DNA

PCR amplification was perforrned in 100 pl reaction volumes on a Robocyler

Gradient 9(i (Stratagene) thermocycler fitted with a hot top assembly. PCR was

performed using the PCR Master system (Roche Molecular Biochemicals) or the Expand

High Fidelity PCR system (Roche Molecular Biochemicals), according to the

manufacturer's instructions. An initial denaturation step of 3 minutes at 91oC was

followed by 30 cycles of amplification of 94oC for 30 seconds, 50-70"C for 30 seconds

(the annealing step was performed at 2oC below the T, of the primers), and 72oC for I

minute per l00O bp. This was followed by incubation at72"C for 5 minutes.
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2.2.9 Genomic and cDNA library screening

An overnight culture of KW25l, BB4, XLI Blue-MRF' or C600 Hfl was

incubated at 37"C for 16 hours on a shaking incubator (Innova 4230, New Brunswick

Scientific) at 225 rpm in LB medium supplemented with 10 mM MgSOo andO.2Vo (w/v)

maltose. The culture was pelleted by centrifugation at 2000 rpm (Beckman GS-6R

Centrifuge) and resuspended in l0 mM MgSOo at an Au* of 0.5. 30 aliquots of the

bacterial suspension (500 pl) were mixed with 30 aliquots (4 x ld PFU each) of the

appropriaie library and incubated at 37"C for 15 minutes in 15 ml Falcon tubes. Molten

NZCYM top agarose (10 ml), prewarmed to 50oC, was added to each tube and poured

onto NZCYM agar plates (13.7 cm) prewarmed to 37"C. The 30 plates were incubated at

37"C for 16 hours. Duplicate plaque lifts were made from each plate using Hybond-N*

nylon membranes (Amersham Pharmacia Biotech) and the orientation was recorded with

l8-gauge needle marks. The agar plates were stored at 4"C until any positive plaques

were to be retrieved. The DNA was denatured by placing the membranes on 3tr,lvt

chromatography paper (Whatman) soaked in denaturation solution for 2 minutes. The

membranes were then soaked in neutralisation solution for 4 minutes and 4X SSC for

4 minutes. The membranes were then baked between sheets of 3uu Whatman paper at

8O"C for 2 hours to fix the DNA to the membrane. The membranes were divided between

two crystallisation dishes containing 125 rnl of hybridisation buffer and prehybridised at

55"C or 65"C for 2 hours, depending on the subsequent hybridisation stringency.

Radiolabelled probe was added to a final concentration of I x 106 cpm/ml and hybridised

for 16 hours with gentle rocking (Spin 'n' Stack, Hybaid). The membranes were washed

to the desired stringency, briefly blotted to remove excess liquid, and sealed in plastic

film. The membranes were exposed to autoradiography film (Kodak XAR) at -80"C with

l-2 intensifying screens (Hyperscreen, Amersham Pharmacia Biotech) for l-3 days,
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depending on the signal strength. Autoradiographs were developed using the M35 X-

OMAT Processor (Kodak) and positive plaques identified. Positive plaques were

retrieved from the agar plates using a sterile Pasteur pipette and eluted into SM buffer

(1 ml) supplemented with O.3To (vlv) chloroform and incubated at room temperature for

2-3 hours. An estimated 2000 PFUs were replated and the screening repeated until a

single bacteriophage was obtained.

2.2.9.1. Isolation of bacteriophage lambda DNA

An agarose plug containing a single bacteriophage plaque was eluted in SM

buffer(1 rnl) supplemented with O.3Vo (vlv) chloroform at4"C for 16 hours. The eluted

bacteriophage was diluted to I x 10? PFUlml and an aliquot (100 p,l) incubated with

500 pl of an overnight culture of the appropriate bacterium, at3loCfor 20 minutes. The

bacteriophage culhre was used to inoculate NZCYM medium (100 ml) containing

l0 mM MgSOo, which was then incubated at37"C on a rotary shaker (Innova 4230, New

Brunswick Scientific) until lysis occurred. The bacteriophage lysate was pelleted by

centrifugation at 700O rpm (Sorvall RC26 Plus, S[.A-1500 rotor) for l0 minutes at 4"C

and the supernatant, containing the bacteriophage, transfered to sterile 50 ml Falcon

tubes (Falcon). The bacteriophage suspension was supplemented with 0.37o (v/v)

chloroform and stored at 4oC. The bacteriophage DNA was isolated from the

bacteriophage suspension using the QIAGEN l,amMa Mini Kit (QIAGEN) according to

the manufacturer's instructions. The bacteriophage DNA was resuspended in TE buffer

and stored at -20"C.
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2.2.9.2 in vivo excision of recombinant pBluescript SK- phagemids from
Uni-ZAP XR bacteriophage

Agarose plugs containing an isolated bacteriophage plaque were expelled into SM

buffer (500 pl) supplemented with 47o chloroform and incubated far l-2 hours at room

temperature. A culture of XLI-Blue MRF' was incubated at 37oC on a rotary shaker

(Innova 4?3O, New Brunswick Scientific) at225 rpm until an ODu* of I was obtained.

The culture was inoculated with 10 pl of ExAssist helper phage and 200 pl of the

bacteriophage plug eluate, and then incubated at37"C for 15 minutes. The bacteriophage

culture was used to inoculate 5 rnl LB medium supplemented with l0 mM MgSOn and

incubated at37"C for 4 hours. The culture was centrifuged at 3000 rpm (Beckman J-68)

for l0 minutes at room temperature and the supernatant, containing phagemid

(pBluescript SK-) packaged in M13 bacoeriophage, was stored at 4oC until needed. To

rescue the phagemid, 2 pl of supernatant was added to 200 pl of an overnight SOLR

bacterial culture and incubated at 37"C for 15 minutes. Recombinant bacteria, containing

the phagemid, were selected by plating on LB agar plates supplemented with 75 ptglml

ampicillin.

2.2.10 Analysis of RNA

2.2.10.1 Isolation and purification of RNA

2.2.10.1,1 Isolrtion of total cellular RNA

Total cellular RNA was isolated from adult zebrafish tissues or whole embryos

using a protocol based on the acid-phenol extraction method ((Chomczynski and Sacchi,

1987). Tissues were dissected and placed in ice-cold RNA extraction buffer (1 ml per



63

100 mg tissue or per 100 embryos) and homogenised by sequential passage through 18-

gauge andZ2-gauge needles. Tissue and embryo extracts were stored at -80oC.

The extracts were thawed on ice and 0.1 volumes of 2 M sodium acetate (pH 4.0),

I volume of water-equilibrated phenol and 0.2 volumes of chloroform were added

sequentially with vortexing between additions. The samples were incubated for 15

minutes on ice and centrifuged at 14000 rpm (Beckman GS-15R) for 20 minutes at 4"C.

The upper aqueous phase was mixed with an equal volume of isopropanol and incubated

at -20"C for 30 minutes. The precipitated RNA was pelleted by centrifugation at 14O00

rpm (Beckman GS-15R) for 20 minutes, washed in TOVo ethanol, briefly air dried, and

resuspended in DEPC-treated water. If DNase I treatment was required, the RNA was

mixed with 2 volumes of l0 mM Tris-HCl pH 8.0, l0 mM MgClr, and l0 units of DNase

I, RNase-free (Roche Molecular Biochemicals) and then incubated at 37'C for 15

minutes. RNA was further purified by phenol/chloroform extraction and ethanol

precipitation, and was then resuspended in DEPC-treated water and stored at JO.C.

2.2.10.1.2 Isolntion of nRNA

Poly(A)Pure selected mRNA was isolated directly from dissected zebrafish tissue

using the Poly(A)Pure mRNA purification kit (Ambion), according to the manufacturer's

instructions.

2.2.10.2 Reverse Transcriptase-polymerase chain reaction

First strand cDNA was prepared using 5 pg total RNA, 150 ng random hexamers

(GibcoBRL) and Superscript II RNase H- RT (GibcoBRL) according to the

manufacturer's instructions. As a control for genomic contamination, reveme
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transcriptase was omitted. First strand cDNA was amplified by PCR using the PCR

Master system (Roche Molecular Biochemicals).

2.2.10.3 Northern analysis

The required amount of mRNA (up to 20 pg) was lyophilised, resuspended in 20

pr.l of RNA loading buffer and denatured at 65'C for 15 minutes. The samples were

resolved on a l.Z%o agarose gel containing 6.5Vo (v/v) formaldehyde and lX MOPS.

Electrophoresis was performed in lX MOPS buffer at 90 volts (Model H5 gel

electrophoresis apparatus, GibcoBRL). l,anes containing RNA ladders (GibcoBRL) were

removed and stained in 100 mM ammonium acetate containing 500 ng/ml ethidium

bromide for I hour, destained in 100 mM ammonium acetate for 2 hours, and imaged

using the Eagle-Eye II still-video system (Stratagene). The remaining unstained gel was

rinsed in 20X SSC and the RNA transferred to a positively charged Nylon membrane

(Roche Molecular Biochemicals) using downwards capillary transfer (according to

(Ingelbrecht et al., 199t3)) in 2OX SSC at 4"C for 16 hours. After RNA transfer the nylon

membrane was baked at 99"C for I hour and stored at 4oC in an airtight bag. Membranes

were pre-hybridised in EasyHybe (25 ml, Roche Molecular Biochemicals) at 68oC for 2-

3 hours. EasyHybe (25 ml), containing 30 ng/ml of DlGlabelled riboprobe, was filtered

through a 45 pm Iilter (Millipore) and hybridised with the membrane at 68oC for 16

hours. The membrane was washed at 68oC in a shaking water bath (Bellco) with 2X SSC,

O.l7o (wlv) SDS for 30 minutes, twice with lX SSC, 0.17o (w/v) SDS for 15 minutes, and

twice with 0.2X SSC, 0.lVo (wlv) SDS for 30 minutes. The membrane was rinsed in lX

washing buffer for I minute at room temperature with gentle agitation. Non-specific

binding of antibody to the membrane was blocked by washing the membrane in lX

blocking solution for 2 hours at room temperature. Alkaline-phosphatase-conjugated anti-
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digoxigenin Fab antibody (150 U/ml) was diluted l:20000 in lX blocking solution and

incubated with the membrane at 4"C for 16 hours with gentle agitation. Unbound

antibody was removed by washing three times in lX washing buffer for 30 minutes each

wash, with gentle agitation. The membrane was rinsed in lX detection buffer and then

incubated in lX detection buffer containing a l:100 dilution of CDP-Star (Roche

Molecular Biochemicals) for 5 minutes. The signal was visualised by exposure to Lumi-

Film chemiluminescence detection film ( Roche Molecular B i ochemicals).

2.2.1L Synthesis of digoxigenin-labelled riboprohs

DNA template (10 pg) was linearised using the appropriate restiction

endonuclease and purified using the QlAquick PCR Purification Kit (QLAGEN). For

preparation of DlG-labelled riboprobes, a reaction mixture containing 1 pg linear

template DNA, lX DIG RNA labelling mix (Roche Molecular Biochemicals), lX T3fn

buffer (GibcoBRL), and 50 units of T3 or T7 RNA polymerase (GibcoBRL) was

incubated at37"C for 2 hours in an incubator (Innova 423A, New Brunswick Scientific).

The template DNA was removed by the addition of 10 units of DNase I, RNase-free

(Roche Molecular Biochemicals) and incubation at 37"C for l5 minutes. RNA

polymerase activity was terminated by addition of 0.1 volumes of 200 mM EDTA. The

riboprobe was precipitated by the addition of 0,1 volumes of 4 M LiCl and 3 volumes of

IOOVo ethanol, followed by incubation at -70"C for 30 minutes. The RNA was pelleted

by centrifugation at 13000 rpm (Beckman GS-15R) for 20 minutes at 4"C and washed

with TOVo ethanol. The RNA pellet was briefly air-dried and resuspended in 100 pl of

DEPC-treated TE buffer. then stored at - 20oC.
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2.2.12 lVhole mount in situ hybridisation

The whole mount in siru hybridisation protocol is based on that described in

(Jowett, 1999). All steps were perfonned in 8 ml Wheaton vials except the detection

steps, which were performed in 24 well tissue culture plates (Falcon). Embryos were

staged according to (Kimmel et al., 1995) and were either dechorinated by hand or

dechorinated enzymatically using pronase. To dechorinate by hand, staged embryos were

fixed for 4-6 hours at room temperature in PFA solution, rinsed in lX PBS, and then

dechorinated using 29-gauge needles (Terumo). For enzymatic dechorination, staged

embryos were incubated with gentle agitation at room temperature in lX R3 medium

supplemented with 10 mgiml pronase, until greater than SOVo of the embryos were

dechorinated. Embryos were rinsed thoroughly in lX Ei medium and then fixed for 46

hours at room temperature in PFA solution. The embryos were dehydrated in IffiTo

methanol, and then stored at -2O"C for at least 24 hours, and up to 3 months, in 1007o

methanol. The embryos were rehydrated by sequential 5 minute washes, at room

temperature, with 75Vo methanoV lX PBT, SOVo methanoU lX PBT,25Vo methanol/lX

PBT and two washes in lX PBT. The embryos were refixed in PFA solution for 2O

minutes at room temperature and washed three times for 5 minutes in lX PBT. Embryos

older than t hpf were permeabilised by treatment with 10 p,g/ml proteinase K in lX PBT

at room temperature, for up to 25 minutes depending on the stage of development (see

Table 2.9).
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STAGE (IrPF) LENGTH OF TREATMENT
(minutes)

9-12 0.5

12-T5 1

tt18 2

18-22 3

22-U 4

2+30 5

30-48 l0
48 12.5

72 l5
96 20

r20 25

Table 2.9. Proteinase K treatment incubation times.

After proteinase K treatment, the embryos were washed twice in lX PBT for 5

minutes each and fixed in PFA solution for 20 minutes at room temperature. The embryos

were washed twice in lX PBT and pre-hybridised in hybridisation buffer (5 ml) at 70'C

for 3 hours. The DlG-labelled riboprobe was denatured in hybridisation buffer at TO.C

for 5 minutes and added to the embryos at a final concentration of 500 ng/ml for l5 hours

at 70"C with gentle rocking (Hybaid Spin 'n' StacQ. The riboprobe mix was rcmoved,

stored at -20"C and reused twice if required. The embryos were washed twice at 7O"C in

507o fomamidell0%o 2X SSCT for 30 minutes, followed by one wash in 2X SSCT for l0

minutes and three washes in 0.2X SSCT for 15 minutes.

The embryos were incubated in lX blocking solution for 2 hours at room

temperature to prevent non-specific antibody binding. AP-conjugated anti-DIG Fab

antibody (150 units/ml, Roche Molecular Biochemicals) was diluted l:2000 in lX

blocking solution and incubated with the embryos at 4"C for 16 hours with gentle

agitation. Unbound antibody was removed with 8 washes in lX PBT, for 15 minutes
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each. The embryos were transfened to 2tl-well plates and washed three times for 5

minutes in staining buffer at room temperature. The colorimetric signal was visualised in

staining buffer containing 3.5 pl/ml Abromo-4-chloro-3-indolyl-phosphate (BCIP,

50 mg/ml, Roche Molecular Biochemicals) and 4.5 pl/ml 4nitro blue tetrazolium

chloride (NBT, 75 mg/ml, Roche Molecular Biochemicals) until the desired level of

staining was obtained. The colour reaction was stopped by rinsing the embryos in PBT

and fixing in PFA solution for 2O minutes at room temperature. The embryos were

washed in PBT and equilibrated in increasing concentrations of glycerol (25Vo,5OVo, and

TOVo). AI\MIZ stereomicroscope (l*ica) was used to visualise the embryos, which were

photographed using a WILD MPS46/52 photoautomat (lrica) and Ektachrome 16OT

colour film (Kodak) or imaged using a lrica DC200 digital camera and software.

2.2.13 Genetic mapping

Zebrafish and human genes were mapped by Yi-Un Yan and John H. Postlethwait

at the Institute of Neuroscience, University of Oregon, Eugene, Oregon, USA- Zebrafish

genes were mapped onto the l-oeb/fllFU5000/4000 (LN54) radiation hybrid panel

(Hukriede et al., 1999) according to (Hukriede et al., 1999) and (Kelly et al., 2000b).

Human BMP9 was mapped onto The Jackson Laboratory Mouse Radiation Hybrid panel

T31 (Research Genetics), according to the manufacturer's instructions. The mapping

scores were submitted to Lucy Rowe at The Jackson Laboratory Mouse Radiation Hybrid

Database (http://wwwjax.org/resources/documents/cmdata/rhmap/) to obtain the map

location. Human BMPI0 was mapped onto the Stanford SHGC G3 radiation hybrid panel

(Research Genetics) according to the manufacturer's instructions. The mapping scores

were submitted to the Stanford Human Genome Center RHserver

(http://w w w . -shgc.stanford. edulN4appi n g/rhl) to obtain the map location.
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2.2.14 Cryosectioning

Embryos were transferred from lX PBT into increasing concentrations of sucrose

(10, 20, 3O7o (wlv) in lX PBT) until equilibrated. Embryos were stored in Tissue-Tek

O.C.T. 4583 Compound (Miles) at 4oC for 23 days until they were sectioned on a lrica

CM3059 cryostat, according to the manufacturer's instructions. Sections were air dried

onto polysine coated slides (Biolab Scientific) and the sections mounted in Cytoseal 6O

(Stephens Scientific). Sections were visualised on a Lnirz DMRBE light microscope

(l-eica) and photographed using a WILD MPS45/52 photoautomat (Irica) and

Ektachrome 160T colour film (Kodak).

2.2.L5 Determining orthologr by phylogenetic analysis

Sequences were aligned using ClustalW (MacVector 6.0), and the alignment was

then manually edited to create an infile. The infile was then used to analyse the

phylogenetic relationships of the aligned sequences using PHYLIP Version 3.573

(Felsenstein, 1993), according to Retief (2000) (outlined in Figure 2.1).

Once the data set was aligned, the three analytical tree-building methodologies -

distance, maximum-likelihood and maximum-parsimony - were used to construct

phylogenetic trees. Distance methods count the number of differences between every pair

of sequences in the alignment to create a distance maftix that is used to construct the tree

(Hershkovitz and lripe, l99B). The distance matrices are created by applying different

substitution models to sample the sequence alignment. Different substitution models treat

the number of transitional changes (A*'G or C-T), and the number of transversional

changes (A-+C, A-T, C*G, C-T), with different biases. For example, the Jukes

substitution model (Jukes and Cantor, 1969) assumes that the number of transitions and
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Figure 2.1. Flow diagram of the steps taken to construct distnnce, maximum-likelihood,

and maximum-parsimony trees. Programs used to conskuct the phylogenetic trees

(uppercase, underlined) are from the Phylip Version 3.573 software package (Felsenstein,

l9g3). Amino acid or nucleotide alignments were manually edited to create the infile,
which was then bootstrapped (100 times) using the program SEQBOOT. Maximum

parsimony trees were built using either DNAPARS or PROTPARS for nucleotide or

amino acid alignments, respectively. Maximum-likelihood nees were built from

nucleotide alignments using the program DNAML. Distance trees were built by first

constructing distance matrices using DNADIST or PROTDIST for either nucleotide or

amino acid alignments, respectively. Distance matrices were constructed using either the

Jukes-Cantor or Kimura 2-parameter substitution models. Distance trees were constructed

from the distance matrices using either NEIGHBOR, which utilises the Neighbor-Joining

algorithm, or FITCH, which utilises the Fitch-Margoliash algorithm. Consensus distance,

maximum-likelihood, and maximum-parsimony trees were constructed using

CONSENSE.
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transversions are equally likely to occur while the Kimura 2-parameter model (Kimura,

1980) gives more weight to transversions. Maximum-parsimony methods search for the

tree that requires the smallest number of changes to explain the differences between the

sequences in the alignment, it does not examine characters that are not different

(Hershkovitz and Leipe, l99B). Maximum-likelihood methods are similar to maximum-

parsimony methods except that all characters in the alignment are considered, as it is

possible for characters to change and then change back (Hershkovitz and [-eipe, l99B).

The validity of a particular tree was analysed using bootstrap analysis

(Felsenstein, 19t35). Bootstrap analysis is a two step process that first creates new data

sets by sampling columns of characters at random, from the original data set, and uses

them to replace other columns of characters at random. Consequently, each of the newly

created data sets contains the same number of positions but some characters are absent

and some have been duplicated. A phylogenetic tree was created for each data set, and

then a consensus tree was constructed from all the individual data set trees. The number

of times a particular branch in the consensus tree appeared in the individual trees is

refened to as its bootstrap value. A bootstrap value of l0O (l0O percent) at a particular

node in the consensus tree indicates that all of the trees built from the bootstrapped data

sets agree with the branching from this node. A bootstrap value of greater than 7OVo,

under the correct conditions, corresponds to a probability of greater than 957o that the

correct phylogeny has been found (Hillis and Bull, 1993).

2.2.16 Care and breeding of zebrafish

The zebrafish used in this work were kept in a specially designed *6 *aiatnined

housing facility (Faculty of Medical and Health Sciences, University of Auckland,

Auckland, New Zealand). The system water was kept at a constant temperature of 28.5"C
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and was sterilised by particle filtration (5 pm) and UV sterilisation. The pH of the system

water was maintained at 7.0 using koper pH 7.0 (Aquarium Pharmaceuticals) and the

water was regularly cleaned and changed. Fish were kept on a 14 hour light/ 10 hour dark

light cycle. The fish were fed twice daily on powdered flake (Kyowa) and brine shrimp

(Premium Grade Summit Artemia, Summit Aquaculture). To collect embryos, the fish

were transferred to breeding chambers. Embryos were collected 15 minutes after

spawning and were incubated at 28.5"C in lX E3 medium supplemented with O.W?SVo

(v/v) malkon (I"-agan Pharmaceuticals) until they reached the desired developmental

stage. To prevent pigmentation forming in post-24 hpf embryos, at 1&24 hpf the embryos

were transferred to system water supplemented with O.OO3Vo (w/v) PTU.

Ethical approval was obtained from the Auckland Animal Ethics Committee

(approval number N6O4).

2.2.L7 Synthesis of synthetic mRI\A for microiqiection

DNA template (1O pg) was linearised using the appropriate restriction

endonuclease and purified using the QlAquick PCR Purification Kit (QIAGEN).

Synthetic capped mRNA was synthesised from I pg of linear template DNA using the

mMessage mMachine SP6 kit (Ambion), according to the manufacturer's instnrctions.

The synthetic mRNA was purified using Lithium Chloride Precipitation Solution

(Ambion), according to the manufacturer's instructions. The mRNA pellet was briefly

air-dried and resuspended in 10O pl of DEPC-treated TE buffer, then stored at -80"C.

2.2.18 Microiqiection

l.S%o (wlv) agarose in lX El medium was poured into petri dishes containing

capillary tubes with a I mm diameter. Once set the agarose was inverted and covered
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with lX Ei medium. The capillary tubes were then removed, creating a hough that the

embryos could be pushed into. Embryos were collected promptly after they were laid and

were injected at the l-2 cell stage. A microinjection needle was pulled using GCI0G10

glass capillary tubes (l mm outer diameter, 580 pm inner diameter, SDR Clinical

Technology) on a Model P-80 micropipefte puller (Suuer Instrument Co.) using the

following parameters:heat-622, pull-50, velocity4g, time€0. The needle was ground to

an angle of 3O degrees using a EG-4O needle grinder (Narishige) then back-filled with

2 pl of RNA solution at the appropriated concentration, which was determined

spectrophotometrically. The needle was placed in a GJ micromanipulator (Narishige) and

embryos were injected using an MPPI-2 (ASI) pressure injector. Embryos were injected

with 1 nl of RNA, as determined by haemocytometer, into the streaming yolkjust ventral

to the cytoplasm. The embryos were incubated at 28.5"C until the desired developmental

stage was reached. After 6 hours EGFP co-injected emtryos were checked under UV

light for EGFP expression using the GFP2 filter set (Leica).
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Chapter 3

Isolation, characterisation and evolution of zebrafish

bmp9 and bmpl)

3.L lntroduction

The bone morphogenetic proteins (BMPs) form a subfamily of the transforming

growth factor p (TGFP) superfamily of secreted signalling molecules based upon the

close sequence homology between the mature domains. The BMP family consists of

Drosophih Decapentaplegic (DPP), Glass bottom boat-60A (Gbb-60A) and Screw, and

the closely related vertebrate homologs BMP2 to BMP1O and GDF5 to GDFT (reviewed

in Celeste et al., 1994; Neuhaus et al., 1999; Raftery and Sutherland, 1999; Sakou, l99B).

The BMPs are synthesised as large precursors that form homo- or hetero-dimers that are

proteolytically processed to release the biologically active mature domain ligand (Hogan,

1996). The mature ligand is characterised by seven conserved cysteine residues that form

the cysteine knot motif (McDonald and Hendrickson, 1993) and are involved in

dimerisation (Griffith et al., 1996).The BMPs regulate numerous cellular processes and

play many important roles during development, including mesoderm patterning and

inhibition of neural induction (reviewed in Dale and Jones, 1999; Hogan, 1996; Sakou,

l99B). The proteins BMP9, BMPI0 and chick DSLI form a closely related subgroup

within the BMP family, referred to as the BMP9/10 subfamily.

Mouse Bmp9 (also referred to as GdPl is expressed predominantly in the fetal and

adult liver but also in the septum and spinal cord of the fetal central nervous system (Celeste et al.,

1994; Lopez-Coviella et al., 2000; Miller et al., 2000). Recombinant human BMP9
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(rhBMP9) has been shown to bind specifically to HepG2 liver tumour cells and to induce

proliferation of HepG2 and primary rat hepatocytes in vr'fro (Song et al., 1995). It has also

been shown that rhBMP9 can act in vitro as a synergistic factor with various

combinations of Interleukin 3, Steel factor, Fetal liver kinase 2, Interleukin II|I2,

Granulocyte-macrophage colony-stimulating factor, and Macrophage colony-stimulating

factor for murine haematopoietic progenitor cell generation and for colony formation in

serum-free cultures (Ploemacher et al., 1999).In cultured neurons, rhBMP9 up-regulates

acetylcholine synthesis and induces the expression of the cholinergic gene locus while

injection of rhBMP9 into the cerebral ventricles of fetal mice leads to an increase in

acetylcholine levels (Lopez-Coviella et al., 2000). These studies suggest possible in vivo

roles for BMP9 in liver cell differentiation, haematopoiesis and acetylcholine synthesis.

Chick DSLI is expressed in the dorsal neural tube, the dorsomedial regron of the

spinal cord including the roof plate, and in the dorsal hindbrain after newal tube closure

(Basler et al., I9%). DSLI is also expressed at much lower levels in the kidney and

myotomal cells (Basler et al., l9%). Expression of DSLI is regulaled by signals from the

notochord and in vifro, DSLI promotes the differentiation of neural crest cells from

neural plate explants (Basler et al., 1993).

Mouse BmpIO is expressed predominantly in the adult heart and to a lesser extent

in the liver and lung (Neuhaus et al., 1999). During heart development, Bmpl} is

expressed in the trabeculae of the bulbus cordis, the common ventricular chamber, and of

the atrium (Neuhaus et al., 199).

To investigate the in vivo function of BMP9 and to determine what role BMPI0

may play in heart development, bmpg and bmpl} were cloned from the zebrafish. Their

expression during development, and in adult tissues, was determined and the function of

bmp9 was analysed by microinjection of synthetic mRNAs into l-2 cell stage zebrafish

embryos.
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3.2 Results

3.2.L Southern analysis of Bmpg- and Bmpl0- related genes in

the zebrafish

To determine if genes belonging to the BMP9/10 subfamily were present in the

zebrafish genome, genomic DNA from zebrafish was probed with mouse Bmp9 and

Bmpl0 mature domain probes. Genomic DNA was isolated from whole adult fish and, as

a positive control, mouse genomic DNA was isolated from brain tissue. Zebrafish and

mouse genomic DNA (10 pg) were digested with Hindlll, duplicate samples were

resolved on a O.8Vo agarose gel and the DNA visualised by ethidium bromide staining

(Figure 3.1). The genomic DNA was transferred to nylon membrane hybridised with

radioactively-labelled probes with sequence coresponding to the mature domain of

mouse Bmp9 and BmpI}.

Full-length mouse BmplT (GenBank AF101033) and Bmpg (GenBank

AF188286) cDNA clones (kindly provided by A. Celeste, Genetics Institute) were used

as templates for PCR amplification of mature domain probes. A 381 bp fragment

(nucleotides 151G18!X) that encodes the majority of the mouse Bmp9 mature domain

was amplified by PCR using the primers mBMPgFl and mBMPgRl and subcloned into

the vector pCR2.l. A 3ffi bp fragment (nucleotides95GI263) that encodes the majority

of the mouse BmpI} mature domain was amplified by PCR using the primers

mBMPIORI and mBMPlOFl and subcloned into pCR2.1. Mouse Bmp9 or BmpI0

mature domain subclones were digested with EcoR[ to release the mature domain

fragments, as EcoRI restriction sites flank the PCR product insertion site in the pCR2.1

vector. The mature domain fragments were purified and radioactively-labelled with 3? by

random-primed labelling. Genomic blots were hybridised overnight at 65'C with mouse



Figure 3.1. Southern analysis. Mouse (lanes L, 4,7) and zebrafish (lanes 2, 5,8) DNA
(10 pg) were digested with HindIIl and duplicate samples resolved on aO.8Vo agarose

gel, transferred to nylon membrane, and probed with 3?labelled Bmpg (lanes 416) or

Bmpl0 (lanes 7-9) probes. 800 ng of I kb Plus ladder (GibcoBRL) was used as a size

marker (lanes 3,6,9). (Lanes 1-3) DNA visualised by ethidium bromide staining. (Lanes

4-6) Autoradiograph of DNA probed with Bmpg probe. A fragment of approximately 7.1

kb was identified in zebralish genomic DNA (small arrowhead) and a single band of 3.5

kb was identified in mouse genomic DNA. The 1.65 kb fragment of the I kb Plus ladder

was non-specifically bound by Bmp9 probe. (l,anes 7-9) Autoradiograph of DNA probed

with BmpIO probe. A fragment of approximately 6.1 kb was identified in zebrafish

genomic DNA (large arrowhead)" Two fragments of 6.5 and 3.6 kb were identified in
mouse genomic DNA. The 1.65 kb fragment of the I kb Plus ladder was non*specifically

bound by Bmpl} probe.
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Bmp9 or Bmpl} mature domain probes. The blots were washed to lX SSC, 65"C and

exposed to autoradiography film for 2 days at -80oC with 2 intensifying screens.

A weakly positive fragment of approximately 7.1 kb was identified in zebrafish

genomic DNA, using a mouse Bmp9 mature domain probe, while a fragment of

approximately 3.5 kb was identified in mouse genomic DNA (Figure 3.1). A fragment of

approximately 6.1 kb was identified, using a mouse BmpI0 mature domain probe, in

zebrafish genomic DNA while two fragments, of approximately 6.5 kb and 3.6 kb, were

identified in mouse genomic DNA (Figure 3.1). These results suggest that the zebrafish

genome contains a single Bmp9-related gene and a single Bmpl?-related gene.

3.2.2 Isolation, sequencing and analysis of zebrafish bmpg

and hmpl0

3.2.2.1 Isolation of bmp9 and bmpl0 from a zebrafish genomic library

The full-length mouse Bmp9 cDNA clone was digested with EcoRI and XDaI to

release the coding region fragment of mouse Bmp9. The mouse Bmpg coding fragment

was radioactively-labelled by random priming and used to screen a zebrafish genomic

library (l x 106 PFU) (Stratagene) at low stringency in order to isolate zebrafish members

of the BMP9/10 subfamily. Hybridisation was performed at 55"C and the membrane

washed at low stringency (2X SSC, 55'C). A number of positive plaques were identified

by autoradiography, isolated and purified. Bacteriophage DNA was prepared from each

clone, restriction digested with XbaI, resolved on a lvo agarose gel, transferred to nylon

membrane and probed with radioactively-labelled Bmpg (data not shown). Three classes

of clones were identified by the size of the positive Xbal fragment. Class I (clone 18.1)

contained a 1 kb Xbal fragment, class II (clone 5.2) contained an approximately l0 kb
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Xbal fragment, while class III (clones 18.3, 3.2 and 10.1) contained a 2 kb XDaI fragment.

Representative clones from each class were restriction mapped (Figure 3.2).

3.2.2.2 Subcloning and sequencing of class I and II bmp9 genomic

clones

To determine the sequence of the class I clone (clone 18.1), the I kb XbaI

fragment was subcloned into pBluescript II KS-, named 18.1X, and sequenced. In order

to extend the sequence 5' and 3', a6kb SpellNofl fragment was subcloned from genomic

clone l8.l into pBluescript II KS- (named 18.1S/N) and partially sequenced using

primers designed from the l8.lx sequence (Figure 3.3). Conceptual translation of the

sequence derived from clone 18.1 reveals a predicted open reading frame (ORF) that

contains the dibasic cleavage site and seven conserved cysteine residues characteristic of

the BMP family (Figure 3.3). By BLAST search (Altschul et al., l99O), clone 18.1

sequence was most similar to chick DSLL and mouse Bmpg (Basler et al., 1993; Celeste

et al., 1994). This ORF was subsequently named bmp9.

To determine the sequence of the class II clone (clone 5.2), which was identified

as containing a l0 kb Xbal fragment, a 1.9 kb SpellNotl fragment was subcloned into

pBluescript II KS-, named 5.2SiN, and sequenced. The 5' sequence of 5.2S/N was 99Vo

identical to the 3' end of subclone 18.1S/N (Figure 3.3) and 5.2S/N extends the bmpg

sequence further 3'.

The 27l2bp of contiguous bmpg sequence (Figure 3.4) was obtained by

combining sequence derived from sequencing the indicated regions of clones 5.2 and

18.1 (Figure 3.3) at least twice in each direction. The 5' sequence was not extended

further due to difficulty sequencing through the AT-rich sequence. Sequence of the 5' end

of clone 18.lS/N (see Appendix l) was determined to represent non-coding sequence.
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Figure 3.2. Partial restriction maps of a representative clone from each of the three

classes of genomic clones identified. (A) Class I, clone 18.I. (B) Class II, clone 5.2. (C)

Class III, clone 183. Restriction enzymes present in the genomic library vector (IFIX II)
polylinker are shown in brackes. The thickened black bars highlight the fragments that

were subsequently subcloned. The red box represents the Bftpg probe ard indicates the

region to which it hyb,ridised.
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Figure 3.3. Conhibution of clones 18.fS/N and 5.2S/N to the bmp9 sequence. The bmp9

sequence was derived from the 3' end of the 18.lS/N subclone and from the entire 5.2S/N

subclone. The part of each clone that was sequenced is represented by the thickened line.

Numbering of the bmpg sequence (represented by the double lines) refers to Figure 3.4.

Reshiction enzyme sites that were present in the IRXII polylinker are shown in brackets.
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3.2.2.3 Sequence analysis of zebrafish bmp9

TheTll2bp bmp9 sequence contains a predicted ORF of 845 bp (nucleotides 881-

1725) that encodes a polypeptide of 280 amino acids (Figure 3.4). A stop codon, TAG,

delineates the 3' end of the ORF while a potential inhon-exon boundary demarks the 5'

end (Figure 3.4). Nucleotides 838€80 encode a potential 3' splice site that strongly

resembles the consensus 3' intron/exon boundary (Figure 34). The consensus 3'

intron/exon boundary contains a branch point (C.T/Ge0AB0A'.'C/T8J 20-50 bp upstream

of the 3' splice acceptor site (NC*A,6G,6), separated by a pyrimidine rich tract of

approximately 15 bp (t odish et al., 1995). No potential polyadenylation sites (Stryer,

1988) were identified in 3' untranslated region (UTR).

The predicted polypeptide contains the dibasic cleavage site (RRKR) and the

seven conserved cysteine residues characteristic of the BMP subgroup of the TGFp

superfamily (Figure 3.4). Two other potential dibasic cleavage sites (RDVR and RHRR)

are also present (Figurc 3.4). Amino{erminal sequencing of TGFp superfamily ligands

indicates that the dibasic cleavage site immediately proximal to the first conserved

cysteine residue is utilised (Constam and Robertson, 1999). Amino acids l-174 represent

partial pro-domain sequence while amino acids 174.?-8O represent the mature domain.

A number of polymorphisms between clones 5.2 and 18.1 were found (Figurc

3.4). The 18.l and 5.2 clones appear to be polymoqphic, and not duplicate genes, as the 3'

UTR region is highly conseryed and only a single Bmp9-related gene was identified in

the zebrafish by Southern analysis (see Figure 3.1). Three polymorphisms in the intronic

DNA, six within the pro-domain, two within the mature domain, and two in the 3' UTR

were identified (Figure 3.2). Three of the prodomain polymorphisms change the encoded

amino acid (Table 3.1). All three amino acid changes are non-conservative; amide to

acidic, basic to aliphatic and basic to acidic. The number of polymorphisms between the



Flgure 3.4. Nucleotide sequence and conceptual Eanslation of bmp9. A 3' inuon/exon

boundary, containing the consensus branch point, pyrimidine rich shetch and 3' splice

acceptor site (blue underline), denotes the 5' end of the open reading frame and an

asterisk denotes the in-frame stop codon at the 3' end. The dibasic cleavage site (red

shaded box) and the seven conserved cysteine residues (blue shaded circles) are

characteristic of the BMP family. In addition, two other potential dibasic cleavage sites

are highlighrcd (black dashed boxes). A number of polymorphisms were detocted

between genomic clones 18.1 and 5.2 (red), three of which coded for non-conservative

amino acid changes (rcd X's). Sequences with homology to the SINE family of
retrotransposons art also present (green italics).
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ATTGAAATACCTC ?TAEA GGGAT AG T T C AC C C C AAAAATTAAAAGTCTGTTTAATTTGTT
CCAAACCTGGGGTGCGTTTC CCAAACATCGATGTAAC TCGCGGCTGAACyATCATAGTAC
GATGCATCAT T TGGGAAAAGAACCAGC CTAGGC TGGT TTAAGC TGGAT T T T TCAGCAC'GG
ATGCATAATTTGGGAAAAGAACGATGTTTGTTTCCCAAAACTCGTAGTTTCTCTTTTGCA
GATCTATCGATTGAACATAACATTATTTATCAACATGTGGCTCTTTTTGGATTCTTGGAC
TCTATAGAAATGAAAAA1TGCAAACAGGAAATACGTTGAGACCATTGTTTTTGTTTACATT
TCTCAAAATGTTCTATATTCC TACCC TAA,AC TGTTTAAATAACTATAAGCAGATATTTTT
AAT T TAATGAAGCAATTGTCATGGT TATTGGT TTATTAATAGC T T GAGAAT TGTAGC T TA
AAGTGTAACCAACATTAT T T TAATGAAACAAC GATTGTAGAGGT TAATGTCAACAT C C TT
AATGTGATCAAAATGCTATTTTCAC TTCAACATGTTAGACTACATGAGAGAATATACTGC
AGGGGCATTTCAAGGGATTCAGGCATCTGGGACACAGGATCAAAACATCACGCGCCTGAT
ATTTC TCC TTAGGAGATCTTTTTGTTTAACATTTTGATACAGAACATACTTACACATGTA
TGCAAAAACAGATGTGGAT GC T GGT CAAAAAC C TCAAGGGGGC GATAGAGTAACAGTAC T
GTTCAGGTAGAAGGGCATGAATATC TACGGTACAAATTTACGCATGCCACTCCTGTTTTT
CAGATGTT T T C CAAGC GC T GT C TAAGAGAC.CAAGGAAATTATTAATGC TATGCATC TTGC
AAAATAACTAGT

Figure 3.4 continued.
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two genomic clones (18 over the ll00 bp sequenced in both) is similar to that between

zebrafish bmp4 GenBank sequences (18/1205 between U82231 andD/9972, and 2611176

between U9Ol22 and U82231). The polymorphisms between zebrafish bmrt sequences

also encode for some non-conservative changes within the pro-domain and the mature

domain.

Table 3.1. Non-conservative polymorphisms within ttrc bmpg pro-domain regron. The location of
each polymorphism is in relation to bmpg sequenoe (Figure 3.4). The codon present in genomic

clones l8.l and 5.2 and, the amino acids they encode are shown. The class of amino acid (Sryer,

1988) is shown in brackets.

The intronic DNA sequence contains homology to subregions of the short

interspersed DNA element (SINE) family of retrotransposons (Higashijima et al., 1997;

Izsvak et al., 1996; Shimoda et al., 1996). Nucleotides 594671 are 87Vo identical to a

subregion of DANA-16 (Izsvak et al., l9%), nucleotides X7-87 are 85Vo identical to

subregions of MINDINI (Higashijima et 
^1., 

l9E7\, and nucleotides 518-683 xe $Vo

identical to subregions of the mermaid repeat (Shimoda et al., 1996). Nucleotides l8l4-

1837, within the 3' UTR, are 95Vo identical to subregions of the DANA element (lzsvak

etal.,1996\.

3.2.2.4 Comparison of the BMP9-related proteins

By BI.ASTP search (Altschul et al., 1990), the predicted Bmp9 polypeptide

shows highest similarity to mouse BMP9 (GenBank AAD56961, unpublished), human

POLYMORPHISM
LOCATION

lE.1

CODON

lE.l
ANIINO ACII)

5.2

CODON

s.2

AMINO ACII)
1M8 GAT aspartate (acidic) AAT asparagine (amide)

1060 GAG glutamate (acidic) AAG lysine (basic)

ll15 AGA arginine (basic) ATA isoleucine (aliphatic)
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BMP9 (GenBank NP-057288, Mller et al., 2000), and chick DSLI (GenBank n822,

(Basler et al., tW3). Alignment of zebrafish Bmpg with mouse and human BMP9 and

chick DSLI (Figure 3.5) reveals conservation of the seven cysteine residues characteristic

of the BMPs. A high level of amino acid similarity is apparent over the entire length of

the protein, consistent with Bmpg being a potential ortholog of mouse and human BMP9.

Mouse and human BMP9 contain a second potential dibasic cleavage site (RWVR) that is

not conserved in zebralish Bmp9, while the two other potential cleavage sites present in

Bmp9 are not present in mouse and human BMP9 or in chick DSLI. The only cleavage

site conserved between the BMPg-related proteins is the cleavage site amino-terminal to

the first cysteine residue, confirming this as the likely in vivo Bmp9 cleavage site.

Comparison of Bmpg to the other vertebrate BMPS subfamily members suggests that it

contains a deletion of 2l amino acids immediately amino-terminal to the cleavage site

and that ll7-l l8 amino acids of the pro-domain, including the signal sequence peptide,

are absent. Chick DSLI shows a high level of similarity to mouse and human BMP9 over

the entire length of the protein.

3.2.2.5 Subcloning and sequencing of class IIf genomic clones

To determine the sequence of the class III genomic clones, which were identified

by the presence of a 2 kb XbaI fragment (see Section 3.2.2,1), a 4OO bp XballHindllI

fragment was subcloned from clones 183, 3.2 and l0.l and sequenced. Sequencing

indicated that the three clones were 997o identrcal. Analysis of the sequence derived from

the XballHindlll subclones revealed a partial predicted ORF that encodes a dibasic

cleavage site and tle seven conserved cysteine residues characteristic of the BMP family.

By BLASTP search (Altschul et al., 1990), the predicted polypeptide shows highest



Figure 3*5. Alignment of BMP9-related proteins. Full-length proteins (where available)

of mouse (Mm, Mus musculus) BMP9, human (Hs, Homo sapienr) BMP9, zebrafiish (Dr,

Danio rerio) Bmp9, and chick (Gg, Gallus gallus) Dorsalinl were aligned using

ClustalW (MacVector 6.0, Oxford Molecular). Consensus residues are shaded; identical

residues are shown in dark gray and similar residues in light gray. The zebrafish Bmp9

sequence is highlighted in blue and the predicted signal sequences in green. In addition,

the dibasic cleavage site (red box) and seven conserved cysteine residues (red asterisks)

characteristic of the BMP family are highlighted. Other potential dibasic cleavage sites

are shown (red dashed boxes). $snBank accession numbers: Mm BMP9 (AAD596I),
Hs BMPS (NP-057288), Gg DORSALINI (IIl,4a22).
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similarity to human BMP10 (GenBank NP_055297, unpublished) and mouse BMP10

(GenBank AF101033, Neuhaus et al., 1999). The gene was subsequently named bmpl0.

To obtain additional 3' and 5' sequence, a7 kb Psfl fragment was subcloned from

genomic clone 18.3 into pBluescript lI KS-, named 18.3P, and sequenced using primers

designed from the XballHindlll sequences. The contiguous 2706 bp bmpl) sequence

was derived from the regions indicated (Figure 3.6) of clones 183,3.2 and 10.1. The

majority of the sequence was derived from clone 18.3P and only the mature domain

sequence was obtained from clones 3.2XlH and 10.1X/FI. The3'and 5'ends of clone

18.3P were sequenced (see Appendix 2) and determined to represent non-coding

sequence.

3.2.2.6 Sequence analysis of zebralish bmpl0

The ?i7O6 bp bmpl0 sequence contiains a predicted ORF of 1058 bp (nucleotides

4Ol to 1458) that encodes a polypeptide of 351 amino acids (Figure 3.7). The ORF is

delineated by a stop codon at the 3' end and a potential 3' splice acceptor site at the 5'

end. The 3' splice acceptor site contains a consensus branch point and splice site and a

weak pyrimidine rich stretch (t odish et al., 1995). Analysis of the 3' UTR revealed no

potential polyadenylation sites (Stryer, I 988).

The predicted polypeptide contains a dibasic cleavage site (RIRR) and the seven

conserved cysteine residues characteristic of the BMP family (Egure 3.7). A second

potential cleavage site (RDHR) is also present. Amino-terminal sequencing of TGFB

superfamily ligands indicates that the dibasic cleavage site immediately proximal to the

first conserved cysteine is utilised (Constam and Robertson, 1999).

Over the 372bp of overlapping sequence between subclones 18.3P, l0.lX/H and

3.2XlH, only a single polymorphism was detected. Nucleotide I134 is a cytosine residue



1.7 kb 2.5 kb

18.3P

9.2xft1

10.1X/hl
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Figure 3.6. Contribution of genomic clones 183,3.2 and 10.1 to the bmpl0 sequence.

The bmpl} sequence was derived from sequencing of the 18.3P, 3.2XIH and 10.1)UH

subclones. The part of each subclone that was sequenced is represented by the thickened

line. Numbering of the bmpl0 sequence (represented by the double lines) refers to Figure

3.7.



Ffgure 3.7. Nucleotide sequence and conceptual translation of bmpl0. A 3' intron/exon

boundary, containing the consensus branch point, pyrimidine rich sfretch and 3' splice

acceptor site (blue underline), denotes the 5' end of the open reading frame and an

asterisk denotes the stop codon at the 3' end. The dibasic cleavage sirc (red shaded box)

and the seven conserved cysteine residues (blue shaded circles) are characteristic of the

BMP family. In addition, a second potential dibasic cleavage site (black dashed box) is

hightighted. A single polymorphism wffr detected between the 3.2, 10.1 and 18.3

genomic subclones (red). Sequence with homology to the SINE family of
retrotransposons is present ryithin the 3' UTR (blue italics).



GAAC TATAAGC TAC CATAGTAAC TATATAGTAAATAGTAAC TATAAAC TAC TAT TTTTAT
TT TC AGTATAGT TATGGATAAAATATGTAAAT TC TTATGGTTTTATAC C AATAAATAGAT
TTTTGGAAATCACCAGGCGACCCCCCCTTCATTGCCCCGCGACCCCTCGGGGGGGTCCCG
ACCCCCACTTTGAGAAC CACTGAC CTACACCATAAAGGTTGTCTAAATTCACATGTACAA
ATTGTATACATTGATAAACATAAAACAAGTTTATGTTCTACTTTTTC TTTTTACATAAAT
GTAAATTAGTTTTTATTTTGTAATAATTTTAGAC GTTTTTCACACGCATGAAGTTGTGGC
AATCAGAATTCCTAACATTTGTCTGTC TTGTTCTCTC CAGAC TC CTC C TCATACAGTATG

sssyslr!
GGAC CTAGTGGAGTGAGAC GACAC CCACTTCTCTTCAACGTGTCAATC C CACAC CATGAG
G P S GVR R IT P L L F N V S I P H H E

AGAGTCACCACAGC TGAAC TC C GACTGTACAC TC TEGTC CAGACTGACC GCAACAAATAT
RVTTAELRLYTLVOTDRNKY

GC TGGTGTTGAC CGAAAAGTGACCATATACGAGGTCAAACTGCTTGAAACGAACAGCAGC
AGVDRKVTIYEVKLLETNSS

CAGC AAGTAAGAGGAGAC GATATT GATGGAGGAGATC AAGAGAGTGAAACAGAGCTGGT G

AAVRGDDTDGGDAESETELV

GAGTTAGCATCT CGACAGGTTTAT GGTAC AGATAATGCATGGGAATC CTTTGACATGAC C

E I, A S R O V Y G T D N A!{ E S F D M T

GCAGCCGTC CAC CTTTGGCGGAAATCAGACTATGGGAC CACGCACAAGCTGGAGGTC CAC
AAVHLWRKSDYGTTHKLEVB

ATAGCAAGTTTGGAC TC TC AGAGTGTGGC C GAAGGTGAAAA1TATAAGCAATGCCATAGAG
IASLDSOSVAEGENISNAIE

GGGGACATGGACATTGACAC CAGC CCTGAGGACAGACACAAACCCTTAATGATCGTGTAC
G DM D I D T S P E D R H K P IJ M I V Y

TC TGATGAC CAGAGCAGAGACCATCGTGGAGCAAAACGAGAGCTGAACGAGC TGATC CAG
S D D O S :Ii...D-.-iI-..Ii: G A K R E L N E I, I O

CACGAGACCAACAGGCCAGGCC TTCAAGACAACC TTGAGCTGGAGATGACGGGC CTTTGG
H E T N R P G I, A D N L E L E M T G L W

GGTGACC TGGGACAAAAAGATGGCATTGAAGAAGATGAGCAGAGCGAGGAGGC TCTC CTA
GDLGAKDGIEEDEASEEALL

cAGATGC Gc TccAAc CTCATCTATGACAcAGcATc T4GAITJICAGACGqAATGC mAAAGGc

O M R S N L I Y D T A S IR I R RI N A K G

AACCAATGTAAAAAGAGCTCC C TC TATGTGGACTTCAAAGACATCGGCTGGGACAGC TGG
N o@K K s s L Y v D F K D r c w D s w

ATCTTGGC GCCGAC TGGTTATGAAGCC TTCGAGTGTACAGGGGTGTGCACATAC CCTTTA
r L A P r c Y E A r E@r c v@r Y P L

AC CAAAGAC GTTACACC TACAAAACATGCAGTTATACAAACGTTGGTCAGTC TGAAAAGT
TKDVTPTKHAVTQTLVSLKS

cc TCCCATCTCCCTGCTC
PAVVSRA VPTELDPISLL

TACC TAGATGACGCAGGTGTGGTCACGTATCAGTATAAATTTGAAGGAATGGTAGTGGC L
yLDDAGVVTYAYKFEGMVVA
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AAGTGTG GATGCAGATAGTATTTAATGGACATGGGGAAGTGG GGTGAAG CTTAGTATTGAK@c@R *
TTGTAAGGAGAC TAAAAGACATTCATTGTCTATAGCC TACAT TC CAAGC GGCAGTGGAT G

AGCACTTAC TC C CAACC TTAAC AGGAGTTAGCAGGAGTC ATGATATCAGTTGTGGAATCA
GC CACGTGACAAGGAGC CACAATGCAAGATTTAGTGGGAACGGTGGC CAATTTATCC CTG
CTGAATAAGGATTGGGCGGAACATAAGACAATAATTGAACCACTGACAC GCC TCGGGATA
AATGAGC TGTTC TTATCAGTAGAGAC TGAAGTTTAAGTCAGAGATTATATCAAC TC CAAC
TC GTTACATACTTGGCCATATC GTTTTGC GTCAGCAGAGTCCTAGCTAAGTGGGTGTTTC
GTGGGGATGGCAGC GAACTCAAGCACCAC GGGTCAGTCCAGTGACCCTATCAGAGACTAA
AAGCCTGTGAAACTGCCTGTTTCCAGTTTCCACCAAGCTCCGTATCGTGACACCACCAAG
AAAGTGT TATC T GAAGAGTC TTGGAAGGGGTAAAACAGACCAGAATGGACCAGTC TGGAC
TT CTGAATGTATC C GGTTC AGC AGTCTGAC TCATGTAAACAC TAATAGGGAC AATAAGTT
TCATTCATCAAGTGCGC CTGTATCAGAAATCATATGTGATCAGTGTl!CAGTTTTGC TAGT
CATTCA?TCA T T TT C CT GT GGC TT AGT C C T T T TAT T T AT CAGGGGT C AC C AC AG C GGAAT
GAAC AG C C AAG T T AT C C AGCA TETGGTT TTTC T TATAATTCATATGTTAAC TTCAGTACT
TC AGCAATTATTCAGAAAC AAC TGGAAC CACAC GTTAGCAAAAATCACATGCAC TGGAT G
AATGATGGCATTTTAAATATATAGATAC T TCATC TTAAATAGATTTTCATAIIGACCAGGA
ACAAGC CAGC TGAC TTATGAGAGTTC TATAATC T GGGTC TGTATTAGGTGTTTGAAGTGG
TTTT GAGGATGCAC ATT TGACATTTGic TC C TCATACAGTAGC TTTGTTTTTGAGAATCAC
AAAAGGC TTTAATTGAAGATTAATGTGGAAAGCAAC TGG TTTGGGTGTGTTTAATGACAA
CTTATGAAAA:TTTGGGCATTTGGC CTCTTCATTTTGAAACTTCATTGAAATTCATTAAAG
GGATAG

Figure 3.7 continued.
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in clones 183 and l0.l and an adenine residue in clone 3.2.The polymorphism alters the

coded codon from GCC to GCA however both codons code for an alanine residue, hence

there was no alteration to the protein.

The 3' UTR of bmpl0 contains homology to subregions of the SINE family of

retrotransposons (Higashijima et al., 1997; Izsvak et al., 1996; Shimoda et al., 1996).

Nucleotides 227-G?310 are 90, 83 and 88 percent identical to subregions of DANA-16

(Izsvak et al., 1996), MINDIN1 (Higashijima et al., LW7), and the Tcl-like transposon

(Ivics et al., 1993), respectively.

3.2.2.7 Comparison of BMPl0-related proteins

Comparison of the predicted zebra{ish BmplO polypeptide to full-length mouse

and human BMPI0 proteins highlights the conserved position and identity of the dibasic

cleavage site and the seven conserved cysteine residues characteristic of the BMP family

(Hgure 3.8). A high level of amino acid similarity is apparent over the entire length of the

protein, consistent with BmplO being a potential ortholog of mouse and human BMPI0.

A number of insertions/deletions between BMPlO-related proteins ranging from l-14

amino acids in length are evident. In addition, the position of the intron/exon boundary

appears to be conserved betweenbmpl9 and mouse Bmpl} (see GenBankAFl0l439 and

AFlOl44O). This indicates that the primary genomic structure of zebrafish bmpl} md

mouse Bmpl9 is conserved and hence suggests a common ancestry.

3.2.2.8 Screening cDNA libraries tor bmp9 anil bmpl0 clones

To isolate the 5' coding sequences of bmp9 and bmpl}, a number of cDNA

libraries wete screened with mouse mature domain specific probes (see Section 3.2.1)
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Figure 3.8. Alignment of BMPl0-related proteins. Full-length proteins (where available)

of mouse (Mm, Mus musculzs) BMPIO, human (Hs, Homo sapiens) BMPI0, and

zebrafish (Dr, Danio rerio) BmplO where aligned using ClustalW (MacVector 6.0,

Odord Molecular). Consensus residues are shaded; identical residues in dark grey and

similar residues in light grey. The zebrafish Bmpl0 sequence is highlighted in blue and

the predicted signal sequences in green. The dibasic cleavage site (red box) and seven

conserved cysteine residues (red asterisk) characteristic of the BMP family are

highlighted. In addition, a second potential dibasic cleavage site for BmplO (red dashed

box) and position of the exon/intnon boundary of mouse BMP10 is shown (red

arrowhead). GenBank accession numbers: Mm BMPIO (AF101033), rls BMPI0
(NP_0ss2e7).
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and zebrafish mature domain specific probes (see Table 3.2). For zebrafish bmp10, clone

18.3)UH (Section 3.2.2.5) was digested with Xbal and Hindlll to release the fragment

encoding the mature domain, which was purified and radioactively-labelled by random-

priming. For zebrafish bmp9, the mature domain region was amplified by PCR and

subcloned. The primers zBMP9Fl and zBMP9Rl were used to amplify a 352 bp

fragment (nucleotides 1374 to 1725) that encodes the mature domain, which was

subcloned into pCR2.1. The mature domain fragment was released by EcoRI digest,

purifi ed and radioactively-labelled by random-priming.

Table 3.2. 7*braf,rsh cDNA libraries. Radioactively-labelled probes of mouse and

zebrafish BMP9/10 family members were used to screen zebrafish cDNA libraries. A tick

identifies libraries screened with each probe. Clones with sequence homology to the

TGFB superfamily that were isolated in these screens are also listed.

Approximately 1x106 PFUs were plated for each cDNA library and duplicale

hlters probed with 1x106 cpm/ml of radioactivelyJabelled probe. Zebrafish and mouse

mature domain probes were hybridised at 65"C and washed to a stringency of 65oC, 2X

SSC. Screening the Grunwald adult and T2 kidney cDNA libraries with the mouse

Bmpl} mature domain probe resulted in the isolation of clones corresponding to dvrl

(Helde and Grunwald, 19q3) (data not shown). This TGFp superfamily member shares

only 46Vo amino acid identity over the mature domain region to zebrafish Bmpl0 and is

cDNA LIBRARY PROBE (MATURE DOMATN SPECIFIC)

mouse

Bmp9

zebrafrsh

bmo9

mouse

Bmpl0
zebrafrsh

bmoI0

Grunwald adult { ,/
'ldvrl

Grunwald embrvonic t/

?Ahpf Uni-ZAP XR ,/ ,/ ,/ sdfra
T2 Kidney \ldvrl
One month 5' stretch t/ { ,/
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the orthologof Xenopus Vgl (Dohrmann et al., 1996). Screening the VI hpf Uni-ZAP XR

library with the zebrafish bmpl0 mature domain probe resulted in the isolation of clones

correspondingto radarlgdfia(Davidson et a1.,1999; Rissi et al., 1995) (data not shown).

Zebrafish Gdf6a is a BMP family member that shares only 47Vo amino acid identity over

the mature domain region to Bmplo. No Bmpl}-related, Bmpg-related, bmpg or bmplO

clones were isolated from the One month 5' stretch, Grunwald adult, Grunwdd

embryonic, T2 Kidney or Vl hpf Uni-ZAP XR cDNA libraries.

3.2.2.9 Comparison of the BMPg/l0-related proteins

An alignment of full-length (where possible) BMP9/lGrelated

proteins/polypeptides (Figure 3.9) revealed a number of notable features. The dibasic

cleavage site and the seven conserved cysteine residues characteristic of the BMP family

are evident. A high level of similarity is present over the mature domain, and a lower

level over the pro-domain. The motif LLFTIV/ISIP shows very high similarity within the

pro-domain region and only a 13 amino acid stretch within the mature domain region

contains a longer stretch of conserved similarity (Figure 3.9). This 13 amino acid stretch

is within the heel region (Griffith et al., 1996), which is involved in dimerisation. A

number of potential dibasic cleavage sites are present within BMP9/I0 subfamily

members although only the position of the most carboxy-terminal cleavage site is

conserved. Between BMPl0-like proteins, the consensus dibasic cleavage site

corresponds to RIRR, while for BMP9-like proteins it is RXKR.

3.2.3 Determining the orthology of zebrafish bmpg and bmpl0

Members of the TGFp superfamily are generally organized into related subgroups

based upon the amino acid similarity (percentage identity) over the mature domain and by



figur€ 3.9. Alignment of the BMP9/I0-related proteins. Full-length proteins (where

available) of mouse (Mm, Mus musculas) BMP9 and BMPI0, human (Hs, Homo sapiens)

BMP9 and BMP10, zebrafish (Dr, Danio rerio\ Bmp9 and Bmpl0, and chick (Gg, Gallus

gallus) Dorsalinl were aligned using ClustalW (MacVector 6.0, Odord Molecular).

Consensus residues are shaded; identical residues in dark grey and similar residues in
light grey, The motif LLFTIV/ISIP (blue box), a region of strong similarity within the

heel region of the mature domain (blue underline) and the predicted signal eequences are

highlighted (green). The dibasic cleavage site (red box) and the seven conserved cysteine

residues (red asterisks) characteristic of the BMP family are also highlighted. In addition,

other potential dibasic cleavage sites (red dashed boxes) are also highlighrcd. GenBank

accession numbers: Mm BMP9 (A4D56961), Hs BMP9 (NP-057288), Gg DORSALINI
(P34822), Mm BMP10 (AF101033), Hs BMP10 (NP-0552r0.
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phylogenetic comparison of the mature domain sequences of superfamily members

(Davidson e[ al., 1999; Griffith e[ al., 1996; Hogan, 1996). The percentage identity shows

homology, i.e. relatedness due to common ancestry, but should only be used as an

indica0or of potential orthology or paralogy. Orthology describes homologous molecules

produced by speciation while paralogy refers to homologous molecules produced by gene

duplication (Dickinson, 1995). Although orthology has generally been assigned by

phylogenetic analysis, it is increasingly determined by syntenic analysis.

3.23.1 Comparison of the percentage of amino acid conservation

betrveen BMP9/10 subfamilv members

The percentage of amino acid identity between BMP9/10 family members was

compared over the mature domain regions as a first step towards de0ermining the

orthology of the zebrafish genes (Figure 3.10). Bmp9 is most similar to chick DSL1 (62Vo

identity), mouse BMP9 (59Vo) and human BMP9 (597o), while Bmpl0 is most similar to

human BMPIO (AVo) and mouse BMPIO (1OVo). These identities are lower than

expected between zebrafish and mammalian orthologs, as the average identity between

zebrafish and human BMP family genes is 82Vo over the mature domain region (Table

3.3). Chick DSLI, which is represented as a novel gene in phylogenetic relationships

(Neuhaus et al., 1999), shows 7176Vo identity to mouse and human BMP9.
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Figurc 3'10' Comparison of the percentage amino acid identity of the BMpg/IO
subfamily' The percentage of nmino acid identity over the mature domain region was
compared between BMP9/10 subfamily members. Zebrafish Bmpl0 shows highest
identity to mouse BMP1O (red) while zebrafish Bmpg shows highest identity to chick
Dorsalinl (DsLl, red). chick DsLr shows highest identity to human BMpg (brue).
GenBank accession numbers: Mm BMpg (AAD5696I), Hs BMpg (Np_0572sg), Gg
DSLI (n4822), Mm BMP1O (AFl0l033), Hs BMplO (Np_055292). Abbreviarions: Dr,
Danio rerio; Gg, Gallus gallus; Mm, Mus musculus; Hs, Homo sapiens.
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ZEBRAIIISH BMP FAMILY
MEMBERS

HUMAN ORTHOLOG

BMP2 (Pr26/;3

BMP4 (XP ffi7326

Emo/g4f6b (CAA68102) qDF6 (Pssl06)
Table 3'3' Comparison of the percentage amino acid identity over the mature domain of
zebrafish and human BMP family members. GenBank accession numbers are shown.

3,23.2 Phylogenetic analysis of the BMpg/r0 subfamilv

As a first step towards determining orthology, a phylogenetic tree was constructed

for the BMP9/1O subfamily' Drosophita dpp waschosen as an outgroup sequence, as it is
the most elosely related ancestral gene to the BMpg/IO subfamily by BI-{ST search

(Altschul et al.' 1990). An outgroup is defined as the "closest relative that does not

belong to the group under study" (Retief, 2000) and is used as a reference point for
rooting the tree' The sequences were aligned over the mature domain region using

ClustalW (MacVector 6.0, oxford Molecular) and the alignment manually edited to
ensure the correct alignment was obtained (see Appendix 3 for the BMpgi lo subfamily

mature domain nucleotide alignment infile (the infile is the initial input for the phylip

version 3'733 software)). Distance, maximum-likelihood and maximum-parsimony trees

were constructed using Phylip Version 3.573 (Felsenstein, 1993) (see SectionZ.2.lSfor

an explanation of these tree building methods and the steps taken). Consensus distance,

maximum-likelihood and maximum-parsimony trees were constructed to determine the

relationships of the BMP9/IO subfamily. A consensus distance tree, using either the
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Fitch-Margoliash or Neighbor-joining algorithms, groups zebrafish bmpl7, mouse

Bmpl) and human BI4P10 into one clade and zebrafish bmpg,chick DSLI,mouse Bmpg

and human BMP? into another (Figure 3.11A). tdentical distance trees were constructed

using either the Kimura 2-parameter (Kimura, 19{30) or the Jukes-Cantor (Jukes and

Cantor, 1969) substitution methods (data not shown). Similar trees were also constructed

with the maximum-likelihood (Figure 3.llA) and maximum-parsimony (Figure 3.llB)
algorithms. Bootstrap analysis of distance, maximum-likelihood and maximum-

parsimony trees suPports the grouping of the BMP9/I0 family, suggesting that the correct

phylogeny has been obtained. The phylogenetic trees therefore indicate that zebrafish

bmpl0 is the ortholog of mouse Bmpl0 and human BMP\o,and that zebralish bmp9, and

chick DSLI, are orthologs of mous e Bmpg and human BMpg.

3.2.3.3 Mapping the zebrafish and human BMpg/r.0 subfamily
members

To confirm the orthology of zebrafish bmpg and bmplo. the zebrafish and human

BMP9/10 subfamily members were mapped (J. Postlethwait and yi-Lin yan, Institute of
Neuroscience, university of oregon, Eugene, oregon, usA), and the potential syntenic

relationships examined- synteny is defined as the presence of trvo genes on a single

chromosome segment (Aparicio, lqa) and has been used to assign orthology to zebrafish

genes (Barbazuk et al., 2000; Davidson et al., l9gg). orthologous genes represent gene

copies directly descended from an ancestral gene after speciation, therefore orthologous

genes may have conserved syntenies between species due to conservation of chromosome

segments (Aparicio, l99B). Mapping of genes may also identify linkage to a mapped

mutant (Talbot and Hopkins, 2000). The sequence of the gene of interest could then be



Figpr€ 3.11. Phylogenetic comparison of the BMP9/10 subfamily. The mature domain

nucleotide sequences of mouse Bmp9 and Bmp10, human BMP9 arrd BMP10, chick

dorsalinl, zebrafish bmp9 and bmpl0 and Drosophila dpp (outgroup) were alignd using

ClustalW (MacVector 6.0, Odord Molecular). Trees were constructed using 100

bootstrap replications and the Phylip Version 3.573 software package (Felsenstein,l9y3).

Trees were rooted to the outgroup. Zebrafish bmp9 md bmpl0 are highlighted in red.

Numbers at the node represent bootstrap values. (A) Consensus distance, obtained with

Neighbor-Joining (bootshap values - italics) and Fitch-Margoliash (bootstrap values -

regular) algorithms, and maximum-likelihood tree (bootstrap values - underlined). (B)

Consensus maximum-parsimony tree. GenBank accession numbers: dorsalinl (P3.4822),

Bmpg (AF188286), BMP? (NM-016204), BmpI0 (AF101033), BMPI0 (NM-014442),

dpp (U63857). Abbreviations: Dr, Danio rerio (zebnfrsh); Mm, Mus musculzs (mouse);

Hs, Homo sapiens (human); Gg, Gallus gallus (chicken).
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analysed, in the mutant fish, to detennine if the mutant phenotype was the result of a

mutation in the gene under study.

Radiation hybrid panels are created by irradiation of donor cells (e.g. zebrafish fin
cell line AB9) with X-rays, which causes random chromosomal breaks, and then fusion

with host cells (e.g. mouse cell line B7s). This creates a number of independent hybrid

cell lines that contain differing fragments of donor chromosome. A gene is mapped by

screening the RH panel by PCR for the absence/presence of a band in each of the

independent cell lines. The PCR profile is compared to the profile of markers such as

SSLPs (simple sequence length polymorphisms) in order to position the gene on the map.

The closer a gene is to a marker the more similar the PCR profile, as the more likely they

will be contained within the same fragment and, therefore, the same cell lines.

Zebrafish genes were mapped onto the l,oeblMFv5000/4000 (LN54) radiatiou

hybrid panel (Hukriede et al., 1999) by Yi-Lin Yan and John postlethwait (Institute of
Neuroscience' University of Oregon, Eugene, Oregon, USA). The zebrafish radiation

hybrid (RH) panel was produced by fusion of irradiated zebralish AB9 cells with mouse

B78 cells to give the g3 RH cell lines that constirute the LN54 panel (Hukriede et al.,

1999). The LN54 panel has a total size of ll,50l centiRays (cR, I cR = l48 kb)
(Hukriede et al', lgD). The human G3 panel is comprised of 33 human-hamster cell lines

and has a total size of r03J03 cR (l cR =?.4okb)(Geisler et ar., 1999).

The primers and size of amplified fragment used to map bmp9, bmpIT,BMpg,

and BMPI0 are shown in Table 3.4.



PRIMERS GEI\tE SIZE OF PCR FRAGMENT (bp)
ZBMP9F2 and zBMPgR2 bmp9 158
zBMPl0Fl and zBMpl0Rl bmpI0 U,5
hBMPgFl and hBMPgRt BMP9 2v7
hBMPlOFland hBMpl0Rl BMP]A r39

89

Table 3'4' Primers used to map zebrafish bmp9, bmplTand human BMpg, BMply.The primers
used to map the zebrafish and human genes, and the size of the pCR fragments (bp), are
indicated. see Table 2.3for primer sequences and coordinates.

3.2.3.3.1 Mappins and syntenic analysis of zebrafishbmpgand humanBMIS

Zebrafish bmpg was mapped onto the LN54 panel between the SSLp markers

27135 and zl0l22 on LG (linkage group) l2 (Figure 3.rz). To our knowledge, no

mutants map to this locus that are likely to result from mutations in bmp9. Human BMH
was mapped onto the T31 radiation hybrid panel33 cR (centiRays) from SHGC-12720 at

Io:22@ cR (data not shown). This corresponds to 10qll.2,the long arm of human

chromosome l0 (HsalO).

Zebrafish and human bmpglBMPg show conserved syntenies with acta2lACTA2,

adkolAD K, bmpr I abl BMp NA, hhexl HH EX, krox2ol EGR2, paxz.2/ p$e, spfi ol s pF3o,

vdac2lVDAC2, and tcf4lTCF4 on LGl2lHsal0. These conserved syntenies strongly

support the assignment of zebrafish bmpg as the ortholog of human BMpg.

3'2'3'3'2 Mapplng and s;mtenic analysis of zebralishbmptland human BM1I7

Zebrafish bmpl} was mapped onto the LN54 panel between the SSLP markers

222523 and r2o95l on LGS (Figure 3.13). To our knowledge, no mutants map to this

locus that are likely to result from mutations in bmpt\.Human BMpITwas mapped onto

the Stanford G3 radiation hybrid panel between SGHC-35027 atHsa2_zl7.Sl cR and

SGHC-33686 atHsa2-ztr.l5 cR (dara not shown). This is Hsa2pl2.
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Figure 3'r2" Genetic map of zebrafish linkage group 12. Modified from Woods et al.
(2000)' Genes are colour coded (sce box for key) according to the chromosomatr position
of the human ortholog- Simple-sequence length polymorphisrns (SSLps) begrn with z.
bmp9 (shown in bold) was mapped between the sslps z7li5 andzlolr|.
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Figure 3'13' Genetic map of zebrafish linkage group 5. Modified from Woods et al-
(2000)' Genes are colour coded (sce box for key) according to the chromosonral position
of the human ortholog- Simple-sequence length potymorphisms (SSLFs) begrn with z-
bmplU (shown in bold) was mapped berween the sslps zz25B and zfr9sl.
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Zebrafish and human bmpl1lBMPIO show conserved syntenies with paxglpryG

and mcm6/MCM6 on LG5/Hsa2. These conserved syntenies strongly support the

assignment of zebrafish bmpl|as rhe ortholog of human BMpl 0.

3.2.4 Analysis of bmpg and, bmpl0 expression

3.2.4-t Analysis of bmpg and! bmplO expression by reverse
transcriptase,polymerase chain reaction

3'2'4'l'l Optimisation of the conditions for reverse transcriptase-pol5rmerase
chain reaction

As a first step towards determining the temporal and spatial expression patterns of
bmp9 and bmpl1' reverse transcriptase-polymerase chain reaction (RT-pCR) analysis

was performed on a nurge of embryonic stages and adult tissues. Total RNA was isolated

from either approximately 100 embryos or 100 mg of tissue. First strand cDNA was

prepared using raudom hexamers and 5 pg of total RNA and was amplified using gene

specific primers. As a positive control for cDNA synthesis, the primers zEFlFl and

zEFlR2' which amplify a 299 bp product, were used to detect expression of the

ubiquitously expressed elongation factorlatpha (efla) (Gao et al., lw7). The primers

zBMP9F3 and zBMP9R3, which amplify a 469 bp product by PCR, were used to detect

bmp9 expression. The primers zBMPI0F2 and zBMplOR2, which amplify a 344 bp

product by PCR, were used to detect bmpl1expression.

To semi-quantitate the levels of expression between different tissues, the linear

RT-PCR range was determined for bmp9, bmplT and efla. (Figure 3.14). The linear

range was determined by taking aliquots of the PCR reactions (using cDNA derived from

whole adult total RNA as a template) at 5 cycle intervals and determining the density of
bands on an agarose gel' using the Eagle-Eyell still-video system (Stratagene). The
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Figure 3.14. Determination of the linear RT-pcR ftmge far bmp9, bmplT and efla.T\e
linear RT.PCR mnge fot bmpg (A), bmplT (B) and efla (C) was determined by taking
aliquots at 5 cycle intervals and determining the integrated density using the Eagle-Eyell
still-video system (Snatagene). The number of cycles of PCR iue represented above each
lane. Abbreviations: 100 bp, r0o bp DNA ladder (GibcoBRL); I Kb, I Kb ptus DNA
ladder (GibcoBRL). (D) The integrated density versus the number of pCR cycles was
graphed and the midpoint of the linear ratrge determined.
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number of cycles versus the density was plotted (Figure 3.14D) and the midpoint of the

linear range was extrapolated to determine the number of cycles used for further RT-PCR

analysis. For bmp9, bmpl1, md efla,30,32, and 20 cycles were used, respectively. The

difference between using 20 or 30 cycles to obtain the same relative level of product

amounts to a l0?tl-fold difference in available template, under ideal conditions. This

gives an indication of the relatively low level of expression of both bmpg and bmpl7.To

control for the presence of genomic DNA, SuperScriptll (GibcoBRL) was omitted from

duplicate .DNA synthesis reactions (RT-) (data not shown).

To confirm that the bands amplified by PCR were specific the pCR products were

blotted and probed with gene-specific primers (data not shown). The internal gene-

specific oligonucleotide probes used were zBMP9R4, zBMplOR3, flnd zEFlRl for

bmp9, bmp10, and efla, respectively. Some PCR reaction products were also sequenced

to confirm their identity (data not shown)

3.2-4-1.2 The temporal expression patterns or bmpg anil bmpllduring
embryogenesis

The development of the zebrafish embryo is described in detail in Section 1.2.2 (a

brief overview of zebrafish embryonic development is represented pictorially in Figure

3'154)' By 1'25 hours post fertilisation (hpf) the embryo has undergone three cycles of

cell division and consists of 8 blastomeres. By approximately 3.5 hpf, a transition from

maternal control to zygotic control of cellular functions occurs (Kane et al., 1996). By

5ovo epiboly (5.3 hpf) the blastodisc is spread over fivo of the yolk cell and consists of
two layers; the hypoblast, which gives rise to mesoderm and endoderrr, and the epiblast,

which gives rise to ectoderm (Kimmel et al., 1995). By 9 hpf (X)vo epiboly) the dorsal

side of the blastoderm is distinctly thicker than the ventral side and an obvious
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Figure 3'15. Analysis of the temporal expression patterns of bmpg and bmpl7 by RT-
PCR' (A) Camera lucida sketches of early zebrafish development, modified from
Westerfield (1994). The animal pole is located at the top of the page for srages l.Zt1.s
hours post fertilisation (hp0. For the other stages the head is at the top-left. (B)
Expression patterns of bmpg and bmplO were determined at the developmental stages
showu by RT-PCR and compared with the constitutively expressed efla as a positive
control for loading and cDNA synthesis.
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anterior/posterior axis exists. By 14 hpf ten somites are clearly visible, ffl are the brain

and eye rudimeuts' By 19 hpf twenty somites are visible and the hindbrain neuromenes

are prominent' By ?Ahpf there are approximately 30 somites, the heart starts beating and

blood cells begin to circulate . By 72 hpf morphogenesis of the primary organ systems is

complete and by !)6 hpf the larva starts feeding and actively swimming.

The temporal expression pafterns of bmpg and bmplT were deterrnined over the

first7? hours of zebrafish development (Figure 3.158). The expression of the constitutive

efl a gene was also determined as a control for cDNA synthesis and loading (Figure

3'l5D)' The level of efl ais consistent between all stages apart from the 8 cell and 3.5 hpf

stages' Zebrafish bmpg expression was detected at both the 8 cell stage and at 3.5 hpf.

This represents maternal RNA as zygotic transcription first starts shortly after 3.5 hpf
(Kane et al', 1996). The frrst zygotic expression of bmpg was detected at 19 hpf and

expression persists until72 hpf, the latest stage examined. The level of bmpg expression

appears to be similar between all positive stages. Expression of bmplT was first detected

at24hpf and persists until 72 hpf. No maternal transcript was detectedfor brnplg. The

level of expression of bmplo appeani constant during the time frame examined.

3.2.4.1.3 Expression of bmpg anilbmpll in adutt zebrafish tissues

The expression of zebrafish bmpg and bmplT was determined in adult tissues by

RT-PCR (Figure 3.16A). Zebrafish bmpg expression was detected in a number of adult

tissues including the brain, gut, kidney, liver, ovary, and the testis whil e bmplo

expression was detected in the brain, heart, kidney, liver, ovary, and the testis (Figure

3' 16A)' The expression of the constitu tive efl a gene was also determined as a control for

cDNA synthesis and loading (Figure 3.164). The level of efla was variable between

tissues' therefore, the levels of bmpg and bmplT expression were determined relative to
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the amount of expression of efla and the normalised values graphed (Figure 3.16 B and

C)' The level of expression of bmpg in the liver and ovary was four-fold and two-fold

higher, respectively, than the level of expression in the other positive tissues. Relatively

high levels of bmpl| expression were detected in the heart and liver, lower levels of

expression were detected in the brain, kidney and testis, and weak expression was

detected in the ovary.

3.2.4.2 Analysis or bmpg anil bmpl0 expression by whole mount in situ
hybridisation

Whole mount in situ hybridisation is a powerful technique for determining the

three-dimensional spatial expression pattern of a gene at a particular time and how that

pattern changes over time or in response to the overexpression or down-regulation of

epistatic genes.

3.2.4.2.1 Preparation of bmpg andl bmpllriboprobes

The specificity and sensitivity of riboprobes in part depends upon a number of

factors including the length of the riboprobe (permeability) and on the uniqueness of the

riboprobe sequence (specificity) (Coulton, 1990). A number of different DlG-labelled

riboprobe templates were therefore made from subclones of both bmpg and bmplT

(Figure 3.17) to ensute the most effective riboprobe was utilised. Different regions of

bmp9 were subcloned from l8.lS/N (see Section3.2.2.2) and different regions of bmplo

were subcloned from 18.3P (see Section3.2.2.5) into pBluescript II KS- linearised with

the appropriate restriction enzymes (see Table 3.5).
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Light grey boxes represents the pro-domain while the dark grey boxes represent the
mature domain.
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Riboprobe

subclone
Gene,

Genomic

subclone

Co.ordinates

of subcloned

fragment

Restuiction

enzymes used to
subclone fragment

Restriction enzJnrrcs

used to linearise
pBlueScriotll KS.

bmp9Sc/Cl bmp9,

18.1S/N

86G1888 SacllClaI SacllClal

bmp9Sc/Xb bmp9,

l8.ls/N
850-1239 SacllXbal SacllXbal

bmp9Sc/Ac bmp9,

18.ls/N
860-1043 SacllAccl SacllAccl

bmp9AcDft bmp9,

l8.ls/N
t0/.3-1239 AccllXbal AccUXbal

bmp9Xb/Sl brnp9,

18.1S/N

t239-2M7 XballSalI XbaUSa[I

bmpl0EcDft bmpI0,

l83P
366-In4 EcoWXbal EcoNIlXbal

bmpl0Hc/Hd bmpI0,

18.3P

y9-rry7 HinclllHindlII HinclUHindlll

bmpl0Hc/)(c bmpI0,

18.3P

54;9-765 HinclllXcml HinclllEcoRV

bmplOXc/)ft bmpl0,

18.3P

765-tlt4 XcmllXbal EcoRYlXbal

bmplOXb/Ev bmpI0,

r8.3P
rlI+1ffi XballEcoRY XballEcoRY

Table 35. Restriction enzymes used to subclone bmpg and bmpllriboprobe templates. Co-
ordinates refer to the bmpg and bmprT seguence (Figures 3.4 and,3.7).

Additional templates were subcloned using PCR amplification of target

sequences' The region of bmpg from nucleotides 952-13@,, corrcsponding to the pro

domain, was amplified using the primers zBMPIOFS and zBMPI0RS, and subcloned into

pCR2'l (Figure 3.17A)' The region of bmplT from nucleotides lO2Z-2132. which

includes the mature domain and approximately 600 bp of 3' UTR, was amplified using

the primers zBMPlOFz and zBMpl0R6 and subcloned inro pcR2.l (Figure 3.lrB).
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3.2.4.2.2 vYhole mount in situ hybridisation analysis of bmpg anil bmplT

Both sense and anti-sense probes were generated from the above templates (see

Table 2.8 for restriction enzymes used to linearise the templates and RNA polymerases

used to transcribe the riboprobes). Whole mount in situ hybridisation analysis of bmpg

and bmpl0 expression were performed at 24hpf ,the earliest time deterrrined by RT-pCR

when both bmpg and bmpl} are expressed (Figure 3.158). No specific expression

patterns were detected using any of the bmpg or bmpl| specific riboprobes. After long

exposure times, variable nou-specific staining paterns were evenfually observed, both

between embryos and between sense and anti-sense riboprobes. l,ater time points were

also analysed for bmpg and bmpl| expression but with no success. Whole mount in situ

hybridisation was successfully performed (data not shown) using control anti-sense

riboprobes for a number of known marker genes including axial, sonic hedg"fug, wnt1a,

and evel (Akimenko and Ekker, 1995; Joly et al., 1993;Rauch et al., lW:Strahle et al.,

1993) (see Table 2.8 for restriction enzymes and RNA polymerases used to linearise and

transcribe these genes).

3.2.4.2.3 Optimisation of whole mount in situhybridisation conditions

A number of optional pre- and post-hybridisation treatments were also performed

in an attempt to optimise the whole mount in situanalysis. Acetic anhydride treatrnent (to

reduce endogenous phosphatases, Westerfield (1994), RNase treatment (to remove any

unbound probe, Westerfreld (1994), and variations of the hybridisation temperature (to

increase stringency) were all trialled to decrease the level of background staining in order

to highllight any specific expression. These modifications all proved unsuccessful for

detecting a specific expression pattern for bmpg or bmpl0.
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3.2.4.3 Northern analysis of bmpg and bmpl0 expression

3.2.4.3.1 Northern analysis of bmpg andl bmplL expression using 3?-hbeled cDNA
probes

To confirm the expression of bmpg and bmplT derected by RT-pCR and to

determine the size of their transcripts, Northern analysis was performed. Radioactively-

labelled double-stranded cDNA probes were generated that contained sequences

encoding the pro domain regions of bmpg and bmpl\. Subclone bmpgpRO (see Figure

3'l7A) was digested with EcoRI, while subclone bmpl0Ec/Xb (see Figure 3.178) was

digested with EcoRI and Xbal, to release the pro-domain encoding fragments. The pro-

domain fragments were purified and radioactively-labelled with 32p by random primed

labelling. Whole adult and liver total RNA (20 pg) were transferred to nylon membrane

and hybridised at high stringency (65"c, lx ssc, 0.lzo sDS). The membranes were

exposed to film for two weeks at -80oC, with two intensifying scroens, but no bmpg or

bmpl0 transcripts were detected (data not shown).

3.2.4.3.2 High sensitivity Northern analysis

To improve the sensitivity of the Northern technique, downwards transfer and

DlG-labelled single-stranded RNA riboprobes were utilised. Ingelbrecht et al. (l$A)
demonstrated that downwards transfer has improved sensitivity than the standard

"upward" capillary transfer technique (Sambrook et al., l9B9). It has also been

demonstrated that riboprobes are significantly more sensitive than DNA probes

(Srivastava and Schonfeld, l99l), and that DtG-labelled riboprobes are more sensitive

than 3?-labelled riboprobes (Engler-Blum et al., Igg3,).

The sensitivity of Northern analysis utilising DlG-labelled riboprobes was

investigated. A series of S-fold dilutions of sense RNA (transcribed from bmpl0Hc/Hd,
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see Table 2.8) was elechophoresed on a formaldehyde gel and downwards transferred to

nylon membrane- The membrane wirs hybridised with a DlG-labelled anti-sense

riboprobe (using bmpl0Hc/Hd as a template, see Table 2.8). As linle as 2 pg of sense

RNA could be detected after a 5 minute exposure with the chemiluminescenoe substrate

CDP-star (Roche Molecular Biochemicals) (Figure 3.18A). By comparison, 2 ng of sense

RNA was de0ected using standard capillary transfer and a "P-labelled riboprobe with one

weeks exposure to autoradiography film, with two intensifying screens, at -80oC (data not

shown). This represents a 100-fold improvement in sensitivty with downwards transfer

and DlG-labelled riboprobes.

3.2.4.3.3 sensitive Northern analysis of bmpg anil hmpllexpression

Both bmpg and, bmpl7 are expressed most abundantly in the adult liver as

determined by RT-PCR- For the highest possible sensitivity poly(A). purified mRNA was

directly isolated from adult liver. Duplicate samples of mRNA (zo pg) were

electrophoresed on a formaldehyde gel, transferred to nylon membrane and probed with

bmp9- and bmpl?-specific DlGlabelled riboprobes (Figure 3.188). Anti-sense

riboprobes were generated from the subclones bmpgS clCl (bmp9) and bmpl0Hc/Hd

(bmpl0) (see Table 3.5 and Table 2.8 for restriction enzymes used to linearise templates

and the RNA potymerases used to transcribe the riboprobe). A single faint band of

approximately 5.5 kb was detected after an overnight exposure to chemiluminescence

film with the bmpl} probe using the chemiluminescence substrate CpD-star (Figure

3' l8B). No signal was detected with the bmpg probe after a one week exposure to

chemiluminescence film (Figure 3.188). As a positive control for 6RNA purification and

as a comparison of the relative abundance of bmpg/10 transcripts, serial dilutions of liver

mRNA were probed with an efla riboprobe (Figure 3.18C). An eflariboprobe template



Theliver mRNA was quantitated spectr-ophotometrically, T .ho RNA sarnple was aliquoted into

three nrbes, ose of which was used to prepare:serial dilutions that wer,e pro.hed w.ith an EFla
antisense riboprobe, the other hvo tube$ wote used to ptepare blots that were pr-obed with btnp9

and bmpl| antisense riboprobes. The EFls probed blot acted as a positive control for RNA

integrity and blottiug effieiency, as visualised by the pre$ence of a single intact band (see Figure

3.18C), and as a control for the sensitivity of the Northern technique.



A.
9P HH .TtrqpRSHF;.i=

fburc 3.18. Northem analysis of bmpg and bmplo expression. (A) Determination of
DIG Northern sensitivity. Serial dilutions of bmpl0Hc/Hd seuse RNA were detected with
a bmpl0Hc/lld anti-sense DlG-labelled riboprobe. The nylon membrane was exposed to
autoradiography film for 5 minutes following addition of CDP-star. (B) Northern analysis
of bmp9 and bmpl} expression. For size determination the ethidium bromide stained gel,
showing O.?A-9.5 kb RNA ladder (lane 1) and the O.I6L.17 kb RNA ladder (lane Z), was
photographed. Duplicate liver mRNA samples (20 pg) were probed with either a
bmp9Sc/Cl (bnp9) antisense riboprobe (lane 3) or a bmplOHc/Hd (bmpl7) antisense
riboprobe (lane 4), and following addition of CDP-star, were exposed to autoradiography
film overnight. A faint band of 5.5 kb was detected with the bmplT riboprobe
(arrowhead). (C) Serial dilutions of liver mRNA - 10 ng (lane 5), lng (lane 6) and 100 pg
(lane 7) - were probed with an efla anasense riboprobe and exposed overnight to
autoradiography film following addition of CDp_star.
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was generated by subcloning a PCR product into pCR2.1. A 29ti bp product was

amplified from the 24hpf Uni-Zap cDNA library (Stratagene) using the primers zEFlFl

and zEFlR2. Expressionof efla could be detected in as little as I ng of livermRNA,

t/20000 of the amount probed with bmp9 and bmpl) probes. This is an indication of the

relatively low level of expression of bmp9 and bmplA.

3.2.5 Analysis of bmpg function

The microinjection of synthetic mRNAs into early zebrafish embryos has been

used extensively to elucidate gene function during development (reviewed in

Hammerschmidt et al., 1999; Holder and Xu, 1999; Xu, lg9u^). The phenotype arising

from the ectopic expression of the gene under study, a dominant negative form of the

gene, or of epistatic genes can provide insight inta in viva function. For example,

injection of bmp4 mRNA into early Xenopus embryos ventralises the mesoderm (Dale et

al., 1992; Jones et al., l99}\, while microinjection of a dominant negative bmrt figand

dorsdises the mesoderm (Hawley et al., 1995).Injection of chordin which is epistatic to

bmrt and inhibits bmp4 activity, also results in dorsalisation of the embryo (I-arrain et

al., 2000). These simple experiments highlight the involvement of bmp4 in the

specification of ventral mesoderm in vivo.

Maternal transcripts have been shown to play important roles in the development

of a number of model organisms. lnXenapus, mesoderm induction involves the maternal

gene vegt which activates zygotic transcription of the Xenopus rndal-related genes

(Kimelman and Griffin, 2000; Kofron et al., 1999\ and loss of Vegt function re.sults in

loss of mesoderm (Zhmg and King, 1996). In Drosophila, the maternal genefusilli plays

a role in dorsal/venhal patterning (Wakabayashi-Ito et al., 2001). In zebrafish, the

iclnbod mutation identifies a gene required for the maternal localisation of fuatenin
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(Kelly et al., 2000a). Embryos with improper Bcatenin localisation fait to form a normal

embryonic shield, a head and the notochord, and have excessive development of ventral

tail fin tissue and blood (Kelly et al., 2000a). The maternal expression of bmpg,detected

by RT-PCR analysis (see Section3.2.4.l.2), suggests that it may play a role in the early

events that lead to the patterning of the embryo.

3.25.1 construction of a BMp2-bmp9 fusion vector

To determine if the bmpg maternal transcript had a function during early zebrafish

development, synthetic BMP2-bmp9 fusion nRNA was microinjected into l-2 cell stage

embryos. The human BMPT pro-domain was fused to the zebrafish bmpg mature domain

since the zebrafish Bmpg coding sequence was incomplete. Fusion of the biologically

active mature domain onto a foreign pro-domain has been shown to result in the efhcient

secretion of ttre mature domain (Constam and Robertson, 1999; Thomsen and Melton,

p%).

To construct the BMP2-bmp9 fusion, the mature domain coding region of bmpg

was subcloned into theP2 vector (Gift of Genetics Institute), which contains the human

BMP2 pro-domain flanked by EcaRI restriction sites (Figure 3.19A). Firsrly, the primers

zBMP9Ll, which contains a Sapl adapter, and zBMPgL| which contains a Ascladapter,

were used to amplify the mature domain of bmpg by pcR (Figure 3.19A). The pCR

product was fully sequenced to ensure no errors were incorporated. Restriction digest of

the PCR product with ^Sapl and AscI facilitated the subcloning of the bmpg mature

domain into the P2 vector linearised with Sapl and AscI. The resulting construct, tn-

BMP2/bmp9, contained the human BMP2 prodomain fused in-frame with the marure

domain of bmpg.The BMP2lbmp9 fusion was released from theY2vector using Ecoql

and subcloned into the EcoRI restriction site in polylinkerl of the expression vector
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pCS2* (Rupp et al., l99rl) (Figure 3.198). The resulting construct, pCS2-BMP?bmp9,

contains the BMP2lbmp9 fusion with an upstream SP5 RNA polymerase site and a

downstream SV4O poly A signal.

3.2.5.2 Construcfion of microinjection control vectors

As a negative control for microinjection, the human BMP2 pro-domain was

subcloned into pCS2+ (data not shown). The P2 vector was digested with EcoRI to

release a fragment which encodes the human BMP? pro-domain and an inframe stop

codon six amino acid residues downstream of the dibasic cleavage site. The human

BMP2 pro-domain encoding fragment was subsequently subcloned into the EcoRI

restriction site in pCS2+ to give the construct pCS2-BMPZpro.

To enable visualisation of injected embryos, enhanced green fluorescent protein

(EGFP) was subcloned into pCS2+ (data not shown). EGFP was released from pIRES-

EGFP (Clontech), with the restriction enzymes SacI (blunt-ended) and BamFIl, and

subcloned into pCS2+ linearised with EcoRI (blunt-ended) and BamY[I, to create the

construct pCS2-EGFP.

3.2.5.3 Analysis of bmp9 function by microinjection of synthetic RNAs

DNA from the pCS2-BMP2/bmp9, pCS2-BMP2pro and pCS2-EGFP constructs

was linearised with Nall and synthetic capped sense mRNA was transcribed using the

SP6 mMessage mMachine kit (Ambion). The synthetic mRNAs were resolved on a l%o

agarose gel and the integrity visualised with ethidium bromide staining (data not shown).

pCS2-BMP2/bmp9 and pCS2-BMP2pro synthetic mRNAs were co-injected with

pCS2-EGFP mRNA into l-2 cell stage zebrafish embryos. F,mbryos positive for EGFP
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fluorescence at 6 hpf were examined morphologically at ?A hpf (Figure 3.204).

Overexpression studies of the TGFp superfamily members cyclops md squint, utilising

microinjection of less than 1 pg, resulted in a visible phenotype (Gritsman et a[., 2000).

Co.injection of 100 pg of synthetic BMPT prodomain encoding mRNA with 100 pg of

EGFP mRNA resulted in no visible differences in the morphology of injected embryos,

compared with uninjected embryos, at %I hpf (n:2A) (data not shown). No apparent

morphological differences wer€ observed at%Ihpf upon co-injection of l0O pg of sense

BMP2lbmp9 mRNA and 100 pg of EGFP mRNA at the l-2 cell stage (n=88, two

separate experiments) (Figure 3.208) compared to uninjected embryos (Figure 3.2AC).

Higher concentmtions of BMP2lbmpg mRNA were also iqiected (200 and 5fi) pg),

however, no apparent morphological differences were observed in injected embryos at 24

hpf compared to unidected embryos (data not shown).



Synthetic oapped serrse r,rRNA was quanEtated spectr,ophotometrically. The irmqgriry oJ the
RNA was detetmirled viSuall,y an a, lVa agaro$e gel with ethidiunr b.ronide staining, The

pf,esFnce of an intae,t banA of approximately the correct size, was used to determine that the
DRNA transeript had not been truncated due to degradalion. The trigh levele of EGFp expression
obEerved in enbryos injeoted with EGFP mRNA acts as a validation of this apgoach for
deterrnini4g'the irltogrity of the qynthetic nRNA. Widespread expression of EGFP was det'cted
throughomt the embryos at 6 hpf, 12 hpf and 24 hpf by uv fluorescence.
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Ftgure 3.20. Overexpression of bmp9. 100 pg of synthetic BMP2/bmp9 mRNA was co-

injected with 100 pg of EGFP mRNA into 1-2 cell stage embryos. (A) Expression of
EGFP at 6 hours post fertilisation (hpf) was visualised under UV light. The embryo is

orientated with the animal pole towards the top of the page. Morphology of injected (B)

and uninjected (C) embryos at TAhpf . Embryos are orientated with rostral to the left and

dorsal towards the top of the page.
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3.3 Summary

Two members of TGFB superfamily, belonging to the BMP9/IO subfamily, were

isolated from a zebrafish genomic library by homology screening with a mouse Bmpg

probe. Zebrafish bmpg and bmpl} are most closely related to members of the BMP9/I0

subfamily based on BLA.ST search and amino acid identity. The level of sequence

similarity between these genes was lower than expected for zebrafish/human orthologs of

BMPfamily members.

The orthology of bmpg was examined by phylogenetic and syntenic analysis.

Phylogenetic analysis grouped bmp9, DSLI, Bmpg and BMPS into a single clade and

bmplo, BmpI} and BMPI| into another. Zebrafish bmpg and human BMW were mapped

to linkage group 12 and chromosome 17, respectively, and share syntenic relationships

with a number of other genes mapped onto these respective chromosomes. Zebrafish

bmpl} and human BMPL} were mapped to linkage group 5 and chromosome 2,

respectively, and share syntenic relationships to mcm6/MCM6 and paxSlp$B. The

phylogenetic and syntenic analyses support the orthology of bmpg and bmpl7 to human

BMP? and BMPI0, respectively.

The expression patterns of bmpg and bmpl? were determined by RT-pCR and

Northern analysis. Maternal expression, and zygotic expression from 19 hpf onwards,

were detected for bmpg by RT-PCR. In addition, bmpg expression was detected in the

adult liver, ovary, testis, kidney, gut and brain by RT-PCR. No bmpg signal was detected

by Northern analysis in adult liver mRNA, suggesting very low expression levels of this

gene. Zygotic expression of bmpl7 was detected from 24 hpt onwards by RT-pCR.

Expression of bmpl} was also detected by RT-PCR in the adult liver, heart, brain, testis,

kidney and ovary. A 5.5 kb bmpl| transcript was detected in liver mRNA by Northern
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analysis. No specific expression pattern was detected for either bmp9 or brnpl0 by whole

mount in situ hybridisation, indicating the low level of expression of these genes.

Analysis of bmp9 maternal function by the microinjection of synthetic RNA

resulted in no apparent morphological changes although changes at a molecular level

were not examined.

ln conclusion, the orthologs of BMP9 and BMP|O were isolated from the

zebrafish, Danio rerio. The expression levels of bmp9 and brnpl0, both during

development and the in adult, are very low compared to the level of efla. Expression of

either bmp9 or bmpl0 was not detected by whole mount in situ hybridisation. The lower

than expected sequence similarity to the mammalian orthologs and the low level of

expression suggest a lack of evolutionary pressure between subfamily members. These

hypotheses, and others, are discussed in Chapter 5.
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Chapter 4

The isolation, characterisation, and function of
zebrafi sh gdfl I

4.1 Introduction

Growth/differentiation factor ll (Gdfl I), also referred to as bone morphogenetic

protein ll (Bmpl I), has been implicated in the anterior/posterior patterning of the axial

skeleton (McPherron et al., 1999). Gdfl I belongs to the TGFB superfamily of secreted

molecules and is most closely related to myostatin (Mstn) (McPhenon et al., lW7}

Gdfl I, Mstn, and Drosophila myoglianin (l-o and Frasch, 1999\ forrr a closely related

subfamily, based on sequence homology, referred to as the GDFII/IvISTN subfamily.

Members of the GDFll/lvlSTN subfamily contain nine conserved cysteine residues

within the mature domain region rather than the seven characteristic of the BMP family.

Mouse Mstn was isolated in a degenerate PCR screen for new TGFp superfamily

members and is expressed exclusively in developing and adult skeletal muscle

(McPhenon et al., I99T). Targeted gene knockout of Mstn resulted in a widespread

increase in muscle mass, indicating a role for MSTN as a negative regulator of skeletal

muscle growth (McPhenon et al., l9g7). It was subsequently shown that "double

muscled" cattle breeds result from mutation of the bovine MSTN gene (McPherron and

Lee, 1997). To "pursue potential therapeutic and agricultural applications" trIstn

homologs were cloned from cDNA libraries constructed from bovine, pig, sheep, rat,

baboon, human, turkey, chicken and zebrafish skeletal muscle RNA (McPheron and Lee,

rw7).
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Drosophila myoglianin isolated from an expressed sequence tag (EST) library by

Btl,ST search for new TGFB superfamily members, shows highest similarity to mouse

Gdfl l and Mstn (l-o and Frasch, 1999). Maternally derived myoglianin is highly

expressed in the pole plasm whereas zygotic myoglianin is expressed in glial cells and in

somatic, visceral and cardiac muscle (I.o and Frasch, 1999).

Mouse GdfI I was independently isolated using either PCR with degenerate

primers or low stringency homology screens using either mouse BmpT or human MSTN

probes (Gamer et al., 1999; McPherron et al., 1999; Nakashima et al., 1999). Expression

of Gdfl l is first detected within the late primitive streak and the tail bud (Gamer et al.,

1999: McPherron et al., 1999; Nakashima et al., 1999). At later stages during

embryogenesis, GdfI I expression is detected within the branchial arches, limb bud, nasal

epithelium, retina, terminally-differentiated odontoblasts, and in specific regions of the

developing nervous system (Gamer et al., 1999; McPherron et al., 1999; Nakashima et

al., 1999). Expression of chick GDFI I is also observed within the developing limb bud

(Gamer et al.,20Ol).

McPherron et al. (1999) generated mutant mice carrying a targeted deletion of

Gdfl I. These mice exhibited a dose-dependent anteriorly-directed transformation of the

axial skeleton. Mutant mice contain extra anterior vertebrae at the expense of posterior

vertebrae and have an anterior displacement of the hind limbs. These mice lack a tail,

have a range of palate and renal anomalies, and die within 21 hours of birth although the

precise cause of death is unknown (McPherron et al., 1999). Mutant mice also show

changes in the posterior expression boundaries of Hoxc6 and Hoxc8, and posterior shifts

in the entire expression domains of HoxcIO and Hoxcll (McPherron et al., 1999). The

F/or genes have been implicated in conferring the anterior/posterior (AP) identity to body

segments in vertebrates and invertebrates (for reviews see Krumlauf, 1993; McGinnis and

Krumlauf, 1992).



106

The mouse axial skeleton consists of cervical, thoracic, lumbar, sacral and caudal

vertebrae. [n contrast, zebrafish have only two basic classes of vertebrae; trunk vertebrae,

which consist of a centrum alticulating with a neural arch dorsally and ribs ventrally, and

tail vertebrae, in which the ribs are replaced by venffal hemal arches (Prince et al., 1998;

van Eeden et al., 1996a). There are also limited differences in the trunk vertebrae as some

mark the position of the pectoral fin and spinal nerves (Kimmel et al., 1995; Myers,

1!As).

The simplicity of the zebrafish axial skeleton may reflect a simplification of the

underlying anterior/posterior patterning mechanism, thus facilitating dissection of gdfl I

function using zebrafish as a model organism.

The relatively simple axial organisation of the zebrafish is reflected by the lack of

physical Hox gene diversity. In the zebrafish, the anterior hox gene expression boundaries

are compacted over a short anterior/posterior region compared with tetrapods, which have

anterior 11or boundaries dispersed over a longer anterior/posterior region (Prince et al.,

l99B). The anterior zebrafish hnx gene boundaries are also confined to only the trunk

region (anterior to somite 17) and llox expression appears fixed posterior to the anus (at

somite 17) (van der Hoeven et al., 1996).

Vertebrae do not develop until relatively late during zebrafish development and

are still uncalcified at one month after fertilisation (Fisher and Halpern, 1999). Unlike

tetrapods, where the major component of the somite is sclerotome, which gives rise to the

vertebrae, the major component of the teleost somite is myotome, which gives rise to

muscle (Morin-Kensicki and Eisen, lW7). The global AP patterning of the vertebrae is

determined before any overt signs of segmentation or sclerotome formation (Kieny et al.,

I972).In chick, transplantation of thoracic level presomitic mesoderm to cervical regions

resulted in the presence of ribs in the neck (Kieny et al., lnD. Although vertebrae form
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later in zebrafish, the initial stages of skeletogenesis, the stages at which the

sclerotome/vertebrae are patterned, still occur early in zebrafish development.

There are four stages of skeletogenesis: (l) migration of cells to the site of future

skeletogenesis; (2\ epithetial-mesenchymal interactions; (3) condensation; (4)

differentiation of chondroblasts or osteoblasts (Hall and Miyake, 2000). Paxl and Pax9

are predominantly expressed during the condensation stage in the sclerotome (IrClair et

al.,1999; Peters et al., 1999). Expression of paxg is detected in zebralish during the post-

segmentation period (Nornes et al., 1996), therefore, it appears that only the final step of

skeletogenesis is delayed during zebrafish development. The late formation of vertebrae

in the fish may allow for the characterisation of features of Gdfl I function not examined

in the mouse.

The isolation and characterisation of gdfl l in the zebrafish will set the

groundwork for further study of Gdfl I function by utilising the strengths of the zebrafish

as a model organism. Facilitating dissection of axial development in the zebrafish,

numerous mutants defective in gastrulation, dorsal/ventral patterning, tail development,

and somitogenesis have been isolated from chemical mutagenesis screens (Driever et al.,

1996; Haffter et al., L996). A fate map of the zebrafish tail bud and a number of genes

expressed in the tail bud have also been characterised (Dheen et al., l9D; Joly et al.,

1993; Joly et al.,1992; Kanki and Ho, l9g7).
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4.2 Results

4.2.1 Isolation of zebrafish Sdfl l

To isolate zebrafish gdflI, the primers hGDFllFl and hGDFllRl were used to

amplify by PCR a 368 bp product (nucleotides 893 to 1260) that encodes the mature

domain region of human GDFII (GenBank NM_0O5811; gift of A. Celeste, Genetics

Institute). The GDFII mature domain fragment was radioactively-labelled by random-

priming and used to screen the %[ hpf Uni-ZAP XR cDNA library (Stratagene) at high

stringency (55'C 0.1X SSC,0.l7o SDS). Five positive clones, clones 11, 13, 16, 19 and

?3, were isolated, excised in vivo as pBluescript SK- phagemids, and characterised by

restriction mapping. The restriction maps of the five positive subclones were identical

(Figure 4.lA). The 5'and 3'ends of all five clones were sequenced. Clone 11 had the

longest 5' sequence (Figure 4.lB) and clone 13 the longest 3' sequence (Figure 4.1C),

however, the clones differed by less than 25 bp in length overall. The isolated clones

encode a single gene that was subsequently named gdf[1.

4.2.2 Analysis of the gdfll sequence

The 2350 bp of contiguous gdfl l cDNA sequence (Figure 4.2) was obtained by

compiling sequence derived from clones 11 and 13. Clone 13 was fully sequenced (a

minimum of nro reads in each direction) and clone l l partially sequenced (only the

coding region was sequenced, with one read in each direction). Conceptual translation of

the gdfll sequencb identifies a predicted ORF of ll73 bp, which encodes a polypeptide

of 390 amino acids (Figure 4.2). A predicted in-frame translation start site and signal

sequence peptide (Nielsen et aI., 1997) were identified at the amino-terminus. No

potential polyadenylation sites were identified indicating that more 3' untranslated
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Figure 4.1. Analysis of gdfl I cDNA clones. (A) The fle gdfll cDNA clones - ll, 13,

16, 19, and ?3 - were restriction mapped and found to produce an identical restriction

map. Restriction enzyme sites present in the polylinker of pBluescript SK- are shown in
brackets. (B) The.5' sequence of gdfll cDNA clones. (C) The 3' sequence of gdfll
cDNA clones.



Figure 4.2. Nueleotide sequence and oonceptual translation of gdf||, The sigual

sequence peptide is undedined (red). The dibasic cleavage site (red shaded box) and the

[ine consorved eysteine residues (blue shaded cireles) are highlightcd. In addition, a

s€cond potentiatr dibasic cleavage site isratso indicated (dashed box).
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EGGTAGAGATAAATAAGCTAAGTAATGGAGGGGGGAGAGTGTCAGGGCTTAATTCAAGAA 15OO
TGCAAGTCTCTACATTTTCCTTATATTGTTTCTTAAATTCCTTTGAATGAATTTGCTGTA 1560
CAGAAAGAAAAAAAAATGTGTAGCTTTTTTTAATAATCACAGTAAAAAGTCTTTACATCA I620
AAGACAAAAGCTAATTTCTCTTTATTATTTAAATTTATATTATATCTACCAACAATGTTT 1680
TTTATTGTGTTGGGTCACTCTCAAAAAAATGCATAAGTCCAAAATCCGAAATTACCAATA L7 40
TCCAAAATTAATATATTCCTAAAACTTTGTGCAGTATTTCACATTCAGAGACAATAGAAC 18OO
AGTTACAATCTGTTAATTACAAAGAATGATATATGTAATGCAGGACAAAGCATGTATGAT 1860
CTTTTTAGTATTGTATTATATTTTAGAAAAGTACAATATTCTTATTTCACACAGACACAC 1920
ACACACACACACACTCACACACACACACACACACACACACACACACACACACACACACAC 1980
ACACACACACAATTCTTTCATTTGTGTTAGACTTTGACATTAGTCCAAAGTGCTTAAGTC 2040
AACACCCTAAAACTTAATCTAGGTTATCAAAATAACCTTTAATTTTAGTTCAATGCAAAT 21OO
GTTCAATGCAATTGACAAAATCATGGTAGGAGACACATTGACCCCTCCCCTTCCAATAAT 2L60
GCTTCTACCACTATGACATCCGCATTAAAATAGCTTTTCTTTGAATTTTTTTTAATCAAE 2220
ATACCAATATATTETTTCGTTTTTTTTTTTTTTTTACATTTTAATTTAATTTAATATATE 2280
GTTATATTTTCATTGTGCTGTGTAGCTCTGACCTAATATAGGCACACTTTCATGATCTTG 2340
TAAAAAGAAAEAAGAAAAA 2359

Figure 4.2 continued.
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sequence (UTR) may exist. The predicted polypeptide contains a dibasic cleavage site,

RSRR, and nine conserved cysteine residues, characteristic of Activin and TGFp. A

second, more amino-terminal, dibasic cleavage site (RHIR) is also present. Amino-

terminal sequencing of TGFp superfamily ligands indicates that the dibasic cleavage site

immediately proximal to the first conserved cysteine is utilised (Constam and Robertson,

1999). By BLAST search (Altschul et al., 1990), the predicted Gdfl l polypeptide shows

highest identity to mouse GDFII (GenBank AAC72853; unpublished) and human

GDFI I (GenBank NP_005802; unpublished). No polymorphisms were detected between

the coding regions sequenced in both clone I I and clone 13.

4.2.2.t Comparison of GDFll-related proteins

Alignment of the full-length proteins of human GDFI l, mouse GDFI l and

zebrafish Gdfl I reveals conservation of the nine cysteine residues and a high level of

identity over the entire protein (Figure 4.3). The dibasic cleavage site, RSRR is identical,

as is a second dibasic cleavage site, RHIR, between GDFll-related proteins. The

conservation of the second cleavage site may indicate a conserved function, such as a

requirement for the correct processing or secretion of the active ligand.

4.2.2.2 Comparison of GDFf UMSTN subfamily members

GDFI I forms a closely related subfamily with the vertebrate MSTNs and

Drosophila Myoglianin, referred to as the GDFI I/MSTN subfamily. Alignment of the

vertebrate members of the GDFI I/MSTN subfamily highlights the high level of amino

acid identity between members of this subfamily over the entire protein (Figure 4.4). The

dibasic cleavage site, RSRR, is identical between GDFI l/l\4STN subfamily members
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Figure 4.3. Amino acid alignment of the GDFII subfamily. Full-length mouse (Mm,

Mus muscultt.l) GDFIl, human (Hs, Honzo supiens) GDFIl, and zebrafish (Dr, Danict

rerio) Gdfl l proteins were aligned using ClustalW (MacVector 6.0, Oxford Molecular).

Consensus residues are shaded; identical residues in dark grey and similar residues in

light grey. The zebrafish Gdfl I sequence is highlighted in blue and the predicted signal

sequences in green. ln addition, the dibasic cleavage site (red box) and nine conserved

cysteine residues (red asterisks) are also highlighted. A second potential dibasic cleavage

site is indicated (red dashed box). GenBank accession numbers: Mm GDFI I
(AF100906), Hs GDFI I (AFl0o907).



Figure 4,4. Amino acid alignment of the GDFI I/MSTN subfamily. Full-length proteins

(where available) of the vertebrate GDFI lfivISTN subtamily were aligned using

ClustalW (MacVector 6.0, Odord Molecular). Consensus residues are shaded; identical

residues in dark grey and similar residues in light grey.7*brafrsh Gdfll is highlighted in

blue. The GDFI I/MSTN subfamily contain the dibasic cleavage site (red box) and the

nine conserved cysteine residues (red asterisks) characteristic of the ACTMN proteins.

A second potential dibasic cleavage site (red dashed box) is present within the GDFI I
proteins. GenBank accession numbers: Bt MSTN (AF01ftt20), Dr Msbr (AF019626), Gg

MSTN (AF019621), Hs GDFI I (AF100907), Hs MSTN (AF1019627), Mg MSTN

(AF019625), Mm GDFI I (AF100906), Mm MSTN (U&1005), Oa MSTN (AF0l%22),

Ph MSTN (AF019619), Rn MSTN (AF019624), Ss MSTN (AF019623). Abbreviations:

Bt, Bos taurus (bovine); Dr, Danio rerio (zebrafrsh); Gg, Gallus gallus (chicken); Hs,

Homo saptens (human); Mg, Meleagris galktpavo (turkey); Mm, Mus muscufus (mouse);

Oa, Ovis aries (sheep); Ph, Papio hamadryas (baboon); Rn, Rattas norvegicus (rat); Ss,

Sus scorfa (pig).
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except for zebrafish Mstn (RIRR). The nine cysteine residues, characteristic of Activin

and TGFp, are conserved among the GDFI IiMSTN subfamily.

4.2.3 Orthology of the GDF11/1VISTN family

4.2.3.L Comparison of the percentage amino acid conservation between

GDFI I/]VISTN subfamilv members

The percentage amino acid identity between members of the GDFIIiIVISTN

subfamily was compared over the mature domain region as a first step towards assigning

orthology to zebrafish gdfl I (Figure 4.5). Zebrafish Gdfl I shows the highest level of

amino acid identity (97Vo) to mouse and human GDFI l. Zebrafish Mstn shows the

highest level of identity to human, mouse, rat, pig, turkey and chicken MSTN (8G887o),

however, zebrafish Gdfl l shows a slightly higher average level of identity to these

proteins (AVo). The high level of relatedness within the GDFI I/MSTN subfamily is

evident from the high percentage identity between vertebrate subfamily members (UVo

identity minimum). The comparison of the amino acid identities indicates that gdfl I is a

potential ortholog of GDFI I , however, the assignment of zebrafish mstn as the ortholog

of MSTN (McPherron and I*e,l9Dfl) is not supported.

4.23.2 Phylogenetic analysis of the GDFII/DISTN subfamily

To determine the orthology of gdfl I and the potential orthology of the previously

identified zebrafish mstn (McPherron and [.ee, I9E7), phylogenetic analysis of the

GDFI I/MSTN subfamily was performed using Phylip Version 3.573 (Felsenstein, 1993)

(see Section2.2.l5 for description of steps used to perform the phylogeny). Drosophila

myoglianin shows the highest level of identity to GDFIl and MSTN by BLAST search
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Figure 4.5. Comparison of the percentage amino acid identity over the mature domain

region of the GDFI I/MSTN subfamily. Zebrafish Gdfl1 shows highest identity to mouse

and human GDFII (red). GenBank accession numbers: Bt MSTN (AF019620), Dm

Myoglianin (AE003843), Dr Mstn (AF019626), Gg MSTN (AF0l9b21), Hs GDFII
(,{F100907), Hs MSTN (AF1019627), Mg MSTN (AF01962t, Mm GDFI I
(AF100906), Mm MSTN (U&1O05), Oa MSTN (AFOI9622), Ph MSTN (AF0l96l9), Rn

MSTN (AFOI%Z ), Ss MSTN (AF019623). Abbreviations: Bt, Bos taurus (bovine); Dm,

Drosophila melanogaster (fruit fly); Dr, Danio rerio (zebrafish); Gg, Gallus gallus
(chicken); Hs, Homo sapiens (human): Mg, Meleagris gallopavo (turkey): Mm, Mus

musculus (mouse); Oa, Ovis aries (sheep); Ph, Papio hamadryas (baboon); Rn, Rnf/as

norvegicus (rat); Ss, Sus scorfu (pig).



lll

(Lo and Frasch, 1999) and appears to represent an ancestral GDFIllMSTN gene. The

phylogeny of the GDF1I/MSTN subfamily was, therefore, analysed using Drosophila

myoglianin as the outgroup. The GDFI I/MSTN phylogeny was examined using a

nucleotide alignment of the mature domain region (see Appendix 4 for the

GDFI I/MSTN subfamily mature domain nucleotide alignment infile). Distance,

maximum-likelihood, and maximum-parsimony consensus trees were constructed (Figure

4.6A-C). The distancen maximum-likelihood, and maximum-parsimony trees group

zebrafish gdfl l and mstn with mouse Gdfl / and human GDFI I (Figure 4.6A-C). This

suggests that mstn is not the zebrafish ortholog of M.SIN, however, the bootstrap support

is weak and secondly, none of the trees reconstructed the expected grouping of the other

vertebrate MSTNs, suggesting the trees do not contain enough sequence diversity to

determine the predicted phylogeny of the MSTN-related genes (see Discussion, Section

5.2.3\. The predicted vertebrate phylogeny (Figure 4.6D) derived from complete

mitochondrial sequences, groups porcine with bovine and sheep (Mouchaty et al., 2000;

Takezaki and Gojobori, 1999). Analysis of the MSTN-related genes in the distance,

maximum-likelihood, and maximum-parsimony trees (Figure 4.6A-C), indicates that the

position of porcine MSTN is incorrectly grouped. This suggests that the trees constructed

using the mature domain nucleotide alignment, with myoglianin as the outgroup, are not

representative of the true phylogenetic relationships of the M.IlN-related genes.

To confirm the phylogenetic relationship of gdfl l, an unrooted maximum-

parsimony tree was constructed for the vertebrate GDFII/I\4STN subfamily members

using a full-length nucleotide alignment (Figure 4.6E: see Appendix 5 for the

GDFI I/MSTN subfamily full-length nucleotide alignment infile). The unrooted

maximum-parsimony tree provides high bootstrap support for the grouping of fish gdfl l,

mouse Gdfll, and human GDFII. The grouping of zebrafish mstn depends upon the

position of the root, which is unknown, therefore the tree is still uninformative for



Figure 4.6. Phylogenetic comparison of the GDFI I/MSTN subfamily. The mature

domain (A-C), or the full-length nucleotide sequences (E), of members of the

GDFI I/MSTN subfamily were aligned using ClustalW (MacVector 6.0, Oxford

Molecular). Trees were constructed using 100 bootstrap replications and the Phylip

Version 3.573 software package (Felsenstein, 1993). Zebrafish gdfl I is highlighted (red).

Numbers at the node represent bootstrap values. Phylogenetic trees (A-C) were rooted to

Drosophila myoglianin (A) Consensus Neighbor-Joining (bootstrap values in italics) and

Fitch (bootstrap values underlined) distance trees. (B) Consensus maximum-likelihood

tree. (C) Consensus maximum parsimony tree. (D) The predicted vertebrate phylogeny,

determined using mitochondrial sequences (Mouchaty et al., 2000; Takezaki and

Gojobori, 1999). The relationship of porcine to sheep and bovine is highlighted (green).

(E) Unrooted maximum-parsimony tree, the possible positions of the root are indicated

(red and blue arrowheads). GenBank accession numbers: Bt MSTN (4F019620), Dm

Myoglianin (AE003843), Dr Mstn (AF019626), Gg MSTN (AF0l962l), Hs GDFI I

(AF10090n, Hs MSTN (AF1019627), Mg MSTN (AF0lqt25), Mm GDF1 l
(AF100906), Mm MSTN (U84OO5), Oa MSTN (AFOL%Z2), Ph MSTN (AF0l96l9), Rn

MSTN (AFOI9624), Ss MSTN (AF019623). Abbreviations: Bt, Bos taurus (bovine); Dm,

Drosophila melanogaster (fruit fly); Dr, Danio rerio (zebrafish); Gg, Gallus gallus

(chicken); Hs, Homo sapiens (human); Mg, Meleagris gallopauo (turkey); Mm, Mus

musculus (mouse); Oa, Ovis aries (sheep); Ph, Papto hamadr-,tas (baboon); Rn, Rallas

norvegicus (rat); Ss, Sus scorfa (pig).
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Figure 4.6 continued.



E.

Dr gdfl l
Mm Gdfl l

Gg MSTN

Bt MSTN

Oa MSTN

Mg MSTN

Ss MSIN

Ph MSTN

Hs GDF| 1

Hs MSIN

Figure 4.6 continued.



l12

determining the definitive orthology of mstn.The expected grouping of the other M'STlf-

related genes was obtained indicating that this tree is representative of the correct

phylogeny.

The amino acid relatedness and the phylogenetic analysis support the assignment

of gdfl t as the zebrafish ortholog of mouse Gdf I I and human GDF I I . The assignment of

zebrafish nntn as the ortholog of human MSTN (McPhenon and l-ne, 1997) is not

supported by either the phylogenetic analysis or by comparison of the amino acid identity

over the mature domain region.

4.23.3 Mapping and s5rntenic analysis of zebrafish gdfll

Human GDF|l has been mapped to human chromosome (Hsa) 12 (unpublished;

OMIM 603936). To confirm the assignment of zebrafish gdfl I as the ortholog of GDFI l,

gdfl t was mapped by J. Postlethwait and Yi-Lin Yan (lnstitute of Neuroscience,

University of Oregon, Eugene, Oregon, USA) onto the zebrafish HS (heat shock)

mapping panel (Ketly et al., 2OOOb) using single-stranded conformational polymorphism

(SSCP) analysis.

The HS panel is comprised of 42 homozygous diploid individuals produced by

heat shock treatment of one-cell stage haploid embryos and has an average resolution of

2.4 centiMorgans (Kelly et al., 2000b). The inbred lines C32 and SJD (Nechiporuk et al-,

1999; Streisinger et al., lgSl) were crossed to create first filial (Fr) females whose eggs

are fertilised with UV inadiated sperm (which does not contribute genetic material),

resulting in the production of haploid progeny. 'fhe haploid progeny are then heat

shocked to double the haploid chromosomes, thus creating diploids that are homozygous

at each locus for either a C32 or SJD allele (Kelly et al., 20OOb). SSCP analysis is based

upon changes in the intramolecular secondary conformation due to single nucleotide
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changes in otherwise identical short fragments of single-stranded DNA, that may result in

a detectable mobility shift on a non-denaturing electrophoresis gel (Foernzler and Beier,

1999). In order to map a gene to a specific locus, a PCR product must be obtained from

the gene of interest that has a difference in mobility between the two parental strains. The

differential mobility of the two PCR products represents the two parental alleles that are

analysed in the progeny. The pattern of distribution of the two parental alleles is

determined in the diploid heat shock progeny and compared to the distribution patterns of

known markers. The more closely linked a gene is to a marker, the more similar the allele

distribution will be, as the less likely that a recombination event will have occuned

between them.

The primers zGDFI lFl and zGDFI lRl were used to amplify by PCR a 385 bp

product from each of the 42 diploid individuals that make up the zebrafish HS mapping

panel. The PCR products were denatured, the single-stranded DNA resolved on a non-

denaturing electrophoresis gel and the allele distribution determined and compared to

markers. Zebrafish gdfl I was localised between the simple sequence length

polymorphism (SSLP) marker 222U38 and the expressed sequence tag (EST) AI47743fi

on linkage group (LG) I I (Figure 4.7).

Zebrafish and human gdfl I |GDF11 show conserved syntenies with atpSblATPsb,

dspg3lDSPG3, hoxcl2b|HOXC, and plasticin/PRPH on LGll/Hsal2. These conserved

syntenies strongly support the assignment of zebrafish gdfl I as the ortholog of human

GDF| I.
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4.2.4 Analysis of gdflf expression by whole mount in situ

hybridisation

4.2.4.1 Zebrafish tail development

The segmentation period refers to the period of embryo development between 10

and 24 hpf (Kimmel et al., 1995). During the segmentation period the somites develop,

the rudiments of the primary organs become visible, the tail bud becomes prominent, the

embryo elongates and the AP and DV axes are apparent (Kimmel et al., 1995). The tail

bud contains both ectoderm and mesendoderm derivatives and contributes predominantly

to the formation of the posterior body (Kanki and Ho, 1997). During epiboly the

blastoderm moves vegetally over the yolk. lnvolution of cells at the blastoderm margin

results in the formation of two layers; the epiblast, which gives rise to ectoderm, and the

hypoblast, which gives rise to mesendoderm (Kimnrel et al., 1995). The tail bud forms as

the cells of the blastoderm margin fuse over the ventral yolk plug. A fate map of the

zebrafish tail bud (Kanki and Ho, 1997) shows that cell movements both similar, and

dissimilar, from gastrulation occur during tail bud development and that the tail bud

contains tissue-restricted domains. The posterior half of the tail bud originates from the

ventral side and gives rise to only paraxial derivatives. The anterior half, derived from the

dorsal side, gives rise to all tissue types while the spinal cord and notochord are derived

exclusively from the anterior tail bud. Cells fated to become paraxial mesoderm, in both

the anterior and posterior tail bud, give rise to muscle tissue along the entire posterior

body and conversely any given somite within the tail could contain cells originating from

both the anterior and posterior halves of the tail bud (Kanki and Ho, 1997). The tail is

usually considered as the structure posterior to the anus in vertebrates (Schoenwolt,1977:

Tam, l9&1). In the zebrafish the anus is located at somite 17, however, the zebrafish tail
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bud contributes cells to posteriortrunk tissues as faranterioras somite ll-12 (Kanki and

Ho, 1997).

4.2.4.2 Analysis of the developmental expression of gdfll by whole

mount in situ hvbridisation

To examine the expression of gdfl l during zebrafish development whole mount

in situ hybridisation studies were performed. Zebrafish gdfl I and mstn are very similar

over the mature domain (7SVo at the nucleotide level) but have reduced similarity over the

prodomain region (55Vo). The expression pattern of the TGFp superfamily member

antivin was obtained using a full-length antisense riboprobe (Thisse and Thisse, 1999).

Zebrafish antivin was subsequently identified as corresponding to one of two lafty-

related genes present in the zebrafish (Bisgrove et al., 1999), and the published

expression pattern of antivin (Thisse and Thisse, 1999) was observed to resemble the

combined expression patterns of both of the zebrafish Lefiy-related genes (Bisgrove et al.,

1999). Analysis of gdfl I by whole mount in situ hybridisation was subsequently

performed at high stringency using a riboprobe consisting of the prodomain region and

I24 bp of 5' UTR to minimise any potential cross-reactivity with zebrafish mstn. A 955

bp XballEco4TII fragment (nucleotides 132 to 1087) was subcloned from clone 13 (see

Section 4.2.I) into pBlueScriptll KS-, and named gdfl lX/E. Whole mount in situ

hybridisation was performed using sense and antisense riboprobes at 7O"C stringency

(see Table 2.8 for the restriction enzymes used to linearise the templates and the RNA

polymerases used to transcribe the riboprobes).
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4.2,4.3 Expression of gdfll during segmentation period

The developmental expression of gdfl / was analysed using whole mount in situ

hybridisation on embryos from the 4-cell stage (l hpfl up to 120 hpf. No maternal

transcript was detected for gdfl 1. Zygotrc expression of zebrafish gdfl I is first evident

just prior to the start of the segmentation period from approximately XJVo epiboly (9 to

9.5 hpf) in the cells of the blastoderm margin (Figure 4.8A). Expression of gdfll is

highest in the dorsally-derived cells (Figure 4.8A) and is maintained at a higher level in

the dorsally-derived tail bud cells than in the ventrally derived cells (Figure 4.8B).

Zebrafish gdfl I is expressed at significantly higher levels in the tail bud by 12 hpf

(Figure 4.8C) and expression is highest in the caudal-most, and therefore most recently

involuted, chordamesoderm (mesoderm that gives rise to the notochord and the

floorplate). Expression of gdfl l in the chordamesoderm decreases anteriorly (Figure

4.8D). Zebrafish gdfl l transcripts are also evident in the posterior-most tail bud (Figure

4.8D), which is derived from the ventral tail bud progenitors and gives rise to paraxial

cell fates. The restriction of gdfll expression to the hypoblast, and in particular to the

caudal-most chordamesoderm, is evident in the longitudinal and transverse sections

(Figure 4.8E and D. The longitudinal and transverse sections also highlight the punctate

expression of gdfl I within these restricted regions. At 13.5 hpf , gdfl I expression is

restricted to the caudal-most chordamesoderm and to the posterior epiblast is evident

(Figure 4.8G). By 15 hpf, expression of gdfl I is restricted to the caudal-most

chordamesoderm (Figure 4.8H-l), a region that is also referred to as the chordoneural

hinge (Dheen et al., L999). A transverse section of the tail bud region at 18 hpf (Figure

4.8L) highlights the expression of gdfl I to a medial position and the punctate staining

that was evident at 12 hpf is also observable. Expression within the tail bud persists until

approximately 2*26 hpf (data not shown).



Figure 4.8. Expression pattern of gdfl I in the tail and neural tissues during the

segmentation period. Expression of gdfl I mRNA was visualised by whole mount in situ

hybridisation. (A) Vegetal pole view of zebrafish embryo atX)Vo epiboly, dorsal to right.

Expression of gdfl I in the caudal most chordamesoderm of the dorsally derived tail bud

cells is highlighted (arrowhead in A-D and G). (B) t ateral view at 10.5 hpf, dorsal to

right. (C) l,ateral view at 12 hpf, anterior to the top. (D) Dorsal view at 12 hpf, anterior to

the top. (E) Longitudinal section of the tail bud region at 12 hpf, anterior towards the left.

(F) Transverse section of the tail bud region at 12 hpf, dorsal to top of the page. (G)

Lateral view at 13.5 hpf, anterior to the left. (H) Dorsal view at 15 hpf, anterior to the top.

(l) Lateral view at 15 hpf, anterior to the lefl (J) l-ateral view at l8 hpf, anterior to the

left and dorsal to the top. (K) Higher magnification of the tail region at 18 hpf, posterior

to the right and dorsal to the top. (L) Transverse section through tail bud region at 18 hpf,

dorsal to the top. (M) lateral view at 22hpf , anterior to the left and dorsal to the top. (N)

Dorsal view 22 hpf, anterior to the left. (O) l-ateral view 24 hpf, anterior to the left and

dorsal to the top. (P) Dorsal view at Ahpf , anterior to the left. Abbreviations: e, epiblast;

h, hypoblast; n, notochord.
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4.2.4.4 Expression of gdfL1 in the central nervous system

Expression of gdfl I is first evident in the central neryous system (CNS) at22hpf ,

with the level of expression increasing by 24 hpf (Figure 4.8M-P). Zebrafish gdfl I is

expressed in two lateral strips within the ventral hindbrain rhombomeres and within the

midbrain and forebrain. The neural expression of gdfll peaks during the mid-pharyngula

period (30-36 hpfl (Figure 4.9). The pharyngula period refers to the period of

development when an embryo possesses the classic vertebrate bauplan (Ballard, l!t8l)

and for the zebrafish this stage was estimated to be between 2-3 days post fertilisation

(Kimmel et al., 1995). During this stage of development the brain is undergoing

numerous morphological changes (Eisen, l99l; Kinrmel et al., 1995), and consequently

the expression pattern of gdfl I appears dynamic during this period. The exact regions of

gdfl l neural expression are unknown, as no comprehensive morphological atlas of the

zebrafish brain at these stages is currently available.

Expression of gdfl I at 36 hpf is evident within the ventral hindbrain and more

rostrally within the cerebellum and as two bilateral stripes in the forebrain/midbrain

(Figure 4.9A and B). Within the ventral hindbrain, expression appears to converge from

four bilateral stripes into two stripes caudally (Figure 4.9 D-F). The exact region of gdfl I

expression within the forebrain is unclear but expression appears to be consistent with the

thalamus (Fjose et al., 1994) (Figure 4.9 C). Neural expression persists until at least 48

hpf (Figure 4.9G) but weakens and was undetectable by 60 hpf (data not shown).

4.2.4.5 Comparis on of gdfll and ntl expression in witd-type embryos

The expression pattern of gdfl I within the tail bud suggests its expression might

be regulated by genes co-expressed within this region. The gene no tail (ntt) is the

zebrafish ortholog of mouse Brachyuryll (Schulte-Merker et al., L99<r,), Heterozygous



The expression of gd.flI in the mid-hindbrain boundary (MHB) at 36 hpf (see Figure 4.9A)
suggests that its expression may be regulated by genes that are expressed in the MHB at earlier

time points. Genes expressed in the MHB prior to 36 hpf include fgfS'the zebrafish engrailed

orthologs 2, and zebrafish pax2.l and pax2.2I t. The expression of zebrafish pax2.1 and pax2.2 in
both the MHB and the hindbrain at 27 hpf is similar to that of gdfl I at 36 hpf - suggesting that

these genes in particular may regulate gtlfl I expression in the caudal CNS. Although a role for

zebrafish her5 has been described in AP patterning of the mesendoderm, which includes the

mesoderm and the endoderm, the described expression pattern of this gene t precedes that of
gdfl I and its expression was not described during the times at which gdfl I is expressed,

therefore the relationship between these genes is unknown.

l. Heisenberg, C. F., Brennan, C. & Wilson, S. W. Zcbrafish aussicht mutant embryos exhibit widespread

overexpression of ace (lgt8) and coincident defects in CNS developnrent. Developntent 126,2129-40. ( 1999).

Ekker, M., Wegner, J., Akinrcnko. M. A. & Westerfield, M. Coordinate embryonic expression ol' three

zcbrafish cn-erai led genes. D ev e I o p m e n t 116, I 00 l - | 0. ( I 992 ).

Krauss, S., Johansen. T., Korzh, V. & Fjosc, A. Expression of the zebraf,ish paired box gene pax[zl'-b] during

early neurogenesis. Devebpntent ll3, I I 93-206. ( I 99 I ).

Pl'effer, P. L., Gerster, T., Lun. K., Brand, M. & Busslinger, M. Characterization of three novel members of the

zcbrafish Pax2l5l8 family; dependency of Pax5 and Pax8 expression on the Pax2.l (noi) function. Developmenl

125,3063-74. (r998).

Bally-Cuif, L., Coutel, C., Wasscl', M., Wurst, W. & Rosa, F. Coregulation of anterior and posterior

mesendodermal devcloprnent by a hairy-rclated transcriptional repressor. Gcnes Dev 14, 1664-71 . (2000).
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Brachyury mutant embryos have short tails, while homozygotes die at mid-gestation and

have distinctive caudal defects including absence or fusion of posterior somites (reviewed

in Beddington et al., 1992). Brachllury is required for the formation of posterior

mesoderm and notochord in mouse (Herrmann et al., 1990), zebrafish (Halpern et al.,

1993; Schulte-Merker et al.,l98'4c), and Xenopus (Conlon et al., 1996).The spon&aneous

nfJ mutant, ntPt's, lacks a tail and a differentiated notochord (Halpern et al., 1993;

Schulte-Merker et al., 1994c). The ntl gene encodes a nuclear protein that is initially

expressed at 4.2 hpf throughout the presumptive mesoderm but during gastrulation,

expression becomes restricted to the tail bud and caudal notochord (Schulte-Merker et al.,

re92\.

The expression patterns of ntl and gdfl l were compared at 12 hpf (Figure 4.10A

and B). A side-by-side comparison of ntl and gdfl I expression patterns indicates that

gdfl l is co-expressed within a subset of cells expressing the highest levels of ntl. The

early expression of ntl and the co-expression of gdfl / in a subset of ntl expressing cells

suggests that gdfl l expression may be regulated by Ntl function.

4.2.4.6 Analysis of gdfll expression in ntlbles mutant embryos

To investigate whether Ntl acts upstream of gdfl I, the expression of gdfl I was

examined in ntflesl+ intercross embryos (gift of N. Glickman, lnstitute of Neuroscience,

University of Oregon, Eugene, Oregon, USA). By 24. hpf, the phenotype of homozygous

fiFtes embryos is evident phenotypically by the lack of a tail (compare Figures 4.10E and

F). Expression of gdfll is absent from the tail region in homozygovs fiPtes embryos at 24

hpf but the expression in neural tissue was unaffected. The homozygous ntP'es phenotype

is not observable at 12 hpf, therefore, the ratio of embryos lacking gdfl I expression was

determined. The ratio of embryos lacking gdfl l expression was found to correspond to
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Figure 4.10. Comparison of gdfl I and ntl expression in wild-type embryos, and

expression of gdfl I in ntPtes mutant embryos by whole mount in situ hybridisation.

Lateral (A) and dorsal views (B) compaing ntl (no rai[) and gdfl l expression at 12 hpf.

Lateral (C) and dorsal views (D) of gdfl l expression in wild-type (WT) and ntf/e'tmutant

embryos (-/-) at 12 hpf. (E) Expression of gdfl t in WT and ntPtes mutant embryos at 24

hpf, dorsal view, anterior to the left. (F) Expression of gdfl I in ntPtes mutant embryo,

lateral view, anterior to left. (G) Expression of gclJ'l I in WT embryo, lateral view,

anterior to the top.
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25Vo (?A out of 96 embryos from a ntPles/+ intercross), the expected proportion of

homozygous mutant embryos from a heterozygous cross of recessive mutant fish.

Heterozygotes and wild-type embryos would constitute the other 75Vo. These results

indicate that the expression of gdfl I within the tail bud, but not within the CNS, is

dependent upon Ntl function.

4.2.5 Analysis of gdfll function

The loss of Gdfl I activity in the mouse knockout resulted in a posterior shift of

the HoxcL} and Hoxcll expression domains and anterior transformation of the vertebrae

(McPherron et al., 1999). Conversely, it might be expected that overexpression of Gdfll

may act to shift Hox gene expression domains anteriorly and lead to posterior

transformation of the vertebrae. To test this hypothesis, gdfll was overexpressed during

the early stages of zebratish development by microinjection of synthetic mRNA.

4.2.5.1 Construction of a gdfll microinjection construct

To create a construct for the synthesis of synthetic gdfl l mRNA, the coding

region of gdfl I was subcloned from cDNA clone 13 (see Section 4.2.1) into pCS2+

(Rupp et al., 1994) (the steps kken are outlined in Figure 4.1 I ). The restriction enzymes

Drcil and Bsml were used to release a fragment (nucleotides 2l4l50/; the coding region

is from nucleotides 2X-14?3), which was blunrended with 'l'4 DNA polymerase and

subcloned into pCS2+ linearised with EcaRI, and blunt-ended with the Klenow fragment

of Escherichia coli DNA polymerase I. This vector was named pCS2-gdfl l.
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4.2.5.2 Overexpression of gdfll during embryogenesis

Synthetic capped gdfl I mRNA was transcribed using the SP6 mMessage

mMachine kit (Ambion) from pCS2-gdfl I template linearised with Notl. The synthetic

mRNA was resolved on a l7o agarose gel and the integrity visualised with ethidium

bromide staining (data not shown). Synthetic gdfl l mRNA was co-injected with 100 pg

af EGFP mRNA (see Section 3.2.5.2) as a positive control for microinjection. lnjected

embryos were sorted at 6 hpf for EGFP expression and EGFP positive embryos were

raised and analysed for morphological abnormalities which may have arisen from the

overexpression of gdfl l. No morphological differences were observed with injection of

l0O pg EGFP alone (n=34) (Figure 4.12A). Microinjection of lpg of gdfl I mRNA

resulted in embryos with mildly dorsalised phenotypes (n=73, 2 separate experiments)

(Figure 4.128). Microinjection of 100 pg of gdfl I mRNA resulted in the death of all

EGFP positive embryos (n=135, 2 separate experiments). Analysis of the morphology of

6 hpf (Figure 4.12D\ and 12 hpf (Figure 4.12F) embryos injected with 100 pg of gdfl I

mRNA, indicated that the embryos are severely dorsalised and lack epiboly movements,

similar to the phenotype observed with microinjection of actrllh (Nagaso et al., 1999). To

confirm that this phenotype represented severe dorsalisation of the embryos, embryos

injected with 100 pg of gdfl I mRNA were analysed by whole mount in situ hybridisation

using the ventral mesoderm marker evel (Joly et al., 1993) and the dorsal mesoderm

marker goosecoid Qsc) (Schulte-Merker et al., l994a). Embryos injected with l0O pg of

gdfl I mRNA completely lacked expression of the ventral mesoderm marker eve.l (Figure

4.I2 G) and had a dramatic expansion in the expression domain of the dorsal mesoderm

maker gsc (Figure 4.12H). The whole mount in situ hybridisation analysis confirms that

microinjection of gdfl I mRNA results in severe dorsalisation of the embryo.



B.A.

D.C.

H.G.

Figure 4.L2. Miuoinjection of gdfl I mRNA. Embryos were co-injected with 100 pg of
synthetic EGFP mRNA and either I pg (B) or 100 pg (D, F, G, H) of synthetic gdfl I
mRNA. Control embryos were only injected with l00pg of EGFP mRNA. (A) Lateral

view, control embryo at Vl hpf . (B) t ateral view of gdfl I injected embryo, at 24 hpf. (C)

Lateral view, control embryo at 6 hpf, animal pole to the top. (D) lateral view of gdfl I
injected embryo at 6 hpf, animal pole to the top. (E) l,ateral view, wild type embryo at 12

hpf. (F) l-ateral view of gdfl l injected embryo at 12 hpf. (G) Lateral view comparing the

expression of evel (Joly et al., 1993), visualised by whole mount in situ hybridisation, in

gdfl I injected (left) and control (right) embryos at 6 hpf, arrowhead highlights expression

of evel in the control. (H) Lateral view comparing the expression of goosecoid (Stachel

et al., 1993), visualised by whole mount in situ hybridisation, in gclfl I injected (left) and

control (right) embryos at 6 hpf.
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The results of the microinjection of gdfl I in zebrafish embryos suggest that it

may play a role in dorsaUventral patterning of the embryo, however, gdfl I expression

was not detected by whole mount in situ hybridisation until 9.5 hpf, well after the

dorsal/ventral axis is determined. This suggests that either whole mount in situ

hybridisation was not sensitive enough to detect gdfl I expression earlier than 9.5 hpf, or

that overexpression of gdfl l during the early stages of embryogenesis may result in the

activation of Nodal or Activin specific pathways as activation of the NodaUActivin

pathway has been shown to induce gsc expression and to produce similar phenotypes as

observed upon overexpression of gdfl l (see Section 5.2.10).

4.2,5.3 Analysis of gdfll expression by reverse transcriptase-
polymerase chain reaction

To determine whether gdfl I was expressed earlier than detected by whole mount

in situ hybridisation, RT-PCR analysis of gdfl I expression was performed. The primers

zGDFllF2 and zGDFllR2 were used to amplify a 310 bp fragment (nucleotides 65G

959) by PCR from cDNA isolated from staged embryos. cDNA was synthesised, using

random hexamers, from 5 pg of total RNA extracted from 3, 8 and 12 hpf embryos. The

primers zEFlFl and zEFlR2 which amplify a 299 bp product from the constitutively

expressed efla, werc used as a positive control for cDNA synthesis. As a control for

genomic DNA contamination, the reverse transcriptase step was omitted from the cDNA

synthesis reaction (RT-). The efla specific primers amplified a product of the predicied

size from 3,8 and 12 hpf cDNA but not from the RT- controls (Figure 4.13A). A product

of the predicted size was amplified from 12 hpf cDNA and from a positive control (clone

13 cDNA) using the gdfll specific primers (Figure4.l3B). This indicates that gdfll is

not expressed at a sufficiently early stage of development to play a role in dorsalisation of
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Figure 4.13. Analysis of gdfl l expression during early development by reverse

transcriptase-polymerase chain reaction (RT-PCR). The expression of the constitutively

active gene efla (A) and gdfl I (B) was determined by RT-PCR. As a negative control,

the reverse transcriptase step was omitted form the cDNA synthesis (RT-). A positive

control for gdfl l was also included (cDNA clone l3).
Lane l: positive control (l ng clone 13)

LaneZ: water only

Lane 3: 12 hpf RT- cDNA

[,ane 4: 8 hpf RT- cDNA
["ane 5:3 hpf RT- cDNA
Lane 6: 12 hpf cDNA

Lane'7:8 hpf cDNA

[.ane 8: 3 hpf cDNA

[^ane 9: I kb Plus DNA ladder (GibcoBRL)

6
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the embryo and the dorsalised phenotype resulting from gdfl I overexpression is most

likely caused by activation of a NodaUActivin pathway.
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4.3 Summary

A member of the TGFB superfamily, belonging to the GDFII/MSTN subfamily,

was isolated from a zebralish 24 hpf cDNA library. Zebrafish Gdfll shows a high level

of amino acid identity, over the length of the entire protein, to mouse and human GDFI I

and a slightly lower level of identity to the vertebrate MSTN proteins.

The high level of amino acid identity suggested that gdfl I was the ortholog of

GdfII|GDFIl and this was confirmed both phylogenetically and by synteny.

Phylogenetic analysis grouped gdfl I, GdfI I and GDFL1 into a single clade, however,

mstn was also grouped into this clade, although with weak bootstrap support. The

phylogenetic analysis did not give the predicted grouping of the vertebrate MSTNs,

suggesting that the phylogenetic analysis did not contain sufficient inforrration to

correctly determine the grouping of the MSTN genes. The orthology of mstn, therefore,

could not be determined from the phylogenetic analysis and may represent either a

second zebrafish GdfI IlGDFIl ortholog or a MSTN ortholog.

Zebrafish gdfll and human GDFII were mapped to linkage group 11 and

chromosome 12, respectively, and share syntenic relationships with atpSblATPSb,

dspg3lDSPG3, hoxcl2blHoXC, and plasticinlPRPH on LGll/Hsal2. Thus the

phylogenetic and syntenic analyses support the orthology of gdfl I to human GDFI I.

The expression pattern of gdfl l was analysed by whole mount in situ

hybridisation and is consistent with that seen in the mouse. Enpression of gdfl l was first

detected immediately prior to fusion of the blastoderm over the yolk in both the dorsal

and vegetal tail bud progenitors. During segmentation stages, expression of gdfl I

becomes restricted to the caudal-most chordamesoderm of the tail bud. During the

pharyngula stage, gdfl I is expressed dynamically in neural structures including the

ventral hindbrain, midbrain and the forebrain.
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The expression of gdfl I was analys d tn ntPles mutant embryos (Ilalpern et a1.,

l99S). Expression of gdfll was absent in the tail bud of rxl mutant embryos, indicating

that gdfl l acts downstream of ntl. Overexpression of gdfll by microinjection of synthetic

nRNA, resulted in severe dorsalisation of the embryo. As dorsal mesoderm is specified

prior to the onset of gdfl l expression, the donalisation obsen ed upoil eady

overexpression of gdfl l is probably due to activation of a Nodal specific pathway. This

indicates that Gdfll may signal via the Activin type I and type II receptors and these

receptors may be involved in transducing Gdfl I function in the tail bud and in the bnin.

This hypothesis, and others, will be discussed in more detail in Chapter5.
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Chapter 5

Discussion

5.1 The BMP9/10 subfamily - stories of evolution

5.1.1 Are zebrafish bmp9 and bmpl0 divergent members of
the BMP9/10 family?

The orthologs of mammalian bone morphogenetic protein 9 (BMP?) and BMP|0

were isolated from the zebrafish, Danio rerio. Zebrafish bmp9 and bmpl} are most

similar to Bmp9 (Celeste et al., 1994), Bmpl0 (Neuhaus et al., 1999) and chick donalinl

(DSLI) (Basler et al., 1993), and together form a related subgroup of the TGFp

superfamily, referred to as the BMP9/10 subfamily.

The level of amino acid identity over the mature domain between zebrafish Bmp9

and Bmp10 and mammalian BMP9 and BMP10, respectively, was lower than expected.

The average amino acid identity is 82Vo over the mature domain between all currently

known zebrafish and human TGFp superfamily members (see Table 3.3). By comparison,

Bmp9 and Bmpl0 showed only 59 and 68 percent amino acid identity to human BMP9

and BMPIO, respectively. This low level of sequence conseryation may be an indication

of a lack of selective pressure to maintain BMP9 or BMPIO function that may have

allowed them to diverge during evolution. The low sequence homology of zebrafish

bmp9 and, bmpl0 to the mammalian BMP9/IO subfamily members initially suggested that

they might be novel members of this subfamily in the zebrafish. Phylogenetic and

syntenic analysis suggested, however, that they are the orthologs of mammalian BMP9

and BMP10.
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Phylogenetic analysis strongly supports the assignment of zebrafish bmp9 md

bmpl} as the orthologs of human BMP? and BMPLO, respectively. T*brafish bmp9 is

grouped within the same clade as mouse Bmp9 and human BMP9, while zebralish bmpl0

is grouped together with mouse Bmpl0 and BMPI0 with strong bootstrap support (see

Figure 3.ll). Bootstrap analysis is a method for deterrrining the reliability of a

phylogenetic tree, and a bootstrap value of greater than 707o, under the conect

conditions, corresponds to a probability of greater than 95Vo that the correct phylogeny

has been obtained (Hillis and Bull, 1998). The syntenic analysis of bmp9lBMP9 and

bmplOlBMPIO also supports their orthology. Zebrafish and human bmp9lBMH show

conserved syntenies with acta2lACTA2, adkalADK, bmprlahlBMPRIA, hhexlHHEX,

lvox70lEGM, pax2.2/P${2, spf30/SPF30, vdac2lVDAC2, and tcf4lTCF4 on

LGl2lHsalO. 7*brafish and human bmpl)lBMPl0 show conserved syntenies with

paxSPNftl and mcm6lMCM6 on LG5/Hsa2.

The phylogenetic analysis and conserved syntenies provide compelling evidence

that bmp9 is the ortholog of BMP9 and that bmpl0 is the ortholog of BMPI0. The

conserved position of the 3' exon/intron boundary between zebrafish bmpl0 and

mouseBmp/O also supports their orthology, as the conservation of the genomic structure

suggests a cofllmon ancestry.

5.!.2 Is chick DSLI novel?

In published phylogenetic analyses, DSLI is usually represented as a novel

member of the TGFp superfamily (Neuhaus et al., 1999).DSLI is expressed in the dorsal

neural tube, spinal cord, and hindbrain and at low levels in the kidney and in myotomal

cells (Basler et al., I9E3).In comparison, mouse Bmp9 is expressed predominantly in the

fetal and adult liver (Celeste et al., 1994; Miller et al., 2000) and in the septum and spinal
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cord of the fetal CNS (Lopez-Coviella et al., 2000). The expression patterns do not

suggest th^t DSLI and BMP9 are orthologous. It was, therefore, surprising that

phylogenetic analysis of the BMP9/10 subfamily grouped DSLI within the BMP9 clade,

with strong bootstrap support. This result suggests that DSII is the ortholog of mouse

Bmp9, human BMP?, and zebrafish bmp9, and does not represent a novel member of the

TGFp superfamily. [n support of this hypothesis DSLI shows higher similarity, over the

mature domain region, to the mammalian BMPgs than zebrafish Bmp9 and is also highly

conserved with the mammalian BMPgs over the pro-domain reglon (see Figure 3.9). The

orthology of DSLI could be confirmed by mapping DSLI in the chick and comparing

syntenies between chick/zebrafish or chick/human genomes. Based upon the above

observations we tentatively suggest that DSLI should be renamed BMP?.

The difference in expression patterns of mouse Bmp9 and chick DSLI possibly

reflects a lack of selective pressure on maintaining the expression patern of BMP9-

related genes. Vertebrate BMP9-related genes may have evolved by neofunctionalisation

(Lynch and Conery, 2000) after a duplication event. If one of the duplicates retained the

ancestral function this could leave the second duplicate, i.e. BMPg,free to evolve a new

function. This could result in the sequence divergence observed with the BMD-related

genes and in the divergence of promoter regions, leading to changes in the expression

patterns, which are also observed. A second possibility is that a duplicate of an unrelated

TGFp superfamily member has encroached on, and replaced, the ancestral role of BMP9,

thus allowingBMP9 to diversify.

5.1.3 A duplication event within the BMPgllD subfamily.

A number of mammalian genes are over-represented in the zebrafish genome

(Barbazuk et al., 2000) due to a genome duplication event that occurred after the
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radiation of the teleost lineage (Amores et al., 199t3; Gates et al., 1999; Postlethwait et al.,

l9{A). It has been estimated that approximately 2OTo of the genes found in mammals are

duplicated in the zebrafish genome (Postlethwait et al., 2000). It was expected that the

zebrafish genome could contain tuto Bmp9-related or Bmpl}-related genes. Southern

analysis indica0es, however, that the zebrafish genome contains only single BmpIG

related and Bmpg-related genes while, unexpectedly, the mouse genome contains two

BMPl0-related genes (see Figure 3.1). The two positive bands identified in the mous€

genomic DNA do not appear to represent the products of incomplete restriction

endonuclease digest. The mature domain probe does not span an intron (GenBank

AFl014l9 and AF10144O) and, therefore, the bands are unlikely to represent two exons.

The human and bovine genomes also contain two BMPIGlike genes while Xernpus and

chicken contain only one (H. Neuhaus, Genetics Instihrte, personal communication). The

extra mammalian BMPIO-related gene probably resulted from a specific duplication

event that occurred before the radiation of the mammalian lineage but after the radiation

of the chicken and amphibian lineages from the teleost lineage (Figure 5.1). A second,

remote, possibility is that the second BMPIO-related gene was lost independently from

the zebrafish, chicken and Xenoprs lineages-

5.1.4 Analysis of bmp9 and bmpfO expression

The expression of bmp9 and bmpl0 was analysed by RT-PCR, Northern analysis,

and by whole mount in situ hybridisation. Both bmp9 and bmpl} expression were

detected by RT-PCR during embryogenesis and in adult tissues. Expression of bmp9 and

bmplo were unable to be detected by whole mount in situ hybridisation, and only a

bmplO transcript was detected by Nonhern analysis.



Figure 5.1. Evolutionary relationships of Bmpl}+elated genes in the vertebrates.

Zebrafish, Xenapus, and chicken contain only a single Bmpl?-related gene, while bovine,

human and the mouse (shown in blue), contain two Bmpl}-related genes. The position of
the likely duplication event is indicated (cross),
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In comparison to the level of expression of the constitutively expressed gene efla,

the expression levels of bmp9 ard bmpl0 were quite low by both RT-PCR analysis (see

Section 3.2.4.1\ and by Northern analysis (see Section3.2.43). Although expression of

bmp9 and bmplO were detected by RT-PCR atZ hpf , no specific pattern of expression

was detected by whole mount in situ hybridisation at this stage. A similar problem with

sensitivity was encountered by Bauer et al. (19{)8), who could detect rnggin expression

by RT-PCR but not by whole mount tn situ hybridisation. The low level of expression is

also indicated by the observation that despite extensive screening of cDNA libraries (see

Table 3.2) no bmp9 or bmplo cDNA clones were isolated.

5.1..5 A maternal role for bmpg in patterning the embryo

Maternally expressed genes play important roles in the development of the

embryo (see Section 3.2.O. The maternal expression of bmp9 therefore suggests a

possible role in early patterning events.

To examine this possibility, bmpg was overexpressed by microinjection of

synthetic mRNA encoding a human BMP2 pro-domain/zebrafish Bmpg mature domain

fusion protein (BMP2/Bmp9). This approach was used because the complete zebrafish

Bmp9 pro-domain was not isolated in this study and the BMP2 pro-domain has been used

previously for the efficient secretion of a biologically active form of Vgl (Thomsen and

Melton, 1993). Overexpression of the Bmp2lbmp9 chtmera resulted in no apparent

morphological differences between injected and uninjected embryos. One possible

explanation for this result is that Bmpg may require its own pro-domain region to be fully

functional. For example, Bmpg may require the conserved pro-domain motif identified in

BMP9/10 subfamily members (see Section 3.2.2.9), that is not present in BMP2, for the

correct processing of the active ligand. Although no bone-specific expression of BMP9
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has been reported, rhBMPg has been shown to possess ectopic bone inducing properties

(Helm et al., 2000). Chondrogenic or osteogenic activity has also been described for

BMP2, BMP4, BMP5 and BMPT (Cox et al., l99l; D'Alessandro et al., l99l:'

Hammonds et al., l99_l- lrin et al., 1995; Sampath et al., 1992; Wang et al., 1988). The

bone inducing properties of BMP9 suggest it may signal via the same BMP signalling

pathway as BMP2 or BMP4, which when overexpressed ventralise the embryo (Dale et

al., 1992; Jones et aI., 1992 Kishimoto et al., 1997).It might therefore be expected that

ov€rexpression of Bmp9 would activate the BMP?4 signalling pathway and ventralise

the embryo, which it did not do, possibly indicating that the fusion is inactive. Future

analysis of Bmp9 function by overexpression will require the isolation of ie full-length

pro-domain. Extensive screening of cDNA libraries for full-length zebrafrsh bmp9 (sen

Table 3.2) did not result in the isolation of any bmpg cDNA clones, and preliminary 5'

RACE (gandom 4rnplification of gDNA ends) also proved unsuccessful (data not shown).

The 5' coding sequence of bmp9 could either be cloned by RT-PCR using degenerate

primers based upon the 5' most conserved sequences between mammalian and chick

BMP9s, or by sequencing genomic clones (such as YACs) by primer-walking.

5.L.6 Conserved liver expression of bmpg

Expression of bmp9 in adult tissues was detected predominantly in the liver, but

also at lower levels in the ovary, testis, brain, gut and kidney, by RT-PCR. Expression of

chick DSLI|BMP9 was detected in the CNS and in the kidney (Basler et al., 1998) and

expression of rodent Bmpg was detected in the liver and CNS (Celeste et al., 1994;

l.opez-Coviella et al., 200O; Miller et al., 2000). These results indicate that some patterns

of zebrafrsh bmpg expression are conserved (liver, CNS, and kidney) with that of

"higher" vertebrates. The adult teleost liver is similar in structure to that of the mouse, but
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lacks a lobular architecture and portal tracts (Pack et al., 1996).Liver cells are visible by

Nomarski optics by 72 hpf and hepatic blood flow by !)6 hpf (Pack et al., 1996).

Histologically, hepatocytes are visible by 36 hpf, the extrahepatic biliary duct by 52 hpf,

and the sinusoids by 72 hpf (Pack et aI., 1996). A number of mutations that affect the

liver have been described (Chen et al., I996a; Pack et al., 1996), but to our knowledge

none have been mapped to the bmpg locus. Zygotic expression of bmp9 from 19 hpf

onwards may represent expression in the developing liver, as mouse Bmp9 expression

was detected in the fetal liver (Miller et al., 2000).

5.1,7 Expression of zebrafish bmpl0

Expression of a 5.5 kb bmpl0 transcript in the adult zebrafish liver was detected

by Northern analysis, similar in size to the transcript detected for mouse BmplA (Neuhaus

et al., 1999). Expression of bmpl) in adult tissues was detected predominantly in the

adult heart and liver, but also to a lesser extent in the brain, kidney, testis and ovary, by

RT-PCR. Expression of mouse BmpIO was detected predominantly in the heart, and at a

lower level in the liver, by Northern analysis (Neuhaus et al., I999).The expression

paftern of zebrafish bmpl0 and mouse BmpIO in the adult heart is thus conserved,

although the level of expression in the liver is not. It is interesting to speculate that the

duplication of an ancestral mammalian BMPIO gene may have resulted in

subfunctionalisation (Lynch and Conery,2000), whereby the two mammalian Bmpl0-like

genes combined recapitulate the function of the ancestral gene. The ancestral function

may be represented by the expression pattern of zebrafish bmpl}. Based upon this

hypothesis, the second mammalian Bmpl}-related gene may be expressed in the liver.

Future isolation and analysis of the second BmplUrelated gene in the mouse will address

this possibility.
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The expression of bmpl} was very low and specifrc transcripts werc not detected

by whole mount in situ hybridisation. The low level of bmpl0 expression may reflect the

observation that habeculation of the zebrafish heart occurs relatively late during

development and is not very pronounced (Hu et al., 200O). Expression of Bmpl0 was

restricted to the trabeculae of the developing mouse heart (Neuhaus et al., 1999).

Although, the molecular mechanisms involved in patterning the zebrafish and

mammalian hearts are similar (Fishman and Chien, 1997; Goldsiein et a1., 1998; Lyons,

1996; Weinstein and Fishman, 1996), the zebrafish heart is still smooth-walled at 48 hpf

and trabeculae do not form in the ventricle until between72-l?-O hpf, and form later still

in the atrium (Hu et al., 2000). In comparison to mammals, the trabeculae in zebrafish are

not as pronounced, are only about 2 cell layers thick, and lack morphological diversity

(Hu et a1.,2000). The zygotic expressionof bmpl}, detected from?ll hpf onwards by RT-

PCR, may represent the first molecular steps in trabeculation of the zebrafish heart.

Possibly by 72 hpf, when trabeculae become evident, the expression of bmpl} is up-

regulated, however, specific bmplO transcripts were not detected by whole mount in siru

hybridisation at this stage (data not shown).

5.L.8 A role for mouse BMP? as a cholinergic differentiation
factor

An in vitro rcle for BMP9 as a cholinergic differentiation factor has been

described using primary septal cell culture (Lopez-Coviella et al., 2000). Septal cell

cultures were treated with various TGFp superfamily proteins and the increase in

acetylcholine levels was analysed (l,opez-Coviella et al., 2000). It was suggested that

BMP9 was the in vivo cholinergic differentiation factor due to the observation that

rhBMP9 lead to a 20-fold increase in the levels of acetylcholine in septal cell cultures,
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compared to rhBMP4, for example, which "only" resulted in a l4-fold increase (L,opez-

Coviella et al., 2000). The ln vfvo significance of this result is questionable. First, not all

BMP family members were tested and the specificity of BMPS was not determined. The

high variability between the cholinergic activity of the TGFp superfamily members tested

suggests that other TGFp superfamily members may have equal or higher acetylcholine

inducing activity. Second, in vitro activity does not necessarily indica0e an rn vivo role.

By overexpression studies in Xenopu.r, Activin was shown to have strong mesoderm

inducing activity and was suggested to be the mesoderm inducing molecule in vivo.It has

subsequently been shown, however, that Activin is not the physiologically relevant ligand

(reviewed in Schier and Shen, 2000). Third, there is no indication of, or consideration

given to, the relative levels of expression of different TGFp superfamily members in the

septum. The level of expression of other TGFp superfamily members in the septum, for

example BMP4, may be higher than that of BMW and, therefore, the relative level of

active ligand will be higher. No indication was given of the relative level of BMP9

expression in septum (Lnpez-Coviella et al., 2000).

5.L.9 Identification of a novel pro-domain motif in the
BMP9/10 subfamily

Comparison of the amino acid sequences of the BMPS/I0 subfamily identified a

highly conserved motif, LLFNUVSIP, within the pro-domain region (see Section3.2.2.9).

To our knowledge this is the first report of a conserved motif within the pro-domain

region of TGFB superfamily members, except for the dibasic cleavage site. The pro-

domain plays a potential role in the synthesis, dimerisation, processing, stability and

secretion of the mature domain ligand (Constam and Robertson, 1999; Dick et al., 2000;

Gray and Mason, 1990; Hammonds et al., I99l; Thomsen and Melton, 1993). Domain
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swap experiments have shown that the pro-domain can confer stability to the mature

domain (Constam and Robertson, 1999; Thomsen and Melton, 1993). A point mutation

within the pro-domain of BmpT that effects the stability or secretion of the mature ligand

results in a temperature-sensitive mutant protein that has 2$fold less venhalising activity

than the wild-type protein (Dick et a1.,2000).

The high conservation of the LLFNI/VSIP motif within the BMP9/10 subfamily

suggests it may play an important function for members of this subfamily. The

LLFM/VSIP motif is not present in other TGFp superfamily members and BI-AST

search analysis did not identify any other proteins containing this motif. Identification of

proteins that interact with this motif may identify a related family of proteins involved in

the synthesis, dimerisation, processing, stability or secretion of other TGFF superfamily

members.

5.1..10 Unique properties of the BMP9llO subfamily

As well as the lower than expected sequence similarity between zebrafish and

mammalian members of the BMP9/10 subfamily, the BMP9/10 subfamily also have a

number of unique features when compared with other BMP family members. First, an

association of the pro-domain with the mature ligand has been reported for both DSL1

and TGFp, but not for BMP4 (Constam and Robertson, 1999; Hammonds et al., l99l;

Wozney et al., 1988).The association of the TGFp pro-domain with the mature domain

has been suggested as a possible means of regulation or stabilisation of the secreted

ligand as it results in a 30-50 fold increase in its half-life (Gentry et al., 1988; Miyazono

et al., l9B8; Wakefield et al., 1988; Wakefield et al., 1990). Second, the internalisation of

both the rhBMP9 ligand, in Kupffer cells and liver endothelial cells (Miller et al., 2000),

and the TGFP ligand, in rat kidney fibroblast cells and BALB/c 3T3 mouse fibroblast
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cells, has been reported (Frolik et al., l9U4; Massague and Kelly, ll)85).[,astly, the BMP

antagonist, Noggin, and the BMP and Activin antagonist, Follistatin, do not inhibit DSLI

activity invito (Liem et al., l9g7). These observations suggest that either the regulation

of BMP9/10 subfamily members may be unique or that an association of the mature

ligand with the pro-domain, internalisation of the ligand, and antagonist specificity, have

not been studied in close enough detail in other BMP family members.

5.l..l.L Future analysis of bmp9 and hmpl0

5.1.11.1 Determining the function of BMPS andl BMPI0

Roles for Bmp9 as a cholinergic differentiation factor, a haematopoietic hormone,

and as a hepatic proliferation factor have been suggested (L,opez-Coviella et al., 2000;

Ploemacher et al., 1999; Song et d., lD5). A role for BmpI} in trabeculation has been

implicated from its expression pattern in the mouse fetal heart (Neuhaus et al., 1999).

The physiological roles of Bmpg and Bmpl? could be determined by targeted

disruption of the mouse genes, isolation of zebrafish bmpglbmplo mutants, or using

reverse-genetics techniques in the zebrafish. Analysis of the biological role of bmp9 and

bmpl0 in the zebrafish would first rely upon determining whether the expression patterns

of bmp9 and bmpl0 recapitulate that seen in the mouse. Analysis of bmpg md bmpl0

expression during organogenesis will require the use of a sensitive technique for the

detection of rare transcripts, on sections. A suitable technique to use would be in situ

hybridisation with tyramide signal amplification (TSA), which is a highly sensitive

technique for the detection of rare cellular mRNAs (Breininger and Baskin, 2000; Holm,

2000; [.oup et al., 1998; Speel et al., 1999; van de Corput et al., 1998; Yang et al., l94i9--).

If the expression of zebrafish bmpg/bmp10 modeled that of mouse Bmp9lBmpl0

then the next step would be to either isolate mutants or create hmp9lbmplO morphants.
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Mapping of bmp9 and bmpl} did not identify linkage to any of the mapped mutants

identified fiom the Tiibingen (Haffter et al., 1996) or Boston screens (Driever et al.,

1996). A US$10 million chemical mutagenesis saturation screen is currently underway

(Aldhous,2000; Butler, 2000), as is a large insertional mulagenesis screen (Amsterdam et

al., 1999), that together should isolate thousands of additional mutants that could be

tested for linkage to the bmpg and bmpl} loci. The recently introduced morphant

technology (Ekker,2000; Nasevicius and Ekker,2000; Nasevicius et a1.,2000) could also

be used to temporarily prevent translation of bmpg or bmpl} to analyse their function

during organogenesis (Ekker, 2000; Nasevicius and Ekker, 2000; Nasevicius et a1.,2000).

Morpholinos are penetrant for at least the first 2 days of development (Nasevicius and

Ekker,2000), which should be long enough to down-regulate Bmp9 and Bmpl0 activity.

Morpholinos are, however, constructed against the translation start site, so the full-length

coding sequences of bmp9 and bmpl} would first need to be isolated.

Analysis of BMPS and BMPI0 function is perhaps best approached by targeted

knockout of mouse Bmpg and BmpI). tf the BMPg-related genes do lack selective

pressure, and there are two BmplArelated genes in mammals, then the use of the mouse

as a model organism to study human gene function is an ideal choice. In addition, in-

depth morphological atlases and knowledge of organ function have been described for the

mouse (for example, Jacobowitz and Abbott, 19ff3; Kaufman and Bard, 1999).

S.l.1'l.2 Determining the function of the LLFI{WSIP motif

Comparison of the amino acid subsequence of the BMP9/10 subfamily members

identified a novel motif, LLFM/VSIP, within the pro-domain region. Analysis of the

function of this motif may identify a class of proteins that are involved in processing

TGFp superfamily members. The function of the motif could be analysed using in vitro
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cell culture assays (Wozney et al., 1988) or ectopic bone assays (Helm et al., 2000) by

comparing tagged versions of recombinant BMPg with or without the motif. Mature

domain and pro-domain tags could be used to study the effect that loss of the motif has on

the stability and secretion of both the mature domain and the pro-domain. An in vitro role

for the motif could also be determined by transfection of the recombinant proteins and

subsequent Western blot analysis of cell lysates and the conditioned media, (Constam and

Robertson, 1999; Dick et al., 2000). To examine whether the motif plays a role in

processing or secretion, Western blot analysis could be used to determine the relative

level of precursor and processed ligand in the lysate and in the media.

Immunoprecipitation, and determination of the molecular weight under non-denahrring

conditions, could be used to determine if dimerisation is affected.

Recombinant human BMP9 has rn vivo ectopic bone inducing activity (Helm et

al., 2000), this could be used as an assay to determine whether the motif affects the

tertiary/quaternary folding of the ligand and, therefore, its activity.

Yeast two-hybrid type assays, using the motif as the bait, could also be performed

to isolate and identify interacting proteins.

5.1-.11..3 Evolution of the BMP9/10 subfamily

The relatively low level of amino acid identity and the lack of conserved

expression patterns, between BMPg-related genes suggests that there is a lack of

evolutionary pressure maintaining the function of BMPg-related genes in vertebrates.

Isolation of sequences and characterisation of the expression domains of BMP-9 related

genes from ancestral vertebrate species, such as the lamprey or hagfish, and from other

"higher" vertebrate species may clarify the evolutionary history of the BMPg-related

genes. It will be interesting to determine if there are any domains of expression that are
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5.2 Tales of mice and fish development - the function
of sdfll

5.2.1 Isolation and characterisation of gd.fil

Zebrafrsh growthldifferentiation factor ll (gdfll) was isolated from a ?.4 hpf

cDNA library. Gdfll is highly similar over the entire protein to mouse and human

GDFll (see Figure 4.4). GDFII and MYOSTATIN (MSTN) proteins form a very

closely related subgroup of the TGFB superfamily. The GDFI IA{STN subfamily

contains nine conseryed cysteine residues within the mature domain region, a feature they

share with the Activin and TGFp proteins. By phylogenetic analysis, the GDFI I/MSTN

subfamily is most closely related to the Activins (see Figure l.l).

5.2.2 The orthology of gdfll

The high level of amino acid identity over the entire length of the protein

indicated tbat gdfl I was the likely zebrafish ortholog of human GDFI I. To confirm this

orthology, the phylogenetic relationships of the GDFI I^{STN subfamily was analysed

and the syntenic relationships of gdfl llGDFI I were determined. Phylogenetic analysis of

the GDFI I/MSTN subfamily supports the assignment of gdfl I as the ortholog of GdfI I
(see section 4.2.3.2) as it groups zebrafish gdfl l with mouse Gdfl I and human GDFI I,

with good bootstrap support. The orthology of zebrafish msm (McPhenon and [-ce,

lW7I however, was not resolved (see below). The syntenic analysis of zebrafish gdfl I

and human GDFII showed that gdflllGDFll show conserved syntenies with

apSblATPSb, dspg3/DSPG3, hoxcl2b/Hoxc, and plasticiilPRPH on LGl l/Hsal2. The

phylogenetic and syntenic relationships, the high sequence similarity, and the conserved

expression pattern between zebrafish gdfl I and mouse GdfI I (Gamer et al., 1999;
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McPherron et al., 1999; Nakashima et al., 1999), strongly support the assignment of

gdfl las the zebrafish ortholog of human GDF I I .

5.2.3 Phylogenetic analysis of mstn

Phylogenetic analysis of the GDFI I/II{STN family could not resolve the

orthology of zebrafish mstn, which was cloned from a zebrafish skeletal muscle cDNA

library (McPhenon and l-ne, 1997). The duplication of the zebrafish genome (Amores et

al., 1998; Gates et al., I99F; Postlethwait et al., l9!A) raises the possibility of there being

more than one GDFI I or MSTN ortholog in the zebrafish. At the nucleotide level, Mstn

was no more related to the other vertebrate MSTNs than was zebralish Gdfl I, and Mstn

was only slightly more similar to the mammalian MSTNs than to the mammalian

GDFlls (see Figure 4.5). The expression of mstn in muscle, infened from its isolation

from skeletal muscle, suggests that it is a potential ortholog of MSTN but the sequence

identity is not convincing. The phylogenetic relationship of rnstn was therefore analysed

to clarify the orthology of this gene. Phylogenetic analysis of the GDFIIA/ISTN

subfamily could not differentiate whether zebrafish nsrn belonged within the GDFI I or

the MSTN clades. Although the disknce, maximum-likelihood and maximum-parsimony

algorithms grouped rzsrz within the GDFI I clade, suggesting it was a second ortholog of

GDFI l, the bootstrap support for this grouping was weak. Furthermore, the phylogenetic

relationships of the other vertebrate MSTN genes derived using a mature domain

alignment and with Drosophila myoglianin as an outgroup was ar indicator that the

correct phylogeny of the GDFI IA{STN family was not obtained (see Figure 4.6). It was

observed that the phylogenetic relationships of the mammalian and avian MSTN genes

was not as would be expected from the known phylogeny of the vertebrates obtained

from comparisons of the mitochondrial genomes (Mouchaty et al., 200O; Takezaki and
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Gojobori, 1999). The phylogenetic relationship of the MSTN-telated genes, therefore, do

not appear to be representative of their true phylogenetic relationships.

The use of phylogenetic models for tree-building relies on a number of criteria

being met (Hershkovitz and Leipe, 19!n). These criteria include that "the sequences

in the sample evolved according to a stochastic process" and that "sequence variability in

the sample contains phylogenetic signal adequate to resolve the problem of interest"

(Hershkovitz and [.eipe, l9!]8). It is assumed, when comparing genes by phylogenetic

analysis, that related genes adhere to these rules, however, if these criteria are not met

then the correct phylogenetic relationship may not be obtained. If sequences analysed in

the phylogeny have evolved under different selective constraints, conllicts within the

trees may arise. For example, with duplicate genes, one gene may be under selective

pressure to maintain its ancestral function while the other gene is not, indicating they

have not evolved stochastically. The relatively small size of the GDFlI/MSTN genes and

their high level of relatedness (i.e. their lack of diversity) may have affected the

phylogenetic analysis. Genes less than 2 kb in length generally lack reliability and

resolution for generating phylogenetic relationships (Cao et al., 199t3; 7-,ardoya and

Meyer, 1996) as they do not contain enough information to "detect short, deep branches

that distinguish the correct phylogeny from an incorrect one" (Corneli and Ward, 2000).

Generally, large genes produce better results, as the most important factor in constructing

reliable phylogenetic trees appears to be the number of amino acids or nucleotides used

(Russo et al., 1996). The lack of sequence diversity between the vertebrate

GDFI I/I\4STN subfamily (over the mature domain, the lowest level of amino acid

identity was above SOVo), was compounded by the limited length of sequence that could

be analysed. The pro-domain of Drosophila Myoglianin, which was used as the outgroup

species, is significantly longer (491 compared with 2629f3 amino acids), and also shares

very little homology to the pro-domains of the vertebrate GDFIIA{STN subfamily
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members. A full-length nucleotide alignment of only the vertebrate members of the

GDFII/MSTN subfamily was used to create an unrooted tree (Figure 4.6E). This tree

produced the predicted vertebrate phylogeny for the mammalian and avian MSTN genes,

however, the orthology of ,nstn could not be deGrmined as the position of the root was

unknown

Using the correct outgroup to root a phylogenetic tree is an important step in

determining the correct phylogeny. The outgroup is chosen from the "closest relative that

does not belong to the group under study" (Retief,2000) and is used as a reference point

for rooting the tree. Drosophila rnyoglianin appears to be the ancestral GDFI I/MSTN

subfamily gene, by the observation that it is the most closely related Drosophila gene to

the vertebrate members and that its expression pattern appears to recapitulate that of

mouse Gdfll and Mstn (see below\. Drosophiln myoglianin may, however, be too

divergent for use as an outgroup as it has been shown that even the entire mitochondrial

DNA sequence may be inadequate for resolving phylogenetic relationships among very

divergent taxa (Corneli and Ward, 2000; Naylor, 1998; Sullivan and Swofford, l9y7).

The high sequence identity of the vertebrate GDFI I/MSTN genes may have been skewed

by the diversity of the myoglianin sequence. The use of Drosophila dpp as the outgroup

of the BMP9/IO family was informative because the zebrafish sequences were also quite

divergent, therefore, the phylogenetic relationships wer€ not skewed by the Drosophila

outgroup, and they also contained sufficient information to produce the correct tree.

5.2.4 Evolution of function

Mouse Mstn and GdfI I appear to be good examples of genes that have evolved by

subfunctionalisation. The combined expression patterns of mouse Mstn (McPherron et al.,

1997) and Gdfl I (Gamer et al., 1999; McPhenon et al., 1997; Nakashima et al., 1999),
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recapitulates that of Drosophila myoglianin (l-a and Frasch, 1999), which is a single-

copy ancestral gene. Like the CNS expression of Gdfl l, myoglinnin is expressed in glial

cells, and like Mstn, myoglianin is expressed in muscle cells. Drosophila myoglianin is

also expressed in the pole plasm, which is involved in establishing the anteriorlposterior

(AP) polarity of the Drosophila embryo (Gonzalez-Reyes and St Johnston, 1994).

GDFll-related genes may represent a link between the mechanisms involved in AP

patterning of the Drosophila embryo and of AP patterning of the axial skeleton in

vertebrates.

5.2.5 Expression of gdfll in the tail bud and central nervous

system

The expression patterns of zebrafi sh gdfl I and mouse GdfI I (Gamer et al.,

1999; McPherron et al., 1999; Nakashima et al., 1999) are similar, Both are expressed in

the tail bud and in specific subregions within the central neryous system. Expression of

zebrafish gdfl I was first detected at the end of epiboly in what appear to be the ventral

and dorsal tail bud progenitors (see Figure 4.8). The ventral tail bud progenitors form the

posterior half of the tail bud and give rise to paraxial mesoderm derivatives, such as

sclerotome. The dorsal tail bud progenitors form the anterior half of the tail bud and give

rise to all tissue types but exclusively to spinal cord and notochord (Kanki and Ho, lW7).

Dynamic expression of zebrafish gdfl I was also detected in the central nervous

system (CNS) from22 hpf until the end of the pharyngula period, with the highest level

of expression detected during later stages of neurogenesis (see Figure 4.8 and a.9.By ?A

hpf, the brain morphology (Schier et al., 1996), neuroectodermal fate map (Woo and

Fraser, 1995), and the expression patterns of neural genes (Fjose et al., 1992; Krauss et

al., 1993), are similar between zebrafish and other vertebrates. Although a number of
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papers address early neurogenesis in zebralish (Grinblat et al., 1998; Kimmel, 1993;

Sampath et al., 1998; Strahle and Blader,1994; Woo and Fraser, 1997; Woo and Fraser,

1998), little is known about the later stages. No comprehensive morphological atlases are

available for the zebrafish CNS at this time, although one is available for the adult CNS

(Wullimann et al., 1996). During the pharyngula period of development, the brain is

undergoing a number of morphological changes (Eisen, l99l; Kimmel et al., 1995), and

consequently, the expression pattern of gdfl I appears dynamic during this period.

Expression of gdfl l was initially detected as two bilateral strips within the ventral

hindbrain rhombomeres and within the midbrain and forebrain at the end of the

segmentation period (see Figure 4.9). By mid-pharyngula, expression of gdfl I was

evident in the cerebellum and in the forebrair/midbrain, with the forebrain expression

pattenr consistent with the thalamus (Fjose et al., 1994'1. Expression of mouse GdfI I was

detected in the thalamus and cerebellum as well as a number of other subregions within

the CNS (Gamer et al., 1999; Nakashima et al., 1999). Expression of gdfl I was also

detected in the hindbrain as four ventral bilateral shipes that converge into two stripes

along the anterior spinal cord. This may represent localisation of gdfl l transcripts to

axonal tracts.

The expression pattern of gdfl I appears to recapihrlate that of mouse Gdfl l as

both are expressed in the tail bud and in the CNS. Mouse Gdfl I (Gamer et al., 1999;

Nakashima et al., 1999) and chick GDFI I (Gamer et al., 2001) expression were detected

within the limb bud, however, expression of zebralish gdfl I was not detected within the

fin bud. The zebrafish fin bud and the tetrapod forelimb (or wing) bud are structurally

homologous and have similar gene expression patterns (Coates,1995: Krauss et al., 1993;

Sordino et al., 1995; van Eeden et al., 1996b). The lack of fin bud expression of zebralish

gdf|I raises the possibility that there may be a secondGdfll ortholog in the zebrafish
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that may be expressed in the fin bud. Future studies will need to address the possibility of

a second gdfll related gene in the zebrafish.

5.2.6 Anterior/posterior patterning of the axial skeleton

Mouse GdfI I is involved in determining the AP patterning of the axial skeleton

(McPherron et al., 1999\. [,oss of GdfI l function results in posterior transformations of

the axial vertebrae, in particular of the thoracic vertebrae (McPherron et al., 1999).

GDF1 l appears to act in a dose-dependent mailter to inhibit anterior vertebral identity

along the AP axis as GdfI I*/- heterozygotes also have mild anterior transformations of the

vertebrae (McPherron et al., 1999).

GdfI I appears to function upstream of the Hox genes to pattern to the axial

skeleton. The homeotic transfonnations in Gdfl l mutant mice (McPherrou et al.,1999)

are more extensive than those observed in HOX gene mutants (Capecchi, 1997; Favier

and Dolle, 1997; Krumlaul 1993; Mark et al., l9g7).Retinoic acid signalling has also

been implicated in segmental patterning by the regulation Hox gene expression. (Conlon

and Rossant" 1992; Kessel, 1992; Kessel and Gruss, I99l: Marshall et al., 1992; Marshall

et al., 1994; Ogura and Evans, 1995). GdfI I knockout mice also have more severe

homeotic transforrnations than those seen with administration of retinoic acid (reviewed

in Durston et al., lW7), or with retinoic acid receptor mutants (Graham et al., 1989;

l,ohnes et al., 1991), suggesting that GdfI I acts upstream of the retinoic acid signalling

pathway to regulate Hox gene expression.
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5.2.6.1 The Hox genes pattern anterior/posterior identity

Both arthropods and vertebrates have segmental body plans and despite vast

morphological differences between them, the Hox genes control the identity of the

individual segments in both arthropods and vertebrates (Burke et al., 1995; Capecchi,

1997; Krumlauf, 1993; Krumlauf, 1994t Mark et al., 1997; McGinnis and Krumlaul

I9E2). Mouse and fly f/ar loss-of-function and gain-of-function mutants result in

transforrnations of segment identity providing compelling evidence that positional

identity of the segments is imparted by the Hox genes (Capecchi, 1997; Mark et al.,

rw7).

The Hox genes are organised in clusters that have been conserved betrreen

arthropods and vertebrates, despite 530 million years of evolution (Capecchi, 1997), and

are expressed in successive domains along the AP axis in an order colinear with their

relative chromosomal positions (Duboule and Dolle, l9B9; Graham et al., 1989; lrwis,

1978) (see Figure 5.2 for overview). The colinear AP expression domains have sharp

anterior boundaries and more diffuse posterior boundaries and a different set of Hox

genes is expressed at any specific point along the AP axis (see Figure 5.3). The identity

of a particular segment may correspond to a particular set of Hox genes, this set of Hox

genes is referred to as the "Hox code" (Kessel, 1992; Kessel and Gruss, 1991; [-ewis,

1978). [n vertebrates, the l/ox genes also display temporal colinearity reflecting the

observation that anterior structures, patterned by 3' Hox genes, form before posterior

structures, which are patterned by 5' Hox genes (Duboule, 19${; Duboule and Morata,

1994').

Arthropods possess a single llox cluster (Akam et aI., 1994; Dick and Buss, I99{;

Garcia-Fernandez and Holland,1994 lrwis, l9?8; Wang et al., 1993), tetrapods possess

four Hox clusters (Acampora et al., l9U9; Duboule et al., 1986; Graham et al., l!89;
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Figure 5.2. The conserved genomic organisation and colinear expression of the arthropod

and vertebrate Hox genes. Reproduced from Mark et al. (19E7). The genomic

organisation of the single F/or cluster (HOM-) in Drosophila, the four Hox clusters in

mammals and the proposed ancestral Flox cluster are shown schematically. The hox genes

are expressed in Drasophila, and in vertebrates, in an order colinear with their genomic

organisation. Abbreviations: lab, labial; pb, proboscipedia; Dfd, Deformed: Scr, Sex

combs reduced; Antp, Antennapedia; Ubx, Ultrabithorax; abd-A, abdominal-A; Abd-&,

Abdominal-8.
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Harvey et al,, 1986; McGinnis and Krumlauf, 1992; Ze[tser et al., 1996), while the

ancestor of the teleost lineage had eight Hox clusters (Amores et al., l99B). The

duplication of the llor clusters has been proposed to have provided the information

required for the diversity of skeletal morphology among vertebrates and especially within

the teleosts (Amores et al., 1998).

Vertebrae are derived from the sclerotome component of the somites. The somites

are initially morphologically identical along the AP axis and in tetrapods generally fonn

one of five types of vertebrae - occipitaUcervical, thoracic, lumbar, sacral and caudal.

The axial formula describes the contribution the different types of vertebrae make to the

skeleton, and shows considerable variation in the total number of vertebrae, and in the

contribution of the different types of vertebrae (for example, the number of sacral

vertebrae), between species (Burke,2000). For example, frogs have only nine presacral

vertebrae while snakes have as many as 450 vertebrae (Burke, 2000).

Although there is a large amount of variation in the axial code between

vertebrates, the anterior position of Hox gene expression often correlates with segment

boundaries or sites of morphological transition along the AP axis, even between

metazoans that appear morphologically quite different (Burke et al., 1995). The anterior

level of Hoxc6 expression is coincident with the somite that marks the posterior position

of the spinal nerves of the brachial plexus and the forelimb bud in the mouse, chick,

goose, Xenopus and zebrafish (see Figure 5.4) (Burke et al., 1995).

5.2.6.2 The patterning of Hox gene expression by Gdfll

There are three phases of Hox gene expression in the mouse: initiation,

establishment and maintenance (Deschamps et al., lg9-).In the mouse and chick, 3' Hox

gene exPression initiates during lale streak stages in the posterior primitive streak epiblast
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Figure 5.4. The conservation of Hox gene expression domains with sites of
morphological transition along the anterior/posterior axial skeleton in diverse vertebrates.

Modified from Burke et al. (1995). The axial formula of the mouse, chick, goose,

Xenopus, and zebrafish is divene, for example mice have seven cervical vertebrae and

geese 20 (Burke, 2000). However, the position of the spinal nerves of the brachial plexus

(black bars), and the level of the limb bud (curved line), correlate with the anterior

expression domain of Hoxb6 (red) in all of these vertebrates.

Goose
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(Frohman et al., 1990; Gaunt, 1988; Gaunt and Strachan, 1994; Sundin and Eichele,

1992). After the initial expression in the posterior primitive strcak, the Hox expression

domains spread anteriorly and at the same time the expression of 5' genes is initiated

(Capecchi, 1997; Deschamps et al., 1-9q9). Maintenance of Hox gene expression patterns

in arthropods and vertebrates involves the Polycomb and trithorax related genes that are

thought to fix Hox gene expression patierns by altering the chromatin structure of the

Ilox clusters (reviewed in Gould, IW7; Pirrotta, 19'98; Schumacher and Magnuson,

rw7).

The extensive homeotic transformations observed in Gdfl l mutant mice

(McPherron et al., 1999), suggest that GdfI I functions upstream of the }/ox genes and

plays a role in the initiation or establishment of Hox gene expression. The observation

that Hox gene expression is not lost in GdfI l mutant mice (McPherron et al., 1999),

suggests that it probably plays a role in the establishment, and not in the initiation, of Hox

gene expression. ln Xernpu.s explant assays, however, GDFI I did induce expression of

Hoxb9 (Gamer et al., 1999) and in chick wing buds GDFII induced the ectopic

expression of HO)(DII and HOXDI7 (Gamer et al., 20Ol). It is, therefore, possible that

GDFI I may play a role in the initiation of a subset of Hox genes that were not studied in

the GdfI I knockout mice (McPherron et al., 1999). Gdfl I may act to establish the

colinear expression pattern of the llor genes (see Figure 5.5 for model). Assuming that

the colinear Hox gene expression patterns are fixed relative to one another, and that

Gdfl I prevents the posterior expression of Hox genes, then loss of GdfI I function could

result in a posterior shift of the colinear Hox gene expression pattern, and therefore of

anterior fates. This appears to happen in Gdfl I knockout mice as the expression domains

of Hoxcl0 and Hoxcll are shifted posteriorly (McPherron et al., 1999). Based upon this

model, it would be expected that overexpression of Gdfl l would push the Hox gene

expression patterns anteriorly, resulting in posterior transformation of the axial skeleton.
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Figure 5:5. Schematic diagram of the action of Gdfl I in patterning the axial skeleton. In
wild-type embryos (GdfI I*'*), GdfI I acts to establish the anterior/posterior (AP)

expression pattern of the Hox genes. In heterozygous (Gafl 1*'-) and homozygous

(Cafl / ) mutant mice, the Hox expression domain is shift posteriorly, resulting in the

transformation of the vertebrae. The vertebrae are represented as boxes with the number

of lines indicating their AP identity.
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5.2.6.3 Interaction of GDFll with the Hox genes

The filor genes are transcription factors that contain a common 180 bp motif,

called the homeobox, which encodes a 6O amino acid homeodomain that specifically

binds DNA (Mark et al., lW7).It has been estimated that I in every 500 genes contains a

homeobox motif (Mark et al., IW7).The Hox genes represent just one class of homeobox

genes, the clustered class, while the unclustered homeobox class includes the Pax, Dlx,

Msx, Lhx, Nkx, Six, Pou, and/Ilr families, to name just a few (Stein et al., 1996).

Both direct and indirect interactions have been observed between the Hox genes

and members of the TGFp superfamily. A direct mechanism of interaction is suggested

by the finding that SMADI and SMAD+ interact with the HOX proteins, HOXCS and

HOXA9, preventing their binding to DNA and hence allowing transcription initiation

(Shi et al., 200O; Shi et al., 1999). Indirectly, the unclustered homeobox genes have been

shown to act downstream of TGFp superfamily members. Bmp4 induces the expression

of pvl and xom in Xenopus, while BMP2 induces the expression of Tk2 in the mouse

(Ault et al., 1996; l.adher et al., 1996; Tang et al., 1998). Interestingly, one of the few

well-characterised targets of the Drosophila hox gene, Ultrabithorax (Ubx), is the TGFp

superfamily member, dpp (Graba et al., lW7\. This suggests that AP patterning of

segment identity might involve multiple interactions between TGFp superfamily

members and Hox genes.

Although the Hox genes pattern segmental identity, the exact mechanism of how

they do this remains unknown. It has been estimated that Ubx targets as many as 84170

genes (Mastick et al., 1995). One of the targets of the Hox genes are other Hox genes.

I/or genes experience a complex set of auto- and cross-regulatory interactions during the

refinement phase of their expression in mouse embryos (Gould et al., 1997; Maconochie

et al., 1997; Popperl et al., 1995; Studer et al., 1996). These interactions have been
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suggested to involve PBX proteins (Mann and Chan, t9%; Piper et al.,1999; Popperl et

al., 1995). The lazarus mutant appears to mediate anterior hox gene function in the

zebrafish and was identified as a mutation in zebrafish pbx (Popperl et al., 2000).

5.2.7 Idenffication of genes thSt may interact with GDFI1

As well as having anterior transformations of the axial skeleton GdfI Ir'knockout

mice lack tails (McPherron et al., 1999). None of the described mouse Hox gene, or

retinoic acid receptor, mutants lack a tail (Mak et al., l998a; Mak et al., 1998b). PW

knockout mutant mice have anterior transformations of the vertebrae, a shortened tail and

a posterior shift in the expression domains of some Hox genes (Barna et al., 2000). This

phenotype is not as severe as that described for the Gdfl I knockout (McPherron et al.,

1999). The shortened tail in Plzf knockout mice was reported to be due to loss of a

number of the caudal vertebrae (Barna et al., 2000). Homozygous GdfI I knockout mice

lack tails and also have a lack of caudal vertebrae, due to the transformation of the caudal

vertebrae into more anterior fates and due to fusion of the remaining caudal vertebrae. It

is possible that the loss of single Hox genes is compensated for, by paralogs in other flor

clusters, as single and even double Hox gene mutants only appear to transform the more

anterior vertebrae and do not affect the caudal vertebrae (Mak et al., 1998a). The

similarity of the Plzf and Gdfl I knockout mice phenotypes suggests that these genes may

interact.

Genes related to Drosophilc caudal might play also play roles in the patterning of

Flon genes. A role for caudal-related genes in regulating and establishing Hox gene

expression domains has been observed for Drosophila, Xenopus, C. elegans and in the

mouse (reviewed in Deschamps et al., L999). Targeted disruption of the mouse caudal-

related genes, Cdxl and Cdx2, results in mice with anterior homeotic transformations of

the thoracic and cervical vertebrae and posterior shifts of Hox gene expression
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(Chawengsaksophak et al., 199'7; Subramanian et al., 199t. Cdx2-t- mice also have

shortened or kinked tails. The zebrafish homolog, caudal, is expressed in the posterior

tail bud progenitors (Joly et al.,I9E2). The similarities between the expression patterns,

and the phenotype of mice knockouts, of caudal-related genes md gdfll-related genes

suggests that they may interact genetically.

The similarity of the fate maps of chick (Catala et al., 1995; Schoenwolf, lgn),

Xennpus (Gont et al., 1993; Tucker and Slack, 1995) and the zebrafish (Kanki and Ho,

l9g7) and conserved tail bud gene expression domains (Beck and Slack, l9l8; Gofflot et

al., 1997) suggest that the mechanism of tail development is conserved between

vertebrates. Analysis of genes expressed in the tail bud may, therefore, identify potential

genes that might interact with GdfI I to modulate its expression or activity.

Zebrafish evel (Ioly et al., l9g3), mouse Evrl (Bastian and Gruss, 1990; Dush

and Martin , 1992) and Xenopus Xhort (Ruiz i Altaba and Melton, 1989) are all expressed

in the posterior region during somitogenesis and are related to Drosophila even skipped, a

gene involved in patterning the metameric body plan (Frasch et al., 1987; Jackle and

Sauer, l9g3). Xenopus xhort can induce ectopic tails (Beck and Slack, l99B). The tail

bud expression domains and roles in patterning the metameric body plan suggest a

possible interaction between GdfI l and even skipped-related genes.

A number of interactions between TGFp and Wnt pathways have been reported

(Baker et al., 1999; Christian, 2000; Crease et al., 19{A; Glinka et al., 1996:' Glinka et al.,

1997: Hoppler and Moon, 1998; Marcelle et al., 1997; Marom et al., 1999; Piccolo et al.,

1989). The zebrafish pipetail mutant has a shortened tail and has been identified as a

mutation in wnt1a (Rauch et al., lgyl). Wnt3a mutant mice also lack tails (Takada et al.,

1994t Yoshikawa et al., WqD.The tail bud expression, shortened tails, and histo.ry of

TGFBAilnt interactions, suggest that Gdfl llWnt may interact genetically.
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5.2.8 Nfl acts upstream of gdfU

Analysis of gdfl I and no tail (ntt) expression suggests that gdfl I was expressed

within a subset of the Ntl expressing cells (see Figure 4.10). The ntl gene encodes a

nuclear protein that is initially expressed throughout the presumptive mesoderrr but

during gastrulation becomes restricted to the tail bud and notochord (Schulte-Merker et

al., 1992). Zebrafish ntl is the ortholog of mouse BrachyurylT (Halpern et al., 1993;

Schulte-Merker et al., 1994c). Brachyury-related getres are required for the formation of

posterior mesoderm and notochord in mouse (Herrmann et al., 1990), zebrafish (Halpern

et al., 1993; Schulte-Merker et al., 1994c) and Xernpas embryos (Conlon et al., 1996).

Heterozygotrs Brachyury mutant mouse embryos have short tails, and while homozygotes

die at mid-gestation, they have distinctive caudal defects including fusion or loss of

somites posterior to the seventh pair (reviewed in Beddington et al., lW}}7*brafish ntl

mutants also lack a tail and the somites posterior to the anus (Halpern et al., 1993).

Analysis of gdfl I expression in ntPles homozygous mutant embryos suggests Ntl activity

is required for the expression of gdfl I, as gdft t tail bud specific expression was absent in

ntPleu mutant embryos at 12 hpf (see Figure 4.10). Although this result suggests that Ntl

acts upstream of gdfl I in the zebrafish, no defect in AP patterning has been described for

the Brachyury mutant. Homozygous ?du mutant mice, however, have a more severe

Brachyury phenotype and do not form somites while heterozygotes lack a tail and have

malformed sacral vertebrae (Herrmann, 1991). This may reflect a localised defect in Hox

gene signalling that prevents specification of sacral vertebrae.

The expression of gdfl I in the CNS was not down-regulated in ntPlos mutant

embryos (see Figure 4.10), suggesting expression of gdfll in the CNS may be under the

control of different factors than those controlling expression of gdfl l in the tail bud.



153

Interestingly, ntl expression is induced by ectopic expression of Activinpa in fish

and in Xenopus (Schulte-Merker et al., 1992: Smith et al., I99l\. Zebrafish gdfll may

therefore act in a genetic hierarchy downstream of the Activin/Nodal signalling pathway.

5.2.9 Analysis of gdfll function

The model of GdfI I function (see Figure 5.5) suggests that posterior

overexpression of Gdfl l would lead to posterior transformations of the vertebrae and

anterior shifts in Hox gene expression domains. To test this hypothesis and to investigate

roles for gdfl l during tail bud formation and neurogenesis, synthetic gdfl I mRNA was

microinjected into one cell stage zebrafish embryos. Injected embryos, surprisingly, did

not progress past epiboly and were severely dorsalised, thus creating difficulties in

analysing the effect of gdfll overexpression on hox gene expression. The dorsalised

phenotype and post-epiboly expression of gdfl I suggest that this phenotype was non-

specific. The phenotype was reminiscent of activation of the Activin/Nodal signalling

pathway (see below), suggesting that microinjection of gdfl I lead to the activation of the

Activin/Nodal signalling pathway.

5.2.10 Signalling of Gdfll via a NodaUActivin pathway

Activin and Nodal have been shown to signal via the same pathway (reviewed in

Schier and Shen,2000) and several observations suggest that GdflI may also signal via a

Nodal/Activin pathway. First, by phylogenetic analysis Gdfl I is most closely related to

Mstn and then to Acttvinfo, Activinpb, Activinft and Activinfu (see Figure 1.1). The

mature domain of Gdfl l also contains nine conserved cysteine residues, as do the

Activins. Second, overexpression of gdfl l in zebrafish embryos resulted in a severely
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dorsalised phenotype with widespread ectopic gsc expression similar to that observed

with activation of the Activin/Nodal pathway. Overexpression of mouse Nodal, zebrafish

cyclops, zebrafish squint, zebrafish activinBb, Xenopus activinfu, mouse Actrlb, mouse

ActrIIa, mouse ActIIb, zebrafish actrllb, and an activated form of/ast1, all induce ectopic

8sc expression (de Vries et al., 1996; Gritsman et al., 1999; Nagaso et al., 1999; Pogoda

et al., 2000; Toyama et al., 1D5). Overexpression of zebrafish actrllb and actfo also

prevented epiboly movements (Nagaso et al., 1999). In general, the effects of Activin and

Gdfl l overexpression appear to be more severe than overexpression of Nodal, which is

possibly reflected by the requirement of oep for Nodal activity (Gritsman et al., lg9B^.).

This suggests that activation of the Activin/Nodal signalling pathway by Gdfl I does not

require the activity of Oep. Third, in Xernpus explant assays GDFll has mesoderm

inducing activity resembling that of Activin, and is inhibited by the Activin antagonist,

Follistatin (Gamer et al., 1999). Fourth, homozygous GdfII, ActrIIb and ActrIIa mutants

show some phenotypic similarities. GdfI fL mice die at birth and phenotypically have

shortened or absent tails, a range of palate and renal abnormalities, and homeotic

transformations of the vertebral segments, with an increased number of thoracic vertebrae

(McPherron et a1., 1999). Homozygols Actrllaa-mice also have palate defects (Matzuk et

al., 1995a), while Acnllba' mice contain 16 rather than 13 thoracic vertebrae, have

disrupted hox gene expression and die postnatally (Oh and Li, lW7). Although these

mutants do not completely recapitulate the Gdfl I''- phenotype, it is possible that other

type I and type II receptors can compensate for loss of these receptors in AP paserning.

A role in AP patterning of the axial skeleton is not examinable in Actrllar';Actrllb'l'

double mutants and in Smad{t- mutants as mice die before gastrulation (Sirard et al.,

1998; Song et al., 1999; Yang et al., lq)8) and Smad7-l- mutants fail to fonn an AP axis

or vertebrae (Waldrip et al., 199t3). In Follistatin't' mice, the 136 vertebrae is sometimes
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absetrt, which is what might be expected from overexpression of Gdfll (Gad and Tam,

1999; Matzuk et al., 1995c).

5.2.11 Myostatin signalling by the ActivinAtodal pathway

It has been demonstrated that MSTN and GDFI l have similar in vitro and in vivo

activities (Gamer et al; 1999; Gamer et al., 2001). This has significant implications for

the agricultural applications of MSTN. MSTN acts to inhibit muscle mass (Grobet et al.,

1997; Kambadur et al., 1997; McPherron and [re, l9f/7) therefore, inhibition of MSTN

activity will lead to increased meat production. The method of inhibiting MSTN function

will need to be carefully considered to take into account that any lack of specificity may

adversely affect Nodal, Activin, or GDF1 l function. The high sequence similarity of the

GDFI I/MSTN subfamily may also indicate that any molecules designed specifically

against MSTN, for example soluble peptides to prevent binding of MSTN to its receptors,

will also need to be screened against GDFI l.

5.2.12 Nodal and Gdfll function to pattern anterior/posterior
identity

The Nodal signalling pathway is implicated in mesoderm induction, in

establishing the position of the AP axis, and in AP patterning of the mesoderm (reviewed

in Schier and Shen, 2000). Mouse Cripto mutants, zebrafish MTnep mutants, zebrafish

cyclops; squtnt double mutants, and overexpression of antivin in zebrafish embryos, all

result in the displacement of the AP axis by 90" (Ding et al., l9EE.; Feldman et al., 2000;

Gritsman et al., 1999; Thisse and Thisse, 1999). AP polarity is evident within the axial

mesoderm during early gastrula stages, with the prechordal plate located anteriorly and
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the notochord located posteriorly (Harland and Gerhart, 1997; Keller, 19?6; Melby et d.,

1996; Schier and Talbot, 1998; Vodicka and Gerhart, 1995; Zoltewicz and Gerhart,

1997). At 4O7o epiboly, the prechordal plate fated cells express gsc and the notochord

fated cells express /ft (Gritsman et al., 2000). A role for Nodal signalling in AP

patterning of the axial mesoderrr is evident from overexpression of the Nodal antagonist,

antivin (Thisse et al., 2000) and in oep mut^nt embryos, which have attenuated Nodal

activity (Gritsman et al., 2000). Overexpression of low levels of antivin causes loss of the

prechordal plate and loss of gsc expression, while the overexpression of higher levels of

antivin results in the loss of the notochord and the loss of flh expression (Gritsman et al.,

2000; Thisse et al., 2000). Zygotic oep mutarnts, which still have a low level of Oep due

to maternal contribution, have a posterior transformation of prechordal plate into

notochord (Gritsman et al., 2000). It appears that cells with receptors having high

occupancy levels, due either to exposure to a higher concentration of Nodal or by

receiving a constant amount for a longer period of time, form prechordal plate while other

axial mesoderm cells, with lower receptor occupancy rates, form notochord (Gritsman et

al., 2000). A similar process could be envisaged for the function of GdfI I in patterning

the axial skeleton. Cells with high GDF1 l occupancy turn on a specific set of Hox genes,

while cells with low GDFll occupancy turn on a different set of Hox genes. Taking the

similarities a step further, cyc:sqt double mutant embryos have altered lnx gene

expression (Feldman et a1.,2000).Based upon these observations, GDFII may have

"copied" the role of Nodal in patterning the entire axial mesoderm before gastrulation to

pattern the axial skeleton after gastrulation. The tail bud has been described as a

secondary site of gastrulation in vertebrates (Catala et al., 1995; Gont et al.,1993; Kanki

and Ho, 1997;Knezevic et al., 199{3; Tucker and Slack, 199r, providing support for this

proposal.
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5.2.13 Future analysis of gdfll in the zebrafish

5.2.l3.L Determining the ortholory of zebrafish mstn

Although the orthology of zebrafish gdfl I was determined by phylogenetic

analysis, the orthology of tnstn is still unresolved. 7-ebrafish mstn may represent either a

second ortholog of human GDFI I, or maybe one of two MSTI/ orthologs, considering the

duplication of the zebrafish genome (Amores et al., 199f3; Gates et al., 1999; Postlethwait

et al., 199t3). Zebrafish mstn, like mouse Mstn, was isolated from skeletal muscle and

over the pro-domain region, Mstn shows a higher level of amino acid identity to human

MSTN (&Vo) than to human GDFI1 (56Vo) (data not shown). These results suggest that

mstn is not a second ortholog of GDFL I, but is more likely an ortholog of MSTN.

Isolation of GDF1 I/MSTN subfamily members from a more recent vertebrate ancestor,

such as from a chondrichthyes, which includes sharks and rays (Metscher and Ahlberg,

1999), in combination with full-length nucleotide alignments, friy help to resolve the

correct phylogenetic relationship of mstn. The orthology of msfn could also be resolved

by mapping zebrafish rnstn and human MSTN and determining whethet mstn shares

syntenic relationships with either human MSTN or with human GDFI I.

5.2.13.2 Determining the function of Gdfll

Gdfl I appear to act upstream of the Hox genes to panern the axial skeleton

(McPherron et al., 1999). It is unknown how GdfI l acts to pattern the Hox genes and

what genes may regulate GdfI l function. The function of GdfI l/gdfl I in patterning the

axial skeleton could be examined by determining its interaction with other patteming

genes and by dissecting its function in the zebrafish using genetics (for example, epistasis

of mutants) and transgenics (for example, the creation of stable regulatable lines).
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5.2.13.2.1 Interaction otGdfIIlgdfII with other genes

The extensive homeotic transformations observed in GdfI l mutant mice suggests

that Gdfll functions upsheam of the Hox genes, PW and the rctinoic acid signalling

pathway in patterning the identity of the axial skeleton. Both P/e/knockout mice (Barna

et al., 2000), and retinoic acid receptor pathway knockout mice (reviewed in Durston et

al., 1997) have anterior transformations of the vertebrae that are more extensive than

those observed with individual Hox gene knockout mice (Mak et al., 1998a), although

they are not as extensive as that observed in Gdfl I knockout mice (McPherron et al.,

1999). These observations suggest that they may act downstream of Gdfl l and upstream

of the Hox genes, indicating an intermediate position between GdfI I and the Hox genes.

It will, therefore, be interesting to examine the expression pattern of PQf and the retinoic

acid receptors in the mouse GdfI I knockout to determine if they act downstream of

GdfI I or to examine double mutant mice to determine if they interact genetically. Double

mutant mice may be expected to have more extensive AP transformations of the vertebrae

if the genes interact.

The expression of Gdflllgdfll could be examined in mouse/zebrafish mutants

that have defects in tail development, to determine whether they may play an independent

role in tail development. The zebrafish pipetail (Rauch et al., 1997) and mouse CdxL/z

(Chawengsaksophak et al., 1997; Subramanian et al., 1995) mutants have tail defects but

no transformations of the axial skeleton. The expression of zebrafish gdfl I could be

analysed in zebrafish pipetail mutants (Rauch et al., l9g7), or mouse GdfI I expression

analysed in Cdxl or Cdx2 mutant mice (Chawengsaksophak et al., 1997; Subramanian et

al., 1995) to determine whether Gdfl l expression may be regulated by these genes.

The expression of gdf| I could also be analysed in zebrafish neurological mutants

(Jiang et al., 1996) to determine what rcle gdfl I may play during the later stages of

neurogenesis in the zebrafish. Future analysis of the function of gdfl I in the CNS will
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require careful analysis of sagittal, longitudinal and occipital sections over a number of

stages with emphasis placed on identifying possible axon tracts. Concurrently,

publication or construction, of a comprehensive morphological atlas of the zebralish CNS

at these stages will also be required.

Isolation of the gdfl I promoter could be used to determine whether Ntl directly

interacts with gdfl I using gel shift assays. The promoter could also be dissected to

determine which regions are required for tail bud and CNS expression and to identify

potential transcription factor binding sites and hence upstream factors in these regions.

Future analysis of Gdfl1 function in the fish and mouse will also need to take into

consideration the expression patterns of potential Gdfl I antagonists to determine the

existence of a possible Gdfl l activity gradient. A role for the Nodal/Activin antagonist

antivin in patterning the gradient of Gdfl l function is supported by the observation that it

is expressed within the tail bud at early segmentation stages (Bisgrove et al.,1999). The

Activin/BMP antagonist Follistatin has been shown to antagonise GDFI I explant assay

activity (Gamer et al., 1999), while implantation of beads incubated in rhGDFl l caused

ectopic expression of Follistatin in chick wing buds (Gamer et al., 2OOl), suggesting that

the activity of GDFI I may be regulated by a negative feedback mechanism. An

interaction with Follistatin is also implicated by its expression within the zebrafish tail

bud (Bauer et al., l99ti) and in the chick limb (Amthor et a1.,1996).

5.2.13.2.2 Transgenic studies

The suggestion that Gdfll might signal via the Nodal/Activin pathway indicates

that the genetic tools used to dissect Nodal function in the zebralish may also be of use in

dissecting Gdfl l function. Nodal signalling was modulated using either a constitutively

active Smad2 (Snnd2c^\ or with a dominant negative Fastl (FAST-P'\ (Muller et al.,
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2000). In addition, overexpression of kfty-related genes in zebrafish has been shown to

antagonise NodaUActivin signalling (Bisgrove et al., 1999: Thisse et al., 2000; Thisse and

Thisse, lgD\. Considering that zebrafish smad2, actrlla and actrllb are ubiquitously

expressed (Garg et al., I99: Muller et al., l99P: Nagaso et al., 1999) and that the above

o'tools" will modify Nodal activity if overexpressed during the early stages of

development, they will need to be applied in a cell and stage specific manner. The

activation of the NodaUActivin signalling pathway, by overexpression of gdfl l in the

zebrafish, also indicates that further analysis of Gdfl l function by overexpression of

gdfl I or of a dominant negative gdfl I, will require the creation of stable transgenic lines

under the control of a regulatable promoter.

The inducible heat shock promoter, lup70 (Halloran et al., 2000), would be ideal

for this purpose. At normal temperatures (28'C) the lup70 promoter is inactivate, but is

activated at high levels following an increase in the temperature to 3'7"C. Stable

transgenic gdfl I lines, using the hsp70 promoter, would need to be created by

microinjection of DNA (Holder and Xu, l99Fl; Stuart et al., 1990) and could then be used

to activate gdfl I during specific stages of developmert. Using the hsp7o promoter to

drive overexpression of gdfl I, a dominant negative gdfl I , Smad2co or FA,ST-ISID, at tle

end of epiboly or during neurogenesis could be used to investigate the role of gdfl I in AP

patterning or in neurogenesis. Not only could the lsp70 promoter be used to induce

ubiquitous gene expression by heat shock at any stage during development, but gene

expression could also be induced in single cells with a sublethal laser microbeam

(Halloran et al., 2000). The function of gdfl I in the tail bud, or in the CNS, could be

finely dissected and gdfl I expression could potentially be either up- or down-regulated

on one side of the embryo with the non-injected side providing a potential negative

control.
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Analysis of gdfl I function could also utilise the promoter of gdfl I to drive cell-

specific expression of the reporter gene EGFP enabling gdfl I expression to be followed

in "real-time". Cells expressing EGFP could be specifically ablated, or a caged-lineage

fluorescein dye (Kozlowski and Weinberg, 2000) could be microinjected and then

specifically uncaged in EGFP expressing cells, and the cell fates analysed.

5.2.13.2.3 Genetic studies

In comparison to the phenotype of Gdfll knockout mice (McPherron et al.,199)

the phenotype of gdfl l loss-of-function mutants may be informative for different features

of gdfl l function. Since vertebrae do not form until late in zebrafish development (Fisher

and Halpern, 1999), the first observable phenotype might be neural patterning defects.

Transformation of the axial skeleton would not be observed until much later, although at

a molecular level there should be changes in the expression domains of zebrafish hox

genes (hince et al., 19!)8) by the mid-segmentation stages. The loss-of-function gdfl I

phenotype in the zebrafish could be achieved either by creating gdfl I morphants or by

isolating gdfl I mutants. Either method would also provide evidence that zebrafish gdfl l

recapitulates the function of GdfI l in the mouse, and therefore, that the zebralish is a

good model for further study of human GDFI I function, and also whether it could

recapitulate the ntl mu[ant phenotype.

Morpholinos are modified oligonucleotides that specifically prevent translation of

targets genes after microinjection at the l-2 cell stage (Nasevicius and Ekker, 2000), the

resulting mutant embryos are referred to as morphants (Ekker, 2000). It is thus possible to

examine gene function by creating morphants without the expense and time required for

isolating a gdfl I mutant by chemical mutagenesis. Sequence polymorphisms within the
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targeted region, however, can adversely affect the effectiveness of the morpholino

(Nasevicius and Ekker,2000) and mutants have other important benefits.

Mutants isolated by chemical mutagenesis can not only be used to analyse gene

function, but can also be used to order a gene within a genetic pathway by epistasis

(Halpern et al., 1997; Hammerschmidt et al., 1996a; Hammerschmidt et al., 199fi).

Furthermore, a mutant could be used in enhancer/suppressor screens to identify

interacting genes. Although, to our knowledge, none of the mutants isolated in the

Tiibingen and Boston mutagenesis screens (Driever et al., 1996; Haffter and Nusslein-

Volhard, 1996) map to the gdfl I locus, new genetic screens are in progress. A

mutagenesis screen for skeletal defects in adult zebralish (Fisher and Halpern, 200O),

using X-rays to visualise the adult skeleton, is underway and may isolate mutants

affecting the AP polarity of the vertebrae. Our lab is currently undertaking a chemical

mutagenesis screen for genes involved in haematopoiesis that could also be used to

screen for gdfl I mutants. If mutant embryos were scored for loss or changes in gdfl I

expression patterns by whole mount in situ hybridisation, mutations in gdfl I and in

upstream effectors may be isolated. Once a gdfl l mutant was isolated it could then be

used in a second mutagenesis screen to isolate enhancers or suppressors of the gdfl l

phenotype, similar to the procedure used to identify genes involved in dpp signalling in

Drosophila (Chen et al., l9l)8a). Isolation of a gdfll mutant, in eontrast to a gdfll

morphant, could also be used to order the gene into genetic pathways, by epistasis, with

mutants that have already been isolated such as the ntl mutant (Halpern et al., 1993) or

with mutants affecting neurogenesis (Jiang et al., 1996).

Further in-depth analysis of GdfI I function will benefit from the use of the

transgenic and genetic tools that make the zebrafish the vertebrate model organism of

choice for dissecting gene function.
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Appendices

Appendix L

Nucleotide sequence of the 5'end (SpeI end) of subclone 18.fSN.

ACTAGTGGACATACGGATAAATAATCTGCAAAACACAGTAAACTCTGCTACAGGGACTGG 6O

CGTCATATGACAAAAACAAACTCTTATATCTGCAAATAAGACCTCAACACCTCAGATAAT 1 2 O

ACAGGATCTTTGCACACAAACTTTGTATTCTCTGTCCGCTCTTTCASflTTGAATGAACTG 1 8 O

EATATAATCCTTATIGTGACATACTGTAGTACGCTTAAGGTAAGACTCATTTTGCAACGA 24O

ATACATGGTGAATTTAAGGACAAAGAGATTAAA,ATGCATTTCTGTAAATAAATCTGGTAA 3OO

TATTCTGCATTATGTCTCATTCGTGAACATTGGTTGATGTGTTTGTTCAGTTGAAAGAAT 3 6O

TGTGATTAAACATTSIGTTATCTAACATTTTGTECGIGATTTGAIETTATATTTAAGGGG 4 20

ACCCATAATGACAAGATGTAAAAITAAGACACCAGCAAATCAAAAT,AAAAT,ATTAGTATAT 480

G:TTTATGGAATGCAGTTGATTTINTAAAAAAAA:TA,AACTTNTACTAE,AGGGAACAGTTCC 540

AAAAAAGTTTAAAAAAAAAGTTTNTAAAGTCAAAATTCCCGAGTTNTAAAGCCAAAI.TTG 6OO

CGAATTTTTTAGGGTCANAATTNCCGGGTTTTTTAAAGTCCANAJMTT€C.CGAAATtrTTT 560

AAAAGGTCAAAAATTGGCGAIIGTTCCCCAAAATTCGGNAATTTGCGAAGTTTTTAAAGGT 7 20

CA}IAAATTtrCCCAGGTTNTAAAAGNCCAGAI{TTTCTGNNTTTTACAANTCNTGAAATtrGC 7 8 O

CGAAGTTTTTAAAGGCCAAAAIITTGCCGAGNTTTTTTNGGGCAAAATTTTCAAGGTTTTT 8 4 O

TAACCCCCAAATTTGGGGNGTTTI{T.AAANGCCCAAAATTGCCAGNTTTTA 890
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Appendix 2

Nucleotide sequence of 5'and 3'ends of subclone l83P

The 5' (A) and 3' (B) ends of subclone 18.3P were sequenced.

(a)

CTGCAGTTGGCATTAA,AAGCAGTGTGATGTATGGTAAAGTTTGAGTTTTCTAryTTCTGGA 60

CTTTGAATTTGGCATCTTACCGCACAACATGGCATGTTTGCTTTTGCAACCGGTCITTTT 1 2 O

TGCAACCAGTATTCGCGTTTGAAACCCGTGTGACATTATGTGTGATGTAGGTTGGTAATT 1.80

CTCCTATTCCBTTAACACTCCTGTCATGGCTTTAGTGACAATAAATGAGAGGSTTGAACA 2 40

GTAACAAGCTTATTAATTAATACTATTCAAGAGCTATTCTGGCAAAATTCCATTGAGAAA 3OO

AATGTGTTGAAAATTATGCIGGTTCACAAAGCAAGCCACACATACAGTTTCTTCAAAAT.A 360

TAATTTTATTTACACCTTCTGIGCGTTTGtrACATGGCAAAAIAAATIGTTTTACAATGGC 420

ACCTGGCATTTACCAACMCACATCTTAAATCACAGTGAAAAAC.TTAAAGATGIICCCCAG 4 8 O

TCCAAACCACTCCAAA"ACAGAAGGWAAATCCGTCTGCACAGCTC 540

AAGCCTCATGGCAGATGA}TCCTGTGTGGNCATTAGTTTCCCAGCAGNTTNCCATGGGATG 6OO

TGGATCTGTTEC'GACCCATNTAAACTATGGGCCTTEGAANCTGCTGGGNCTTCAAATGGG 6 6 O

NAAGTTACATTfTATGNAAATTGNTTCCCACACCCAATCiNTCTTAAACAGCCGANCCIITT 7 20

IGGAACTTGAACCGGGGGGCTTAAANTATANTCCTTGGGTNAAIIGGGAGTTTCTGGC,AAA 7 8O

TGNTCTTGGGGTGCCAANGGGGACCAAAANGGGTCCAACCAACCCTNTTTTAAAGGATTT 8 4 O

ICCCCAAATTTTTTAITCCAGAAA}TTTNAGGGCTTTTNAAAAGNTAAANtrGGGTTTAAANC 9OO

ccTcccT 907
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(B)

CTGCAGACTTTCAATCTGACCCGTCCCAGCTCTCCTGCGCATCAAGGGGCCACTCGTGTA 6 O

GAGCCACCTGAGTATATGCTGGAACTCTACAACCGATT€GCCAATGACCGAACAGCAATG LzO

CCTTCGGCAAACATCGTACGCA@TSTAAAAATGAAGGT.AACTGCATATTryrcCTAIIITCA 1 8 O

ATGAGGJACATTA'TAATCATTBGTATCGTAGGAATTII(ETTATTTITTryTGTAAATGAAAAAA 2 40

AGAAA,AAAACAACAACTTAII'TTTTCGACTGITTATGTGATAAATAATGGTTTCCAAAAT.A 3OO

ATAATAATAATAATAAATGTAACGGTAACACTTTATTTTGATAGTCCATTTGAGTATTAG 3 5 O

TAGACTATCTGCTTAACATTCAACAGATATTTAACTGACTATAAGAAA'IfTTGCAAGTAC 42O

AAGGTCAACTTACAGIAACCCTAGCCCCATTGTAATAATCTATAATACTTATAATCTAAT 4 8O

GAGATIIIIAGTTGCAA:TGGTAATTTAATTA.IATATGCAAGTAATAATATGAAGITAATrcGT 5 4 O

CTATTACCTGGAAAA TCGTC'AAAAAAIIGTAGCIGGGGAAAAGCCAAATGGTTTCTGCTIIG 500

AAAGGAAAAAAA 5I2
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Appendix 3

BI[P!D/10 subfamily mature domain nucleotide infile

The mature domain nucleotide alignment of the BMP9/10 subfamily was created

using ClustalW (MacVector 6.0) and manually edited to form the required infile for the

phylogenetic software PHYUP Version 3.573 (see Figure 2.L fot steps used to perform

phylogenetic analysis).

I 333

un bnp9 AGCACCGGAGCCAGCAGCCACTGCCAGAAGACTTCTCTCAGGGTGAACTT

Un bnpl 0 ---AACGCCAAGGGGAACTACTGTAAGAAGACCCCACTATACATCGACfT

Gg dsll AGCATAGGAGCA---AACCACTGTCGGAGAACGTCACTCCATGTGAACTT

Es bmp9 AGCGCCGGGGCTGGCAGCCACTGTCAAAAGACCTCCCTGCGGGBAAACTT

ns bnpLo ---AACGCCAAAGGAAACTACTGTAAGAGGACCCCGCTCTACATCGACTT

Dr bmp9 ---AAAGCAAAGAACAATEATTGTCGGAGAACTTCCCTSAAGGTCAATTT

Dr bmplo ---AATGCCAAAGGCAACCAATGTAAAAAGAGCTCCCTCTATGTGGACTT

Dn dpp CGCAAGAACCACGACGACACCTGCCGGCGGCACTCGCTGTACGTGGACIT

IGAGGACATCGGCTGGGACAGCTC.GATCATTGCAC C CAAGGAAT,ATGAC G

CAAGGAGATTGGGTGGGAC TCC TGGATCATC GCTC C TCCTGGGTATGAAG

TAAAGAAAT,AGGTTGGGATTCTTGCAATCATTGCAC CCAAAGATTATGAGG

CGAGGACATCGGCTGGGACAGC TGGATCATTGCAC C CAAGC.AGTATGAAG

CAAGGAGATTGGGTGGGAC TCCTGGATCATC GCTC CGC C TGGATACGAAG

CAAAGACATCGGATGGGATAAATGGATCGTTGC GC C GC CGGAATACGACG

CAAAGACATCGGCTGGGACAGC TGGATC TTGGCGC C GAC IGGTTATGAAG

CTC GGAC GTGGGC TGCGAC GAC IGGATI GTGGC GC C TCTGGGCTAC GATG
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CCTATGAGTGTAAAGGGGGTTGC TTC TTCCCATTGGCITGATGACGTGACA

CC TATGAGTGC CGGGGTGTGTGTAACTACCC TCTGGC GGAGCACCTCACA

CTTTTGAGTGTAAAGGAGGTTGCTTCTTCCCCCTCACAGATAATGTTACG

CCTACC1AGTGTAAGGGC GGC TGCTTC ryT'CC CCTTGGC TGACGATGTGAC G

CCTATGAATGC C GTGGTGTITGTAACTAC C CC CTGGCAGAGCATCTCACA

CTTATGAGTGCAAAGGTGTGTGTTASITC C C TCTAACTGATGACGEGAGC

CCTTCGAGTGTACAGGGGTGTGCACATACC C TTTAAC CAAACTACGTTACA

CATATTAC f GCCAC GGGAAGTGC C CC TTCCC GCTGGC CGAC CAC TTTAAC

CCCAC CAAACATGCCATCGTGCAGACC CTGGTGCATC TC GAGTTC C CCAC

CCIACAAAAC.rcGCAATTATTCAGGC C TTGGTCCAC C TCAAGAATTCCCA

CCAACCAAACATGCTATTGTCCAGACTCTGGTGCATCTCCAAAAC CCAAA

CCGAC GAAACACGC TATCGTGCAGAC C CTGGTGCATC TCAAGTTC CC CAC

CCCACAAAGCATGCAATTATCCAGGCCTTGGTCCAC CTCAAGAATTC CCA

C CATCCAGACATGCAGTCATCCAGACAC TGGTTAAC CTCAGCAATC CAAA

C CTACAAAACATGCAGTTATACAAACGSTGGTCAGTCTCAAAAAGTC CACA

TC GACCAATCACGCC GTGGTGCAC.ACCCTGGTCAACAATATGAATC CCGG

AAAGGTGGGCAAAGC CTGCTGCGTTCC CAC CAAACTGAGTC CCATCTCCA

GAAAGCTTCCAAAGCCTGCTGTGTGCCCACGAAGCTGGATCCCATCTCCA

GAAAGC TTCCAAGGCCTGTTGITGTTCCAACTAAATTGGATGCAAICTCTA

AAAGGTGGGCAAGGCCTGCTGTGTGCCCACCAAACTGAGCCCCAIrcTCCG

GAAAGC TTC CAAAGC C TGC TGTGTGCCCACAAAGC TAC.AGC C CATC TCCA

GAAAGCAAACATGGCATGTTGCGTCC CGACCAAGCTGGACCCAATCGCYG

AGTTGTGTCCAGGGCTTGTTGCGTGCCGACTGAACTAGAI CCCATCTCC C

CAAGGTGCCGAAGGCGTGCTGCGTGCCCACGCAACTGGACAGCGTGGCCA
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TCCTCTACAAGGATGACATGGGGG1TGCCAACCC TCAAGTAC CACTATCTAG

TCCTCTATTTAGATAA- -.AGGTGTC GTCACCTACAAGTTTAAATAtrGAA

TTCITIfl TATAAGGATGATGCTGGTGTGCCCACTTTGATATATAACTATGAA

TC CTCTACAAGGATGACATGGGGGTGCCCACCCTCAAGTACCATTACGAG

TCCTC TAT:HTAGACAA- - -AGGCGTCGTCACCTACAAGTITTAAATACGAA

TCATGIACCAGGAAAA-- -GGGCGTCATCACCGTCCGACATCTCTACGAG

TGCTCTACCTAGATGACGCAGGTGTC€TICACGIATCAGTATAAATITGAA

TGCTCTAIrcTCAACGACCAAAGTACGGTGGTGCTGAAG- - -AACTACCAG

GGGATGAGTGTGGC TGAGTGTG@TGTAGGTAG

GGGATGGCTGTGTCTGAGTGTGGCTGTAGATAG

GGGATGAAAGTGGCAGAATGTGGCTGCAGGTAG

GGCATGAGCGTGGCAGAGTGTGGGITIGCAGGTAG

GGCATGC€CGTCTCCGAATIGIGGCTGTAGATAG

GAGATGAAAGTTGCA.AAGTGITGGCTGIIAGGTAG

GGAATGGTAGTGGCCAAGTGTGGATGCAGATAG

GAGATGAC CGTGGTGGGC TGTGGCTGTCGATAG
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Appendix 4

The GDFII/IVISTN subfamily mrture domain nucleotide infile

The mature domain nucleotide alignment of the GDFI I/MSTN subfarnily was

created using ClustalW (MacVector 6.0) and manually edited to form the required infile

for the phylogenetic software PHYLIP Version 3.SB (see Figure 2.1 for steps used to

perform phylogenetic analysis).

14 484

HS MSTN GGCACTGGTATTTGGCAGAGCATTGATGIIGAAGACAGTGTTGCAAAATI

RT USTN GGCACTGGTATTTGGCAGAGTJATTGATGTGAAGACAGTGTTGCAAAATT

Ss USTN GGCACTGGEATTTGGCAGAGCATTGATGTGAAGACAGTGTTGCAAAATT

or gdf1L CAAGCAGGTCACTGGCAGAGCATTGACTTCAAACATGTGTTGCAGAACT

Bt USII'N GGCACTGGTATITGGCAGAGCATTGATGTGAACAACAGITIGTfGCAGAACT

Hg USTN GGCACTGGTATCTGGCAGAGTATTGAIGTGAAGACAGTGTTGCAAAAITT

Itn gdf1L CGTTCCGGCCACTGGCAGAGCATCGACTTCAAGCAAGTGCTACACAGCT

G9 I'ISTN GGCACTGGTATCTGGCAGAGTATTGATGTGAAGACAGTGTTGCAAAATT

DT 'nStN GGAGTCACGTCTTGGCAGAGTAEAGACGTAAAGCAGGTGCTCACGGTGI

I,[N UStN GGCACTGGTATTTGGCAGAGTATTGATGTGAAGACAGTGTTGCAAAATT

Ph USTN GGCACTGGBATTTGGCAGAGCATTGATGTGAAGACAGTGTEGCAAAATT

Oa IISTN GGCACTGGTATTTGGCAGAGCATTGATGTGAAGACAGTGTTGCAAAACT

Hs GDFI.]. CGCTCAGGCCATTGGCAGAGCATCGACTTCAAGCAAGTGCTACACAGCT

Dm myog GGACTTGGACAATG@TTGCTGTGGACTTAAAGTCTCTGCTTGGTAATC
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GGCTCAAACAAC CTGAATCCAAC TTAGGCATTGAAA1TAAAAGC IETAGAT

GGCTCAAACAGCC TGAATCCAAC TTAGGCATTGAAATCAAAGCTTTGGAT

GGCTCAAACAACCTGAATCCAAC TTAGGCATTGAAATCAAAGCTTTAGAT

GGTTCAAGCAGCCACATACAAACTGGGGTATTGATATAAATGC CTATGAT

GGC TCAAACAAC CTGAATCCAACTTAGGCATTC.AAATCAAAGCTTTAGAT

GGCTCAAACAGC CTGAATCCAATTTAGGCATC GAAATAAAAGC TTTTGAT

GGITTCGCCAGCCACAGAGCAACTGGGGAATC GAGATCAACGCCTTTGAT

GGCTCAAACAGC CTGAATC CAATTTAGGCATCGAAAITAAA"AGCTTTTGAT

GGTTAAAACAACCGGAGACCAACC GAGGCATCCTAGATTAACC.CATATGAC

GGC TCAAACAGC CTGAA:TCCAACTTAGGCATTGAAATCAAAGC TTTGGAT

GGCTCAAACAAC CTGAATC CAAC TTAG@ATTGAAAT:AAAAGC TTTAGAT

GGCTCAAACAACC TGAATCCAACTTAGGCATTGAAATCAAAGC TTTAGAT

GGTTC CGCCAGCCACAGAGCAACTGGGGCATCGAGATCAACGCCf TTGAT

TTGGG- - -. - - TCTAATATGACGCAAGAAAIT'TCTAATEAAGGGCGCAGAA

GAGAATGGTCATGATCTTGCTGTAACCTTC CCAGGACCAGGACIAAGATGG

CTAGAATGGGCATGATCTTGC TGTAAC CTTC C CAGGACCAGGAGAAGATGG

GAGAATGGTCATGATC TTGCTGTAACCTTCC CAGGAC CAGGAGAAGATGG

GAAAGTGGCAATGACCTGGC TGTCACATC TTTGGGGC CTGGAGAGC.AGGG

GAGAATGGCCATGATC TTGCTGTAACCTTC CCAGAAC CAGGAGAAGATGG

GAGAATGGAC GAGATC TTGC TGTAACATTC C CAGGAC CAGGTGAAGATGG

C C CAGC GGCACAGAC C TGGCTGTCACCTC C C TGGGGC CAGGAGCTGAGGG

GAGAATGGACGAGAIC TTGC TGAAACATTC C CAGGAC CAGGTGAAGATGG

GCGAAGGGAAACGAC TTGGCC GTCAC ST'CAACC GAGAC TGGGGAGGAI GG

GAGAATGGC CATGATC TTGC TGTAACCTTC C CAGGACCAGGAGAAGATGG

GAGAATGGTCATGATC TTGCTGTAACCTTC CCAGGACCAGGAGAAGATGG

GAGAATGGTCATGATCTTGCTGTAACCTTCCCAGAACCAGGAGAAGAAGG

CCCAGTGGCACAGAC CTGGCTGTCACCTCC CTGGGGC C GGGAGC C GAGGG

AC CTGGATGAAGTCATTAGTGGTGAC CACAGACAACACATCGAAAAATC C
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GCTGAATC C GTTTTTAGAGGTCAAGGTAACAGACACAC CAAAMGAIrcCA

GCTGAATC C CtrTTTTAGAAGTCAAAGTAACAGACACAC C CAAGAGGTCC C

GCTGAATCCC TTTTTAGAAGTCAAGGTAACAGACACACCAAAAAGATCCA

ACTGCAGC C GTTCCTGGAGGECAAGATTC TTGAAACAAC CAAGC GCTCAC

ACTGACTCCTTTTTTAGAAGTCAAGGTAACAGACACAC CAAAAAC.AIICTA

ACTGAACCCATTTTTAGAGGTCAGAGTTACAGACACACCAAAAC GGTCC C

GCTGCATCC TTTCATGGAGCTTCGAGTCC TAGAGAACAC GAAAAGG:TCC C

ACTGAAC CCATTTTTAGAGGTCAGAGTTACAGACACACCAAAACGGTC C C

ACTGCTCCCC TITATGGAGGTGAAAA:IATCAGAGGGC CCAAAACC'AATCC

GCIIGAATCCC TTTTTAGAAGTCAAGGTGACAGACACACCCAAGAGGTCCC

GCTGAATC CC TTTTTAGAGGTCAAGGTAACAGACACACCAAAAAGAIrcCA

AC TGAATC CTTTTTTAGAAGTCAAGGTAACAGACACAC CAAAAAGT,TCTA

GC TGCATC CATTCATGGAGCTTCGAGTCCTAGAGAACACAAAACGTrcCC

ATTGAC TGTTCACATAGAAATTGGGTCGCAAAAAAAGCATC GAAGA. - -A

GAAGGGATITTGGTC TTGACTGTGATGAGCAC TCAACAGAATCACGATGC

GGAGAGAC TTTGGGCTTC.ACTGTC.ATGAACACTC CACGGAATCGC GGTGC

GGAGAGATTTTGGAC TC GACTGTGATGAGCAC TCAACAGAATCTCGATGC

GGAGGAATC TGGGTCTTGAC TGTGATGAGCAC TC CACAGAATCTCGC TGT

GGAGAGATTTTGGGC TTGATTGTGATGAACACTCCACAGAATCTCGATGC

GCAGAGATTTTGGCC TTGACTGC GACGAGCAC TCAACGGAATCTCGATGT

GC€ GGAACCTAGGC C TGC.ACTGCGATGAACAC TC GAGTGAGTC CC GCTGC

GCAGAGATTTTGGC C TTGAC TGC GACGAGCAC TCAACGGAAIC TCGATGT

GGAGGC'ACTCCGGACTGGAC TGCC1ATGAGAATTC CTCAGAGTCTCGC TGC

GGAGAGACTTTGGGCTTGACTGC GATC.AGCAC TC CAC GGAATC CCC.GTGC

GAAGGGATTTTGGTCTTGACTGTGATGAGCACTCAACAGAATC GCGATGC

GGAGAGATTTTGGGCTTGATTGTGATGAC€ACTC CACAGAATCTCGATGC

GGCGGAACCTGGGTC TGGACTGC GACGAGCACTCAAGC GAGTCCC GCTGC

AGCGCAGCGTATATATGGAC TGCACAGAAAATGATCATGACATGC GC TGT
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TGTC GTTACCCTC TAACTGTGGATTTTCTAAC€ STTI'GGATGGC.A.TTGGAT

TGTCGCTAC CC C C TCACGGTC GATTTC GAAGCC TTTGGATGGGACTGGAT

TGTCGTTAC C CTCTAACTGTGCAATTTTGAAGCTTTTC1GATGGGAC TGGAT

TGTC GCTATCCACTTACAGTGGACTTTGAAGCTTTTGGCTGGGAC TGGAT

TGTC GC TAC C C CC TCAC GGTGGATTTTGAAGCTTTTGGATGGGATTGGAT

TGTC GCTACCCGC TGACAGTGGATTTTGAAGCTTTTGGATGGCTACTGGAT

TGCCGATATCCTCTCACAGTGGACTTTGAAGCTTTTGGC TGGGACTGGAT

TGTC GCTACC C GCTGACAGTGGATTTTGAAGC T1T1TIIGGATGGGACTGGAE

TGCAGGTACCCTCTCACTGTGGACTTCGAGGAC TT113GCTGGGAC TGGAT

TGCE GCTAC C C CCTCAC GGTC GATTTTGAAGCCTTTGGATGGGACTGGAT

TGTCGTTACC CTCTAACTGTGGA TDTGAAGCTC TTGGATGGGATTGGAT

TGTCGTTACC CACTAAC TGTGGATTTTGAAGCTTTTGGATGGGAETGGAT

TGC C GATATCC CC TCACAGTGGACTTTGAGGCTT?C GGCTGGGACTGGAT

TGTCGATATC CC C TCAAAGTTAATTTCACCAGCTTTGGATGGCATTTCGT

TATCGC TC CTAAAAGATA:TAAGGCCAATTACTGCTCTGGAGAGTGTGAAT

TATTGCACC CAAAAGAT,ATAAGGC TAATTACTGCTC TGGAGAGTGTGAAT

TATTGCAC CCAAAAGA,T.ATAAGGC CAATTACTGCTC TGGAGAGTGTGAAT

CATTGCAC C TAAACGTTACAAGGCAAACTAITGCtrCAGGGCAGTGTGAGT

TATTGCACC TAAAAGAT,ATAAGGCCAATTACTGC TC TGGAGAATGTGAAT

TATAGCAC C TAAAAGATACAAAGCCAATTAC TGCTC TGGAGAATGTGAAT

CATCGCACCTAAGC GCTACAAGGCCAAC TACTGCTCCGGCCAGTGCGAAT

TATAGCAC C TAAAAGAT.ACAAAGCCAATTACTGCTCTC.GAGAATGTGAAT

TATTGC TCCAAAAC GCTATAAGGC GAATTAC TGTTCAGGAGAATGCGACT

TATC GCACCCAAAAGAT,ATAAGGC CAATTACTGCTCAGGAGAGTGTGAAT

TATC GCTCCTAAAAGAT.ATAAGGCCAATTACTGC TCTGGAGAGTGTGAAT

TATTGCACC TAAAAGATA1TAAGGCCAATTACTGCTCTGGAGAATGTGAAT

CATCGCAC CTAAGC GCTACAAGGCCAACTACTGC TC C GGC CAGTGC GAGT

TGTAGCACCAAC GTCC TTTGAC GCATAC TTCTGCAGTGGTGAC TGCAAAG
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TTGTAT{TTTACAAAAA:TATC C TCATACTCATCTGGTACACCAAGCAAAC

TTGTG TCTTACAAAAAAATC CGCATACTCATC f TGTGCAC CAAGCAAAC

TTGTATTTSIACA.AAJMTACCCTCACACTCATCTTGTGCACCAAGCAAAC

ACATGTTTATGCAAAAGTACC CACATACC CATCTGGTGCAGCATGCAAAT

TTGTATTTTTGCAAAAGTA1TCC TCATACC CATCTTGTGCAC CAAGCAAAC

TC GTATTTCTACAGAAATAC CC GCACACTCAC C TGGTACAC CAAGCAAAT

ACATGTT\CATGCAAAAGITATC CACACACC CACTTGGTGCAACAGGCCAAC

TCGTATTTCTACACTAAAT.ACCC GCACACTCACC TGGTACAC CAAGCAAAT

ACATGTACCTGICAGAAGTATCC C CACACCCATCTGGTGAACAAGGC CAGT

TTGTGTTTT1TACAAAAATA1TCCGCATACTCATCTTGTGCACCAAGCAAAC

TTGTATTTTTACAAJAAATATCCTCATAC TCATCTGGTACACCAAGCAAAC

TTTTATTTTTGCAAAAGTATCCTCATAC CCATCTTGTGCACCAAGCAAAC

ACATGTTCATGCAAAAATATC CGCATACCCATTITGGTGCAGCAGGCCAAT

TTGGTTACCTAGAGCAATATC CCCATACACATTTAGCAGC C TTAACGACA

CCCAGAGGTTCAGCAGGC C C Tf GCTGTACTCCCACAAAGATGTCTCCAAT

CC CAGAGGCTCGGCAGGC CC TTGC TGCACGC CAACAAAANTGTC TCC CAT

CC CAGAGGTTCAGCAGGC CC CTGCTGTACTC C CACAAAGATGTCTCCAAT

CCTAGAGGGTC TGCAGGC.C CATGCTGCAC C C CAACAAAGATGTCACC GAT

CCCAGAGGTTCAGCCGGC CC CTGCTGTACTCCTACAAAGATGTETC CAAT

CCAAGAGGCTCAGCAGGCCCTTGCTGCACACCCACCAAGATGTC CCCTAT

CCAAGAGGCTCTGCTGGGCC CTGCTGCAC C C C TACCAAGATGTC C CCAAT

CCAAGAGGCTCAGCAGGCC CTTGCTGCACAC C CAC CAAGATGTCC C C TAT

CC GAGAGC"AAC GGCTGGGCC C TGCTGCAC TC C CACCAAGATGTCTCCCAT

CCCAGAGGCTCAGCAGGCCCTTGCTGCACTCCGACAAAAA1TGTCTCCCAT

C C CAGAGGTTCAGCAGGCCCTTGCTGTAC TCC CACAAAGATGTCTCCAAT

CCCAAAGGTTCAGCCGGCCCTI GCTGTACTCCTACAAAGATGI CTC CAAT

CCAAGAGGCTCTGCTGGGC CCTGTTGTAC CCC CAC CAAGATGTC C C CAAT

TCGGCCACACCGTGTTGCTCGCC GACAAAAA1TGAGTTCCTT
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TAATATGCTATATTTTEATGGCAAAGAACAAATAATATATGGGAAAI,TTC

TAATATGCTATATTTTAATGGCAAAGAACAAATAATATATGGGAAAA1TTC

CAATATGCf ATATTTTAATGGCAAAGAACAAATAATATATGGGAAAATTC

AAACATGCTTTAC TTCAATGACAAACAGCAAATAATC CATGGCAAAATC C

TAATATGCTATATTTTAATGGCGAAGGACAAATAATATACGGGAAGATTC

AAACATGCTGTATTTCAATGGAAAAGAACAAATAATATATGGAA,AGA, TAC

CAACATGCTCTACTTCAATGACAAGCAGCAGATTATCTAC GGCAAGATC C

AAACATGC TGTATTTCAATGGAAAAGAACAAATAATATATGGAAAGA1TAC

CAACATGCf STACTTTAACGGCAAAGAGCAGATCATCTAC GGCAAGATC C

TAATATGC TATATTTTAATGGCAAAGAACAAATAATATATGGGAAAATTC

TAATATGC TATATTTTAATGGCAAAGAACAAATAATATATGGGAEAAI!rc

TAATATGCTATATTTTAATGGCAAAGAACAAATAATATATGGGAAGATTC

CAACATGCTC TACTTCAATGACAAGCAGCAGATTATC TAC GGCAAGATCC

AAGTTTGTTAIATTTTGAC GAf AAC CATAATC TGGTTTTAAGTGTTATAC

CAGCGATGGTAGTAGACC GCTGTGGG1TGCTCATGA

CAGC CATGGTAGTAGAC C GGTGTGGGTGCTC GTGA

CAGCCATGGTAGTAGATC GCTGTGGGTGCTCATGA

CAGGAATGGTGGTGGACC GTTGTGGCTGTTCATAG

CAGCCATGGTAGTAGATCGCTGTGGGTGCTCATGA

CAGCCATGGTTGTAGATCGTTGCGGGTGCTCATGA

C TGGCATGGTGGTGGATC GATGTGGC TGCTC CTAA

CAGC CATGGTTGTAGATC GTTGC GGGTGCTCATGA

CTTC GATGGTAGTAC.AC CGCTGTGGCTGCTCATGA

CAGCCATGGTAGTAGACCGC TGTGGGTGCTCATGA

CAGC CATGGTAGTAGACCGCTGCGGGTGCTCATGA

CAGGCATGGTAGTAGATCGC TGTGGGTGCTCATGA

CTGGCATGGTGGTGGATCGCTGTGGCTGCTCTTAA

CAAATATGTCTGTC GAGGGTTGCAGCTGTTCTTAG
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Appendix 5

The GDFII/}ISTN subfamily full-length nucleotide inftle (vertebrate members

onty)

The full-length nucleotide alignment of the vertebrate members of the

GDFI I/IVISTN subfamily was created using ClustalW (MacVector 6.0) and manually

edited to form the required infite for the phylogenetic software PTIYLIP Version 3.573

(see Figure 2.1for steps used to perforrr phylogenetic analysis). Sequences were aligned

from the first conserved amino acid residue in the pro-domain. Sequence in the alignment

corresponding to either insertions or deletions were omitted.

13 875

DT gdf 11 GGAAACAATTAAATCACAAATACTTAGCAAACTGCGCTTAAAACAAGCACCCAACATCAG

IiIN Gdfl], GGGGAGCATCAAGTCGCAGATCCTGAGCAAACTGCGGCTCEAGGAGGCGCCCAACATCAG

Ph I,TSTN AGAAGCCATTAAAAT,TAAATCCTCAGTAAACTTCGTCIGGAAACAGCTCCTAACATCAG

RN I{StN AGAAGCCATAAAAATTCAAATCCTCAGTAAACTCCGCCTGGAAACAGCGCCTAACATCAG

OA USIN AGAAGCCATAAAAATCCAAATCCTCAGTAAGCTTCGCCTGGAAACAGCTCCTAACATCAG

SS MSTN AGAAGCCATAAAAA1ITCAAATCCTCAGTAAACTTCGCCTGGAAACAGCTCCTAACATTAG

MN }TStN AGAAGCCATAAAAATTCAAATCCTCAGTAAGCTGCGCCTGGAAACAGCTCCTAACATCAG

}Tg USIN AGAAGCCATAAAAATTCAAABCCTCAGCAAACTrcGCCTGGAACAAGCACCTAACATTAG

HS MSTN AGAAGCCATTAAGATACAAATCCTCAGTAAACTTCGTCTGGAAACAGCTCCTAACATCAG

ES GDF1 1 AGAGAGCATCAAGTCGCAGATCTTGAGCAAACTGCGGCECAACGAGGCGCCCAACATCAG

Gg USTN AGAAGCCATAAAAAIT'TCAAATCCTCAGCAAACTGCGCCTGGAACAAGCACCTAACATTAG

DT MStN GCATGCCATCAAGTCCCAAATTCTTAGCAAACTCCGACTCAAGCAGGCTCCAAACATCAG

Bt I.TSTN AGAAGCCATAAA,AATCCAAATCCTCAGTAAACTTCGCCTGGAAACAGCTCCTAACATCAG
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CAGAGAGGTGGTTAATCAGC TTCTTC CCAAAGCACCTCC GC TGCAGCAGC TGTTC.GAC CA

CCGGGAGGTGGTGAAGCAGCTGCTGCCCAAGGCGCCGCCGCTGCAGCAGATCCTGGATCT

CAAACTATGCTATAAGACAACTTTTACCCAAAGC TC CTC CACTC C GGC'AACTGATTGATCA

CAAAGATGCTATAAGACAACTTC TGCC CAGAGC GCC TC CACTC C GGGAAC TGATCGATCA

CAAAGATGCTATAAGACAACTTTTGCC CAAGGC TCC TC CACTC C GGGAAC TCAATTGATCA

CAAAGATGC TATAAGACAAC TTTTGCC CAAAGCTC CTC CAC TC CGGGAACTGATTGATCA

CAAAGATGCTATAAGACAAC TTC TGCCAAGAGC GC CTCCACTC C GGGAACTGATC GATCA

CAGGGAC GTTATTAAACAACTTTTACC CAAAGCTC C TC C GCTGCAGGAACTGAI TGATCA

CAAAGATGTTATAAGACAACTSTTACC CAAAGCTC CTC CAC TCCGGGAACTGATTGATCA

C CGCGAGGTGGTGAAGCAGC TGCTGCCCAAGGCGC CGC C GCTGCAGCAGATCC TGGACCT

CAGGGACGTTATTAAACAAC TTTTACCCAAAGCIC CTC C GC TGCAGGAACTGATTGATCA

C CGGGACGTGGTCAAGCAGCTGTTACC CAAAGCAC CGC CTTTGCAACAACTTCTGGATCA

CAAAGATGCTATCAGACAACTTTTGC CCAAGGCTCC TC CAC TC C TGGAACTGATTGAIrcA

TCATGACTTCCAAGGGGACGCATCTTC CTTAGAGGATTTCATAGACGC CGATGAGTATCA

GCACGACTTCCAAGGC GACGCGC TGCAGCCTGAGGAC TTCTTGGAAGAGGAC GAGTACCA

GTATGATGTCCAGAGGGATG-ACAGCAGC - - GATGGCTCTTTGGAAGATCTACGATTATCA

GTACGAC GTC CAGAGGGATG-ACAGCAGT - - GAC GGC TC TETGGAAGATGAC GATTATCA

GTACGATGTCCAGAGAGATG-ACAGCAGC - - GACGGCTCC TTGGAAGACGATGAC TACCA

GtrACGATGTCCAGAGAGATG-ACAGCAGT - - GATGGCTC CTTGGAAGATGATGATTATCA

GTACGACGTC CAGAGGGATG -ACAGCAGT - - GATGGCTC TTTGGAAGATGAC GATTATCA

GTATGAC GTCCAGAGAGAC G -ACAGTAGC - - GATGGCTC TTTGGAAGAC GATGACTATCA

GTATGATGTCCAGAGGGATG-ACAGCAGC - - GATGGCTCTTTGGAAGATGAC GATTATCA

ACAC GACTTCCAGGGC GAC GCGC TGCAGCC C GAGGACTTC C TGGAGGAGGACGAGTACCA

GTATGAC GTCCAGAGAGAC G-ACAGTAGC -. GATGGCTC TTTGGAAGACGATGACTATCA

GTACGATGTTTTAGGAGATG-ACAGTAAG- -GATGGAGC TGTGGAAGAGGACGATGAACA

GTTCGATGTCCAGAGAGATG. C CAGCAGT- - GAC GGCTC C TTC.GAAGACGATGACTAC CA
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C GCCACCACC GAGTC CGTCAICACAATGGCTTCAGAGC C TC.AACCTCTGGTGCAGGTGGA

CGCTACCACC GAGACGGECATAAGCATGGCCCAGGAGAC GGAC C C TGCACTGCAGACAGA

CGCTACAACGGAAACAATCATfAC CATGCCTACAGAGTC TGATTTTTTAATGCAAGTGGA

CGCTACCACGGAAACAATCATTAC CATGC C TAC CGAGTC TGACTTTCTAATGCAAGC GGA

CGTTAC GACGGAAACGGTCATTACCATGCCCAC GGAGTCTGATCTTCTAGCACTAAGTGCA

CGCTACGAC GGAAACGATCATIAC CATGCCTACAGAGTCTGATC TTCTAATGCAAGTGGA

C GCTAC CAC GGAAACAATCATTAC CATGC CTACAGAGTCTGACTTTCTAATGCAAGCGGA

TGC CACEAC CGAAAC GATTATCACAATGC CTAC GGAGTCTGATTTTCTTGTACAAATGGA

C GCTACAAC GGAAACAATCATTAC CATGC CTACAGAGTCTGATTTTCTAATGCAAGTGGA

CGCCAC CAC CGAGACCGTCATTAGCATGGC CCAGGAGAC GGAC CCAGCAGTACAGACAGA

TGC CACAACC GAAAC GATTATCACAATGCCTACGGAGTCTGATTTTC TTGTACAAATGGA

TGC CAC CACAGAGAC CATCATGAC CATGGC CACAGAACC TGAC C C CATTGTTCAAGTAGA

CGC CAGGACGGAAAC GGTCATTAC CATGCCCACGGAGTCTGATCTTCTAACGCAAGTGGA

TGGGAAACCGACCTGTTGTTTCTTCAAGTTTAGTCCEAAACTGATGTTTAC CAAGGTCCT

TGGCAGCCCTCTCTGCTGTCATTTCCACTTCAGC CC CAAGGTGATGTTCACTAAGGTACT

TGCaAAAAC C CAAATGTTGCTTC TTTAAATTTAGCTCTAAAA.TACAATACAATAAAGTGGT

TGGAAAGC CCAAATGTTGCTTTTTTAAATTTAGC TC TAAAAIT'ACAGTACAACAAAGTGGT

AGAAAAAC CCAAATGTTGCTTCTTTAAATTTAGCTC TAAGATACAACACAATAAAGTAGT

AGGAAJAAC C CAAATGC TGCTTCTTTAAATTTAGC TCTAAAAT,ACAATACAATAAAGTAGT

TGGCAAGCC CAAATGTTGC TTTTTTAAATTTAGC TC TAAAATACAGIACAACAAAGTAGT

GGGAAAAC CAAAATGTTGCTTCTTTAAGETTAGC TCTAAANIACAATATAACAAAGTAGT

TGGAAAAC C CAAATGTTGCTTCTTTAAATTTAGC TCTAAAATACAATACAATAAAGTAGT

TGGCAGCCCTCTCTGCTGCCATTTTCACTTCAGCCCCAAGGTGATGTTCACAAAGGTACT

GGGAAAAC CAAAATGTTGCTTCTTTAAGTTTAGCTC TAAAA1TACAATATAACAAAGTAGT

TCGGAAACCGAAGTGTTGCTTTTTCTCCTTCAGTCCGAAGATC CAAGCGAACCGGATCGT

AGGAA;AACCCAAATGTTGCTTCTTTAAATT'TAGCTCTAAGATACAATACAATAAACTAGT
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GAAGGCGCAGCTTTGGGTTTATCTGCAGCCACTAAAACAAAC GTC CACTGTTTACCTGCA

GAAGGCCCAACTGTGGGTGTACCTTCGGCCTGTGCCCCGCCCAGC CACAGTCTACCTGCA

AAAGGC CCAACTATGGATATATTTGAGACC C GTCGAGACTCC TACAACAGTGTTTGTGCA

AAAGGC CCAGCTGTGGATATATCTGAGAGC C GTCAAGACTCCTACAACAGEGETTGTC.CA

AAAG@CCAAC TGTGGATATAEC TGAGACCTGTCAAGAC TCC TACAACAGTGTTTGTGCA

AAAGGC C CAACTGTGGATATATCTGAGACC CGTCAAGAC TCCf ACAACAGTGTTTGTGCA

AAAAGCCCAACTGTGGATATATCTCAGACCCGTCAAGACTC CIACAACAGTGTTTGTGCA

AAAGGCACAATTATGGATATAC TTGAGGCAAGTC CAAAAAC C TACAAC GGTGTf TGTGCA

AAAGC'C CCAAC TATGGATATATTTGAGJAC CC GTCGAGACTC C TACAACAGTGTTTGTGC.A

GAAGGCCCAGCTGTGGGTGTACCTACGGCCTGTACCCCGCCCAGCCACAGTCTACCTGCA

AAAGGCACAATTATGGATAIACTTGAGGCAAGTCCAAAAAC CTACAACGGTGTTTGTGCA

AAGAGCGCAGCTC TGGGTTCATCIGAGAC C GGCGCTAGGAGGC GACCAC C GTC TTCTTACA

AAAGGC CCAACTGTGGATATATC TGAGGCC TGTCAAGAC TCCTGC GACAGTGTTTGTGCA

CTATCCTGCGTCTTAAAC C TATCAC TGAGCAGGGAAGCCG

GATCTTACGACTGAAAC CCCTAACTGGGGAAGGGACCGG

AATCCTGAGACTCATCAAACCTAf GAAAGACGGTACAAG

AATCC TGAGAC TCATCAAACCCATGAAAGAC GGTACAAG

AATCCTGAGACTCATCAAACC CATGAAAGACGGTACAAG

AATCC TGAGACICATCAAAC C CATGAAAGAC GGTACAAG

AATC CTC.AGACTCATCAAAC CCATGAAAGAC GGTACAAG

GATCCTGAGACTCATTAAACCCATGAAAGACGGTACAAG

AATCCTGAGAC TCATCAAAC CTATGAAAGAC GGTACAAG

GATCTTGC GACTAAAACC C CTAACTGGGGAAGGGACC GG

GATC CTCTAGACTCATTAAACC CATGAAAGAC GGTACAAG

GATATCTCGGCTGAT- - -GCCCGTTAAGGACGGAGGAAG

AATC CTGAGACTCATCAAACC CATGAAAGACGGTACAAG
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ACATATACGTATC C GATCACTCAAGATTGAGC TTGATTC TCAAGCAGGTCAC TGGCA

TCACATCC GTATCCGTlICAC TAAAGATTGAGC TACACTCAC GTTC CGGC CACTGGCA

GTATACTGGAATCC GATCTCTGAAACTTGACATGAACCCAGGCACTGGTATTTGGCA

GTATAC C GGAATCCGATCTC TGAAACTTGACATGAGCC CAGGCACTGGTATTTGGCA

GTATAC TGGAATCCGATC TC TGAAACTTGACATGAAC CCAGGCACTGGTATTTGGCA

GTATAC TGGAAIT'C C GATCTCTGAAACTTGACATGAAC C CAGGCACTGGTATSTGGCA

GTATACTGGAATC C GAlrcTCTGAAACTTGACATGAGCC CAGGCAC TGGIAqTTGGCA

ATATACTGGAATTCCTATC TTTGAAAC TTGACATGAAC C CAGGCACTGGTATCTGGCA

GTATACTGGAAII CC GATCTC TGAAACTTGACATGAACC CAGGCAC TGGTATTTGGCA

TCACATCC GTATC CGCTCACTGAAGATTGAGCTGCACTCACGC TCAGGCCATTGGCA

ATATACTGGAI,TTCGATCTSIGAAACTTGACATGAAC C CAGGCACTGGTATCTGGCA

ACA. - -CCGAATACGATCCCTGAAAATCGACGTGAACGCAGGAGTCACGTCTTGGCA

GTATACTGGAATC CGATCTCTGAAACTTGACATGAACC CAGGCACTGGTATTTGGCA

GAGCATTGACTTCAAACATGTGTTGCAGAACTGGTTCAAGCAGCCACATACAA,AC TGGGG

GAGCATCGACTTCAAGCAAGTGC TACACAGCTGGTTTC GC CAGC CACAGAGCAACTGGGG

GAGCATIGATGTGAAGACAGTGTTCCAAAAITGGCTCAAACAAC CTGAATC CAAC TTAGG

GAGTATTGATGTGAAGACAGf GTTGCAA.A.ATTGGC TCAAACAGC CTGAATCCAAC TTAGG

GAGCATTGATGTGAAGACAGI GTTGCAAAACTGGCTCAAACAACCTGAATCCAAC TTAGG

GAGCATTGATGTGAAGACAGTGTTGCAA"AATTGGC TCAAACAACC TGAATCCAACTTAGG

GAGTATTGATGTGAAGACAGTGTTGCAAAA1TTGGC TCAAACAGCCTGAATC CAACTTAGG

GAGTATTGATGTGAAGACAGTGTTGCAAAA1TTGGC TCAAACAGC C TGAATCCAATTTAGG

GAGCATTGATGTGAAGACAGTGTTGCAAAA1TTGGC TCAAACAACCTGAATC CAACTTAGG

GAGCATCGACTTCAAGCAAGTGC TACACAGCTGGTTC CGC CAGCCACAGAGCAAC TGGGG

GAGTATTGATGTGEAGACAGTGTTGCAAAATTGGC TC AAACAGCCTGAATC CAATTTAGG

GAGTATAC'AC GTAAAGCAGGTGC TCAC GGTGTGGTTAAAACAAC C GGAGAC CAACCGAGG

GAGCATTGATGTGAAGACAGTGTTGCAGAACTGGC TCA.&ACAAC CTGAATCCAACTTAGG
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TATTGATATAAATGC CTATGATGAAAG1TGGCAATGAC CTGGCTGTCACATCTTTGGGGCC

AATCGAGATCAACGCCTTTGATCCCAGCGGCACAGACCTGGCTGTCACCTCCCTGGGGCC

CATTCAAAA.T,AAA,AGCTTTAGATGAGAATGGTCATGATCTTGC TGTAAC CTTCCCAGGAC C

CATTGAAATCAAAGCTTTGGATGAGAATGGGCATGATC TTGC TGTAAC C TTC CCAGGAC C

CATTGAAATCAAAGC TTTAGATGAGAATGGTCATGATCTTGCTGTAACCTTCCCAGAACC

CATTGAAATCAAAGC TTTAGATGAGAATGGTCATGATCTTGCTGTAACC TTC CCAGGAC C

CAIIIGAA"ATCAAAGCTTTGGATGAGAATGGCCATGATCTTGC TGTAAC CTTCCCAGGAC C

CATC GAAATAAAAGCTTTTGATGAGAATGGACGAGATC TTGCTGTAACATTCCCAGGACC

CATTGAAATAAAAGC TTTAGATGAGAATGGTCATGATC TTGC TGTAAC C TTC CCAGGAC C

CATCC'AGAICAACGCCTTTGATCC CAGTGGCACAGAC CTGGC TGTCACCTC CC TGGGGC C

CATC GAAA1TAAAAGCTTTTGATGAGAATGGACGAGATCTTGCTGTAACATTC CCAGGACC

CATCGAGATTAACGCATATGACGCGAAGGGAAACGACTTGGC CGTCACITCAACCGAGAC

CATTGAAATCAAAGCTTTAGATGAGAATGGCCATGATCTTGC TGTAAC CTTC C CAGAAC C

TGGAGAGGAGGGAC TGCAGC CGTTC C TGGAGGTCAAGATTC TTGAAACAACCAAGC GCTC

AGGAGCTGAGGGGC TGCATCC TTTCATGGAGC TTC GAGTC CTAGAGAACAC GAAAAGGITC

AGGAGAAGATGGGCTGAATC C C TTTTTAGAGGTCAAGGTAACAGACACAC CAAAAAGATC

AGGAGAAGATGGGC TGAATC C C TTTTTAGAAGTCAAAGTAACAGACACAC C CAAGAffi TC

AGGAGAAGAAGGACTGAATCCTTTTTTAGAAGTCAAGGTAACAGACACACCAAAAAGA1TC

AGGAGAAGATGGGCTGAATC CCTTTTTAGAAGTCAAGGTAACAGACACACCAAAAAGATC

AGGAGAAGATGGGC TGAATC CCTTTTTAGAAGTCAAGGTGACAGACACACC CAAGAGGTC

AGGTGAAGATGGACTGAAC C CATTTTTAGAGGTCAGAGTTAC AGACACACCAAAACGGTC

AGGAGAAGATGGGC TGAATCC GTTTTTAGAGGTCAAGGTAAC AGACACACCAAAAAGATC

GGGAGC C GAGGGGC TGCATC CATTCATGGAGC TTC GAGTC C TAGAGAACACAAAACGTTC

AGGIGAAGATGGAC TGAAC CCATTTITAGAGGTCAGAGTTACAGACACACCAAAACGGTC

TGGGGAGGATGGAC TGCTC CC C TTTATGGAGGTGAAAAIIATCAGAGGGC C CAAAAC GAAT

AGGAGAAGATGGAC T GAC TC C TTTTTTAGAAGTC AAGGTAACAGACACAC CAAAAAGATC
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ACGGAGGAA1TCTGGGTCTTGACTGTGATGAGCAC TCCACAGAATCTC GC TGTTGTC GCTA

CC GGCGGAACCTAGGC C TGGACTGCGATGAACACTC GAGTGAGTCCCGCTGCf GCCGATA

CAGAAGtrATTTTGGTC TTCIACTGTGATGAGCACTCAACAGAATCGCC.A:TC{TGTCGTTA

C CGGAGAGAC TITGGGC TTGACTGTGATGAACACTC CAC GGAATC GCGGTGCTGTCGC TA

TAGGAGAGATTTTGGGC TTGATTGTGATGAGCACTC CACAGAATC TCGATGCTGTCGTTA

CAGGAGAGATTTTGGACTCGACTGTGATGAGCACTCAACAGAATCTC GATGCTGTCGTTA

CCGGAC'AGACTTTGGGCTTGACTGCGATGAGCACTCCACGGAAITC CC GGTGC TGC CGCTA

C C GCAGAGATTTTGGC CTTGAC TGCGACGAGCAC TCAAC GGAATC TC GATGTTGTCGCTA

CAGAAGGGATTTTGGTCTTGAC TGTGATGAGCACf CAACAGAATCAC GATC.CTGTCGTTA

C CGGCGGAACCTGGGjICTGGACTGC GAC GAGCAC TCAAGCGAGTCC CGC TGCTGCC GAEA

C CGCAGAGATTTTGGC CTTGACTGCGACGAGCACTCAAC GGAA1TCTC GATGTTGTC GCTA

CCGGAGGGAC [C CGGACTGGAC TGC GATGAGAATTCCTCAGAGTCTC GC TGC TGCAGGTA

TAGGAGAGATtrTTGGGCTTGATTGTGI;ATGAACAC TCCACAGAATCTCGATGCTGIrcGCTA

TCCAC TTACAGTGGACTTTGAAGCTTTTGGC TGGGAC TGGATCATTGCACCTAAACGTTA

TCCTCTCACAGI GGAC TTTGAAGCTTTTGGCTGGGAC TGGATCATC GCACCTAAGC GCTA

C CCTCTAACTGTGGATTTTGAAGCTCTTGC.ATGGGATTGCTATTATC GCTCCTAAAAGAT'A

C CCCCTCAC GGTC GATTTCGAAGCC TTTGGATGGGAC TGGATTATTGCAC CCAAAAGAT,A

CCCTC TAAC TGTGGATSTTGAAGCTTTTGGATGC.GATTGGATTATTGCACCTAAAAGAT,A

CC C TC TAAC TGTGGATTTTGAAGCTTTTGGATGGGACTGGATTATTGCAC C CAAAAGATA

CCCCCTCACGGTC GATTTTC'AAGC CTTTGGATGGGACTGGATTATC GCAC C CAAAAGA:TA

C C CGC TGACAGTGGATTTTGAAGC TTTTGGATGGGACTGGATTATAGCAC C TAAAAGA.TA

C CCTCTAAC TGTGGATTTTGAAGCTTTTGGATGGGATTGGATTATCGCTC CTAAAAGAT;A

f C C C CTCACAGTGGACTTTGAGGCTTTCGGCTGGGACTGGATCATC GCACCTAAGC GC TA

C C C GCTGACAGTGGATTTTGAAGCTTTTGGATGGGAC TGGATTATAGCAC CTAAAAETATA

C C CTCTCACTGTGCAC TTCGAGGAC TTTGGCTGGGACTGGATTATTGCTCCAAAAC GC TA

CC C C C TCACGGTGGATTTTGAAGCTMTGGATGGCAATTGGATTATTGCAC CTAAAAGI.TA
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CAAGGCAAACTATTGCTCAGGGCAGTGTGAGTACATGTTTATGCAAAAGTACCCACATAC

CAAGGCCAAC TAC TGCTCC GGCCAGTGCGAATACATGTTCATGCAAAAGTATCCACACAC

TAAGGCCAATTACTGC TCTCGAGAGTGTGAATTTGTATETTTACAAAAATJATCCTCATAC

TAAGGCTAATTACTGCTCTGGAGAGTGTGAATTTGTGTTCTTACAAAAAT,ATCC GCATAC

TAAGGCCAASTACTGCTCTGGAGAATGTGAATTTTTATTTITGCAAAAGTJMCCTCATAC

TAAGGC CAATTAC TCIC TC TGGAGAGTGTGAATTTGTATf TTTACAAAAATACC C TCACAC

TAAGGCCAATTAC TGCTCAGGAGAGTGTGAATTTGTGTTTTTACAAAAAT.ATCCGCATAC

CAAAGC CAATT'ACTGCTCTGGAGAATGTGAATTC GTATTTCTACAGAAATACCCGCACAC

IAAGGCCAATTACTGCTCTGGAGAGTGTGAATTTGTATTTTIACAAAAATATCCTCATAC

CAAGGCCAAC TACTGC TC C GGCCAGTGC GAGTACATGTTCATGCAAAAAI ATCCGCATAC

CAA,AGC CAATTAC TGCTCTGGAGAATGTGAATrc GTATTTCTACAGAAATACC CGCACAC

TAAGGC GAATTAC TGTTCAGGAGAATGC GAC TACATGTACC TGCAGAAGTATCCC CACAC

TAAGGCCAATTACTGCTC TGGACTAATGTGAASTTGTATT TTGCAAAAGT,MC CTCATAC

CCATCTGGIGCAGCATGCAAATCCIAGAGGGTCTGCAGGGCCATGCTGCACCCCAACAAA

C CAC TTGGIC.CAACAGGC CAAC CCAAGAGGCTCTGC TGGGCC C TGCTGCACCCCTACCAA

TCATCTGGTACAC CAAGCAAAC CC C AGAGGTTCAGCAGGCCC TTGCTGTACTCCCACAAA

TCATCTTGTGCAC CAAGCAAACCC CAGAGGCTCGGCAGGC C C TTGC TGCACGC CAACAAA

CCATCTTGTGCACCAAGCAEACC CCAAAGGTTCAGCC GGC C C TTGCTGTACTC CTACAAA

TCATCTTGTGCAC CAAGCA.LACC C CAGAGGITCAGCAGGCC C C TGCTG1TACTC CCACAAA

TCATCTTGTGCACCAAGCAA,AC CCCAGAGGC TCAGCAGGCC C TTGCTGCACTC CGACAAA

TCAC CTGGTACAC CAAGCAAATCCAAGAGGC TCAGCAGGC C C TTGCIGCACAC CCAC CAA

TCATC TGGTACAC CAAGCAAACC C CAGAGGTTCAGCAGGC C C TTGCTGTACTC CCACAA,A

CCATTTGGTGCAGCAGGC CAATCCAAGAGGCTCTGCTGGGCCCTGTTGTACCCCCACCAA

TCAC C TGGTACACCAAGCAAATC CAAGAGGCTCAGCAGGCC C TTGCTGCACAC CCACCAA

CCATCTGGTGAACAAGGCCAGTCCGAGAGGAACGGCTGGGCC CTGCTGCACTCCCACCAA

C CATC TTGTGCAC CAAGCAAAC CC CAGAGGTTCAGC C GGCC CCTGCTGTAC TCCTACAAA
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GATGTCACC GATAAACATGC TTTACTTCAATGACAAACAGCAAAIf AATC CATGGCAAAAT

CATGTCC CCAAIICAACATGCTCTACTTCAATGACAAGCAGCAGAETATCTAC GGCAAGAT

GATGTCTC CAATTAATATGCTATATTTTAAWGGGAAEAT

AATGTCTCCCATTAATATGC TATATTTTAATGGCAAAGAACAAATAATATATGGGAAAAT

GATGTCTCCAATTAATATGCTATATTTTAATGGCAAAGAACAAATAATATATGGGAAGAT

GATGTCTCCAATCAATATGCTATATTTTAATGGCAAAGAACAAATAATATATGGGAAAAT

AATGTCTCCCATTAATATGCTATATTTTAATGGCAAAGAACAAATAATATATGGGAAAAT

GATGTCC C C TATAAACATGCTGTATTTCAATGGAAAAGAACAAATAATATATGGAAAGA1T

GATGTCTCCAATTAATATGCTATATTTTAATGG.CAAAGAACAAAT,AATATATGGGAAAAT

GATGTCC CCAATCAACATGC TCTAC TTCAATGACAAC.CAGCAGATTATC TAC GGC}AGAT

GATGlrcC C CTATAAACATGC TGTATTTCAATGGAAAAGAACAAATAATATATGGAAAGA1T

GATGTC TC CCATCAACATGC TTTAC TTTAACGGCAAAGAGC AGATCATCTAC GGCAAGAT

GAf GTCTCCAATTAATATGCTATATTTTAATGGC GAAGGACAAATAATATAC GGGAAGAT

C CCAGGAATGGIGGTGGACC GTTGT€GCTGTTCATAG

C C C TGGCATGGTGGTGGATC GATGTGGCTGCTCC TAA

TCCAGCCATGGTAGTAGAC C GCTGC GGGTGCTCATGA

TC CAGC CATGGTAGTAC.AC C GGTGTGGGTGC TC GTGA

TCCAGGCATGGTAGTAGATC GC TGTGGGTGCTCATGA

TCCAGC CATGGTAGTAGATC GCTGTGGGTGC TCATGA

TCCAGCCATGGTAGTAGAC C GCTGTGGGTGCTCATGA

AC CAGC CATGGTTGTAGATC GTTGCGGGTGCTCATGA

TCCAGCGATGGTAGTAGACCGCTGTGGGTGCTCATGA

C CCTGGCATGGTGGTGGATCGCTGTGGCTGCTCTTAA

AC CAGCCATGGTTGTAGATC GTTGCGC€TGC TCATGA

CCCTTCGATGGTAGTAGACCGCTGTGGCTGCTCATGA

TC CAGC CATGGTAGTAGATCGCTGTGGGTGCf CATGA
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