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Letter

The Zebrafish Annexin Gene Family

Steven A. Farber,"? Robert A. De Rose," Eric S. Olson, and Marnie E. Halpern
Department of Embryology, Carnegie Institution of Washington, Baltimore, Maryland 21210, USA

The Annexins (ANXs) are a family of calcium- and phospholipid-binding proteins that have been implicated in
many cellular processes, including channel formation, membrane fusion, vesicle transport, and regulation of
phospholipase A, activity. As a first step toward understanding in vivo function, we have cloned Il zebrafish anx
genes. Four genes (anxla, anx2a, anx5, and anxlla) were identified by screening a zebrafish cDNA library with a
Xenopus anx2 fragment. For these genes, full-length cDNA sequences were used to cluster 212 EST sequences
generated by the Zebrafish Genome Resources Project. The EST analysis revealed seven additional anx genes that
were subsequently cloned. The genetic map positions of all 11 genes were determined by using a zebrafish
radiation hybrid panel. Sequence and syntenic relationships between zebrafish and human genes indicate that
the 11 genes represent orthologs of human anxl,2,4,5,6,11,13, and suggest that several zebrafish anx genes resulted
from duplications that arose after divergence of the zebrafish and mammalian genomes. Zebrafish anx genes are
expressed in a wide range of tissues during embryonic and larval stages. Analysis of the expression patterns of
duplicated genes revealed both redundancy and divergence, with the most similar genes having almost identical
tissue-specific patterns of expression and with less similar duplicates showing no overlap. The differences in gene
expression of recently duplicated anx genes could explain why highly related paralogs were maintained in the
genome and did not rapidly become pseudogenes.

Sequences of all zebrafish anx genes described in this paper have been deposited in GenBank. The accession nos.
are as follows: anxla, AY178793; anxlb, AY178794; anxic, AY178795; anx2a, AY178796; anx2b, AY178797; anx4,

AY178798; anx5, AY178799; anxé, AY178800; anxila, AY17880I; anxlib, AY178802; and anxi3, AY178803.

Eleven Annexin (ANX) proteins have been identified in ver-
tebrates (ANX1-7, 9, 11, 13, and 31). ANXs have also been
identified in many other organisms, including plants (Small-
wood et al. 1990a,b), Hydra vulgaris (Schlaepfer et al. 1992),
Dictyostelium discoideum (Bonfils et al. 1994), Giardia lamblia
(Fiedler and Simons 1995), Caenorhabditis elegans (Creutz et al.
1996), and Drosophila melanogaster (Johnston et al. 1990). The
defining characteristics of all ANXs is that they share a highly
conserved 70-amino acid domain that is repeated four to
eight times, and they have the ability to bind anionic phos-
pholipids in the presence of calcium (with the exception of
ANX31, which lacks the calcium binding site; Moss 1992).
The ANXs are the largest group of eukaryotic calcium-binding
proteins that do not contain the E-F hand calcium-binding
motif (Smith and Moss 1994). ANXs contain a highly diver-
gent N-terminal domain that can vary from ten to hundreds
of amino acids and is thought to confer unique functions to
given family members (Fig. 1). Within the N-terminal domain
of a number of ANXs, there are conserved tyrosine kinase
(EGF receptor) and protein kinase C (PKC) sites that are phos-
phorylated during oncogenic transformation (Glenney ]Jr.
1985; de Coupade et al. 2000).

The function of this evolutionarily conserved family of
proteins remains poorly understood. Studies on cultured cells
suggest that ANXs function in a broad range of physiological
processes (for a review, see Seaton 1996). For example, it has
long been known that ANXs inhibit phospholipases in vitro
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(Huang et al. 1986; Davidson et al. 1987, 1990), and more
recently, two ANXs (I and V) have been shown to inhibit
phospholipase A2 in living cells (Kim et al. 1994; Croxtal et al.
1996). ANXs can also form volume-activated chloride cur-
rents (Nilius et al. 1996) and play a role in membrane fusion
and vesicle transport (Bandorowicz-Pikula and Pikula 1998).
During exocytosis, ANXs promote the aggregation of phos-
pholipid membranes (Emans et al. 1993; Konig et al. 1998;
Raynor et al. 1999), whereas arachidonic acid, which is re-
leased from membrane phospholipids by phospholipase A2
activity, promotes membrane fusion (Creutz 1981).

A number of studies have examined the evolutionary
history of this gene family (Morgan and Fernandez 1997).
Analyses of the gene structure of numerous ANXs have re-
vealed a highly conserved intron-exon organization (for a
review, see Smith and Moss 1994). Phylogenetic studies indi-
cate that vertebrate ANX paralogs emanated from a common
ancestor 800 million years ago and are now dispersed
throughout the genome (Morgan and Fernandez 1997). The
observation that ANXs are evolving at different rates suggests
that paralogs have nonoverlapping functions (Morgan and
Fernandez 1997; Morgan and Pilar Fernandez 1997; Morgan
et al. 1999). The zebrafish (Danio rerio) genome has been sub-
ject to a round of duplication some 100-400 million years
ago, after the divergence of fish and mammalian ancestors,
resulting in an ~30% increase in the total number of genes
(Postlethwait et al. 1999). Thus, the zebrafish provides the
opportunity to examine why duplicated genes remain fixed in
the genome as opposed to becoming pseudo genes.

This report describes the cloning and sequencing of ze-
brafish orthologs to vertebrate ANXs 1, 2, 4, 5, 6, 11, and 13.
Expression of the anx genes during embryogenesis was exam-
ined by in situ hybridization not only to characterize each
zebrafish ANX, but to compare the expression of recently du-

13:1082-1096 ©2003 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/03 $5.00; www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

The Zebrafish Annexin Gene Family

Tyrosine PKC
phosphorylation site  phosphorylation site(s)

N_.__..._—_[ repeat 1 —

repeat2  |——

repeat3  |—J repeat 4 —C

Variable N-terminal domain

Either four or eight 70 aa Ca** &

phospholipid-binding core domains

Figure 1 Canonical ANX structure. The N-terminal domains of ANX paralogs are highly variable, with the exception of highly conserved
phosphorylation domains. At least two of the four ANX repeats are required to bind Ca?* and phospholipid.

plicated gene paralogs. The nonoverlapping expression of du-
plicated genes suggests that the divergence of tissue specific
functions drives the continued presence of ANX paralogs in
the zebrafish genome.

RESULTS

Four zebrafish anx genes (anxla, anx2a, anx5, and anx11la)
were identified by low-stringency hybridization of a postso-
mite cDNA library by using a Xenopus laevis anx2 probe. From
comparisons with these genes, we identified seven additional
anx genes by BLAST searches of zebrafish ESTs (see Table 1).
Sequence alignments of the 11 zebrafish anx genes with mam-
malian anx genes revealed that three zebrafish anx genes were
homologous with human anx1, two were homologous with
human anx2, and two were homologous with human anx11
(Fig. 2).

The predicted zebrafish ANX1b and ANX1c proteins are
almost identical in their core repeat domain (97% identity in
the first repeat), yet highly divergent in the N-terminal do-
main (33% identity). Only ANX1c contains the typical con-
served EGF receptor and PKC phosphorylation sites observed
in the N-terminal regions of mammalian ANX1 proteins (Fig.
2). Similarly, the predicted ANX2a and ANX2b proteins show
higher identity in the repeat domain than in the N-terminal
domain even though both paralogs contain the conserved
N-terminal PKC phosphorylation site (Fig. 2). The ANX11
paralogs contain N termini rich in glycine, glutamine, and
proline, characterized by a GYPPQPG repeat that is similar to
that found in mammalian ANX11 proteins (Tokumitsu et al.
1992). As is the case for the other duplicated genes, the N-
terminal regions of ANX11a and ANX11b are more divergent
than are the repeat domains.

Despite the prevailing view that the N-terminal regions
can be used to identify specific ANX family members, our
analysis indicated that only the amino acids in the repeat
domain were useful for phylogenetic analysis. With the ex-
ception of ANX4, all the zebrafish ANX N-terminal domains
show little or no overall homology with their mammalian
counterparts. For example, in the N-terminal region of ANXS,
only the GTV motif is conserved between species (zebrafish,
medaka, human, mouse, and chick), whereas most of the first
repeat sequence is identical. The lack of homology in the N-
terminal region of even closely related ANXs indicates that
comparisons of this region would be less useful in elucidating
the evolutionary relationships between fish ANXs. In con-
trast, the slow rate of mutation accumulation in the repeat
region makes it useful for locating sequence similarities.

The phylogenetic tree of zebrafish, medaka (Oryzias lati-
pes), pufferfish (Fugu rubripes), and human ANXs constructed
by using only the amino acid sequence of the first ANX repeat
reveals a close relationship between several pairs of duplicated
zebrafish genes (Fig. 3). The anx1b and anxIc genes are the

most closely related of all the duplicated paralogs. The phy-
logenetic analysis also suggests that we have identified or-
thologs to each of the four previously identified medaka
ANXs. Medaka Max 1 is a likely ortholog of zebrafish ANX4,
Max 2 is an ortholog of ANXS, Max 3 is an ortholog of ANX1,
and Max 4 is an ortholog of ANX11.

To determine the timing of the duplication event ob-
served in zebrafish, we searched the public databases for ad-
ditional medaka anx sequences and identified 13 ESTs (data
not shown). All but one of these new sequences cluster with
the four previously published medaka anx genes (Max1
through Max4) already represented on the phylogenetic tree.
The remaining clone was not a recent duplicate of these pre-
viously identified genes. Thus, the evolutionary relationship
between the duplicated genes in these two species was not
compared because of the paucity of medaka EST sequences.
BLAST searches of fugu ESTs identified orthologs for zebrafish
ANXs. Interestingly, phylogenetic analysis of these data (Fig.
3) suggests that fugu ANX1 and ANX2 paralogs were also du-
plicated, indicating that the duplication occurred in at least a
subgroup of the Teleostei (Clupeocephala).

Syntenic Relationships Between Human and Zebrafish
anx Genes

Because the N-terminal sequences of fish ANXs are consider-
ably different from their mammalian counterparts, it is con-
ceivable that zebrafish anx genes could be misidentified. To
confirm that the 11 zebrafish anx genes were correctly as-
signed, we mapped the chromosomal position of each gene
and, on the basis of the surrounding mapped genes, deter-
mined whether the given zebrafish anx gene showed con-
served syntenies with its putative human ortholog. Ten of the
11 anx genes mapped to syntenic clusters containing the hu-
man ortholog (Fig. 4). For example, zebrafish anx5 is sur-
rounded by genes (mellar, fga, and sc4mol) that also map near
the human anx5 ortholog (Fig. 4D), indicating that the ze-
brafish gene was correctly identified.

The mapping data for the anx1 genes indicate that all
three genes lie on zebrafish linkage group (LG) 5. They prob-
ably arose by tandem duplication (Fig. 4A) because anx1b and
anx1c map very close to each other (e.g., beyond the resolu-
tion of the radiation hybrid panel). Zebrafish anx1c/anx1b are
closely linked to the zebrafish trk gene; this anx1/trk syntenic
cluster is preserved in humans (Fig. 4A). Of the ANX1 pro-
teins, only ANX1c has both the conserved tyrosine and threo-
nine phosphorylation sites present in the human protein (Fig.
2), suggesting that anxIc is the most closely related to human
anx1.

Mapping data for the anx2 genes reveal the relationship
between zebrafish and human chromosomes. The region con-
taining anx2a is syntenic with a region of human chromo-
some 15 that contains anx2 (Fig. 4C). However, both zebrafish
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Table 1. Zebrafish Annexin ESTs

Clone EST Gene Clone EST Gene Clone EST Gene
fa01d11 AA495341 Ta fe15g04 AW128428 Ta fk86h09 BE201180 Ta
fa01d11 AA495413 la fe16d06 AW116978 6 fk87c05 BE200562 1c
fa05d11 AA495031 Ta fe16d06 AW128478 6 fk87c05 BE201203 Tc
fa05d11 AA495062 la fe239g04 AW059024 1* fk87h08 BE200605 la
fa16b09 AA606132 b fe36g11 AW117164 Ta fk87h08 BE201325 la
fa22e03 AA605663 1c fe36g11 AW128738 1a fk89e04 BE200691 5
fa66e01 AA658724 2a fe37d07 AW128288 5 fk89e04 BE201296 5
fa92b02 AI330716 11b fe37d07 AW128788 5 fk93b10 BE556966 la
fa93d04 Al331482 2a fi08c10 AW128143 5 fk95a02 BE201562 2a
fa93d04 Al332090 2a fi69d08 AW423191 5 k96112 BE201666 la
fa93g02 AI331515 b fi73b04 AW343140 11a k97909 BE201732 4
fa93g02 Al332162 1b fi89f12 AW421306 3 k97909 BE557263 4
fa97e02 Al331333 la fi98b03 AW466704 * fk98d10 BE201768 la
fa97e02 Al332264 Ta fi9o8b03 AW510130 * fk98d10 BE557304 la
fa98e12 Al331304 2a fjo1c11 AW076603 4a fk98f07 BE201783 5
fa98e12 Al331418 2a fjolc11 AW077934 4a fk98f07 BE557319 5
fa98f06 Al331309 5 fj01f04 AWO076623 b fl02b05 BE201872 la
fa98f06 Al331423 5 fj01f04 AW077961 1b fl02b05 BE557344 Ta
fa98g02 Al331316 1c fj10f10 AW184217 5 fl04a05 BE201981 5
fa98g02 Al331430 1c fj10f10 AW203168 5 fl04a05 BE557472 5
fb01d04 Al331722 2a fj15f01 AW184537 11b fl04b02 BE201987 Ta
fb01d04 Al331746 2a fj15f01 AW232190 11b fl04b02 BE557480 Ta
fb03b04 Al330831 la fj17g03 AW184689 Tc flo6f05 BE202117 1c
fb04a03 Al330976 11b fj17g03 AW232322 1c fl08c05 BE202212 2a
fb07f04 Al384320 5 fj20f05 AW202684 13 fl08c06 BE557634 2a
fb07904 Al396958 5 fj21a04 AW202707 2a fl09f01 BE557047 la
fb09a08 Al396702 4a fj26b07 AW232957 4a fl09f01 BE605432 Ta
fb09a08 Al397259 4a fj38d12 AW280338 13 fl09f01 BE605432 la
fb10b01 Al384973 1a fj66c06 AWO077764 2a fl10e03 BE557775 Ta
fb10b01 Al397327 Ta fj91c05 AW421433 13 fI10e03 BE605484 Ta
fb10c06 Al384990 1b fj94g06 AW421231 4a fl10f08 BE557784 2a
fo11h07 Al384429 1b fj94906 AWA422555 4a fl10f08 BE605491 2a
fb11h07 Al384960 1b fk02d05 AW566597 4 fl10h06 BE605504 2a
fb13c06 Al384226 5 fk03b10 AW566666 11a fl11do6 BE557821 2a
fb13c06 Al396592 5 fk04d01 AW466773 2a fl11g03 BE557846 Ta
fb15d08 Al396641 la fk07c08 AW466818 4b fl12f08 BE605559 la
fb15d08 AI882710 Ta fk08h09 AW466394 1* fl14f07 BE605642 2a
fb38g11 Al437194 1c fk11a01 AW510237 2a fl15c09 BE557930 Tc
fb38g11 Al444361 Tc fk22f03 AW566900 Ta fl16b05 BE557967 Ta
fb40a08 Al437290 13 fk23b02 AW566526 11b fl16b05 BE605673 la
fb40a08 Al461284 13 fk24a12 AW567284 1a fl17d01 BE558015 Ta
fb40h01 Al444277 b fk24a12 AW594790 Ta fl17d05 BE558019 2a
fb40h03 Al461328 b fk26b11 AW567479 2a fl19908 BE558121 2a
fb52b02 Al476872 2b fk29a06 AW567545 4 19908 BE605746 2a
fb57f04 Al477453 2b fk29a06 AW595172 4 f120d09 BE558162 Ta
fb59b10 AWO018621 2b fk31e12 AW566920 2a fl20d09 BE605780 la
fb60g02 Al497488 11b fk31e12 AW595499 2a f120f01 BE558169 Ta
fb65e04 Al545799 4a fk36903 AW595256 2a fl20f01 BE605793 Ta
fb65e10 Al544742 4a fk40a05 AW778666 Ta flo8c06 BE202113 2a
fb69d06 Al544877 11a fk65d07 BEO16101 T1a fm75d10 BF938344 13
fb69d06 Al544926 11a fk65d07 BE016572 Ta fm79e05 BF938645 5
fb71b11 Al545200 4a fk65f01 BE016703 2a fm95g05 BG799346 la
fb92c11 Al584862 11b fk68a10 BEO16198 1a fm96h08 BG799431 Ta
fc09a11 Al601281 11a fk68a10 BE016726 Ta fp23c12 BG883870 T1a
fc09a11 Al629060 11a fk68f07 BE016228 2a fp66e04 BG739067 11b
fc20a07 Al658201 5 fk68f07 BE016768 2a fq90g12 BG892099 2a
fc44902 Al794466 2a fk69h01 BEO16364 Ta fq92c05 BG892182 Ta
fc44g02 Al883271 2a fk69h01 BEO16847 Ta fq92d07 BG892191 la
fc63e05 Al883404 13 fk70a12 BE016380 T1a RZBAA36 Al964147 T1a
fc65c09 Al878734 2a fk70a12 BEO16865 Ta RZBAA36 Al964148 11a
fc65c09 AI883512 2a fk71a08 BE016928 1c zeh0376 Al353349 11b
fc65f07 Al883535 11b fk72h02 BE016998 5 zehl0196 AW453608 5
fc87905 Al943258 2a fk75a05 BE017050 la zehl11082 AW453598 1c
fc87g06 Al965162 2a fk75a05 BEO17357 Ta zehl2341 AW454928 11b
fc94h04 Al957567 11b fk75a10 BEO17362 1a zehn0184 Al616512 4a
fc94h04 Al958668 11b fk77d05 BEO17181 Ta zehn0306 Al618466 1b
fd25c12 Al1959209 11a fk81a02 BEO17610 2a zehn1052 Al617080 2a
fd48f04 AWO018574 4a k81906 BEO17653 T1a zehn1601 Al617459 11b
fd54h03 BF717976 3 fk84d04 BE200977 2a zehn2370 Al617967 2b
fd59g04 AWO018667 11b fk84f04 BE200999 la zewp0221 Al618675 la
fd59904 AW019090 11b fk86h09 BEO17946 Ta

Two hundred twelve ESTs were identified by alignment with cloned zebrafish annexins as of July 15, 2001.
*indicates poor quality sequence that prevented paralog assignment.
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ANX1
N-terminal
ZFISHe MAFFQKLFNHVNDDTGFKA-~-~APAFETGY -FGTVKADTN
ZFISHD ....NSF.HKISE.GSKGS---P..FQDA.P-S.G. .FSQA
ZFISHa .5.VSSFLEQLAYQGMQET-TVODITEVQ. T-———. . PYAQ
MEDAKA (max3) .S.I.AFLQQTVYLGMPDD---—SVLRNE.T-—--—.T.AP.
HUMAN + . MVSEFLKQAWFIENEEQEYVQTVKSSK . GEGSA. SPYPT
CHICK . .MVSEFTKQAWFMDNQEQ---ECIKSSK.G--55.0SRP.
repeat 1
ZFISHe FNAONDAAKLKKAIETKGVDEATI IEVLAKKSNAQROOTKAAYQQSAGKPLADALKKALSSHLEDVVLALL
ZFISHD eeeennn Mo 4 srams & s5eis + 22 I — Wois s sisin s smn sics P o was s s a s e s
ZFISHa ...BA...V.D...KA..... P...DT.VHR. e eenreannnnn ATS...DV... .
MEDAKA SPSG.. V.D.. KA. ... Nor o T.V.RErnss s iEor s BS. .. ES.. S, KGD..E.noons
HUMAN ..PSS.V.A.H...
CHICK .DPSA.VSA.D. .. TV.ur s von. . DEDRTE 2 soim a wven o e AK..S.EED...V.K.......
ANX2
N-terminal
ZFISHb MALVSEYLSKLTLSYGGER--EPKCPTVVAAYD
ZFISHa veerr.F.GQ. . .EL..G-——..TY....PEAN
XENLA ...IH.1.G..S.EGNQSSSRQS.LGS.K. . TH
HUMAN .ST.H.I.C..S.EGDHSTP-PSAYGS.K.YTN
CHICK .ST.H.I....3 EGDHSLP-DPSAYA..XK.YSN
repeat 1
ZFISHa FDPDKDAARIETATKTKGVDEQTI IDILTKRTYNORRE IAFAYERRAKKDMISALKGALSGSLETVILGL
ZFISHD .N.EV...K .SD...E..K.....LV..
XENLA BBy
HUMAN ..AER..
CHICK o B
ANX4
N-terminal
ZFISH MAALGNRGTVTEASG
MEDAKA (maxl) S leiid @ve ¥ sieis @
FUGU RS, K. PR A.
HOMAN . .MATKG...KA...
repeat 1
ZEISH FKPE-DAQKIYNAMKGAGTNEATI IEILAHRTTAQROKIKEAFKLSVGKELMDCLKSELTGNFEKVVVGLM
MEDAKA .N.DD....IRE....... De'Be KVerevnannn R..L.Y.Q....D.AED.S...S.H.QS..L..L
FUGU e eBaWo oIBDwci o 0w DTS TR 66 s0aie aBe o Yl Lo DeBe DS ass +84 sRE: s Ta e T
HUMAN .NATE...TLRK....L..D.DA..G...Y.NT....E.RS.Y.STI.RD.IED..... S....0.I..M.
ANX5
N-terminal
ZFISH --MAGRGTVKPQSG
MEDAKA (max2)--..SK....A.AN
FUGU ——Q.N..S....GN
HUMAN MAQVL. . ..TD-——
repeat 1
ZEISH FNANSDAEVLYKAMKGLGTDEDSILQLLTKRSNGQRPLIKAAYKTLHGKDLVNDLKSELGGKFEDLIVALM
MEDAKA ..VCA...R..Q....T.
FUGU s 55 B o5 Qles waris
HUMAN T...8...A..0.....
ANX6
ZFISH FDPASDAQALRKAMKGFGTDEDTI IETVARRSNEQRQETRQAFKSLLGRDLMADLKSELSKNLORLT LGLMMT
FUGU FR PP A..Di..QuuiBinn.. TR ias o e e PR S SN, &
HUMAN DB s aos - Bisss = 55 s & DUTTH, o oW o oD colle o fiF i o - T o sam 1 B0B e vons e P
ANX11
N-terminal
ZFISHa MSYPGYPPOSG-YPPQG-GGYPPQPGAYPPAAGGYPPQ
ZEISHD  eeeennn AG.S...AS..P.QQPAAG...QP.A. ...~
MADAKA (maxd) «ooeoun.n BGuen afn 2 ovoe AL 1 OB o o ol B
HUMAN el PP.G...AAP..G.WGGA. ...PP-SM. . IGLDNVATYA. QFNQDYTS MAANMS . TF
ZFISHa P--PQPGAFPGQPGQ-YPSVPSGGWGAPIGLDNLPNPGFNASNIQGMANQFAADGGFAPNPSMESG
ZFISHD §m= HEEE PGA.-.———-———-—Y . PQAGGY . AAP-————- G .P.———-Qh.
MADAKA (max4).-—..A.GY.PAA.G...PAAG.-——F.PQAGGY.A.- ey o Pl OA.
HUMAN GGANM.NLY..A..AG..P..P..F.Q.PSAQQPVP.———— ——Y.MYP.————P-.
ZFISHa GYPGPQPGGPPAVSPNQPYGMYPQPGG-GMPONPGMGY PGGPEPPG-QQMPSYPNI PAPTPSGPSYP
ZFISHD ...BA...AY NMPAAG—-.WGGH..FGAPAGGMPQ....V.A..Q.P..A..GA.V.N.GM.G.G
MADAKA (max4) . F. 0. GA.GY.SMP . AG-G .WGAA . KP..G..-—=G.S.G.~——~
HUMAN _N.PSRMPSY. PYPGAPVP . QPME . P QQP GAYD- .Q.PVTY..-.PPVPL.GOQQ.V. .¥Y.G..
ZFISHa R-APSPNPSMPGYGGGYGGGAPAVPAISRGFRGSIQD-——
ZFISHD GG..TG- PT.PA.. . Nuv: . T K.F-—
MADAKA (max4)--V.AN- o Ploca ¥t meara o=
HUMAN G-== .G TVT....PTQF.S..T.T.APG
repeat 1
ZFISHa FPGADPLRDAEVLRKAMKGFGTDEQAI INLLGSRSNKQRVPLLVSYKTAYGKDLIKDLKSELSGNFEKLVLAML
ZFISHb
MEDAKA
FUGU
HUMAN
ANX13
N-terminal
ZFISH MGNCQP-TIVPYED
MOUSE .. .RHAKERSHHEG
HUMAN .. .RHAKASS.-QG
repeat 1
ZETSH FDVIADIKAIRKACKGFGTDEKAT IDTLAYRSAAQRME IKQAY FEKYDDELVDVLKSELSGNFENATLAML
MOUSE ..ADR.A.KLY..... M....A...EV.SS.TSEE.QQ...K.K...GKD.EE..N....... KKTA. .L.
HUMAN 5 oe DRAVKING v « MoMNGRe - B o856 TEDB.00: « - K KAT GR: (BB & soje s svm s » KTA. . L.

Figure 2 Comparisons of zebrafish ANX amino acid sequences. The corresponding proteins were aligned by using CLUSTALW, revealing
significant divergence in their N-terminal domains as opposed to the first core repeat.
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Figure 3 Phylogenetic relationships of the human, zebrafish, puff-
erfish (Fugu rubripes), and medaka (Oryzias latipes) ANXs. Medaka

ANX sequences were obtained from GenBank: max1, CAA72125;
max2, CAA72123; max3, CAA72124; max4, CAA72122.

anx2 genes are surrounded by orthologous genes that map to
either human chromosome 11 or 15, suggesting that these
clusters of human genes once resided on a single ancestral
chromosome that split after divergence of mammalian and
zebrafish genomes. The mapping results for zebrafish anx11
genes are more clear-cut, indicating that both paralogs are
surrounded by genes with human orthologs that map to the
same region on human chromosome 10 (Fig. 4F). These map-
ping results unequivocally relate mammalian anx genes to
those found in zebrafish.

Expression of Zebrafish Genes

The temporal expression patterns of zebrafish anx genes were
examined by whole-mount in situ hybridization and, in some
instances, validated by Northern analysis. The three anx1
genes are primarily expressed in the outermost embryonic
cells, known as the enveloping layer (Kimmel et al. 1995),
during the period (~4 to 9 h postfertilization [hpf]) when this
layer is dividing and migrating over the large yolk cell in a
process termed epiboly (Fig. SA-C). After epiboly is completed
and somatogenesis begins, the expression of all three anxI
genes is reduced, as exemplified by expression of anx1a at the
midsomite stage (Fig. 5D) and by Northern analysis (Fig. 5K).
By 24 hpf, anx1 transcripts increased primarily in the outer
ectoderm, with the expression level of anxla being the high-
est (Fig. S5E). It is only at this stage that divergence between
the paralogous anx1 genes is observed. Not only is the expres-
sion of anx1b and anxIc reduced compared with anxla, but
anxIc is selectively expressed in a small group of cells close to
the yolk and posterior to the eyes (Fig. SF,G). After 80 hpf, all
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three anx genes were expressed in gill arches, epithelium, and
fin buds (Fig. SH,I), but only anx1la was expressed in the cells
surrounding the swim bladder (Fig. SI).

The zebrafish anx2 gene paralogs are significantly more
divergent in their core domain as compared with anx1b and
anxI1c paralogs (76% versus 94%; Fig. 2). We also found that
the zebrafish anx2 paralogs do not exhibit overlap in their
expression patterns (Fig. 6). anx2a was expressed in the noto-
chord (Fig. 6A) and in a subset of enveloping layer cells (Fig.
6B). Notochord expression was detected at the end of epiboly
through early somite stages (Fig. 6C,D), and decreased in an
anterior to posterior fashion. By the 21-somite stage, anx2a
expression was observed only in the caudal-most notochord
(Fig. 6F) and, after 24 hpf, in the epithelium and cells around
the anus (Fig. 6F). In contrast, anx2b expression was not ob-
served during early embryonic development (data not shown)
and was first detected at ~48 to 80 hpf in the cells of the
intestinal epithelium (Fig. 6G). Transcripts were observed in
both the proximal (Fig. 6H) and distal segments of the differ-
entiating intestine (Fig. 6I).

The zebrafish anx4 ortholog was expressed during the
onset of somatogenesis in the floor plate and in two lateral
stripes (Fig. 7A) that most likely correspond to the pronephric
duct precursor cells (Drummond et al. 1998). Two-color in
situ hybridization with anx4 and draculin, a marker of blood
cell precursors (Herbomel et al. 1999), confirmed that the lat-
eral anx4-expressing cells were not hematopoietic precursors
(Fig. 7F,G). At the 21-somite stage, anx4 is predominately ex-
pressed in floor plate, hypochord, and pronephros (Fig. 7B), a
pattern that continues through 24 hpf (Fig. 7C,H). Addition-
ally, at 24 hpf, expression was observed in the otolith, glo-
merulus, pronephric tubules, and pronephric ducts (Fig. 7D).
Tissue-specific anx4 expression was assigned on the basis of its
similarity with pax2, a previously established marker of pro-
nephros development (Drummond et al. 1998), which also
labels these structures. After 70-80 hpf, anx4 was expressed
predominantly in the liver and gall bladder (Fig. 71,J). The
expression of anx4 in the pronephros is consistent with its
reported role in regulating Cl~ conductance in fluid secreting
epithelia (Kaetzel et al. 1994).

Zebrafish anx5 showed the most restricted pattern of ex-
pression during embryonic development. During somatogen-
esis, transcripts were found in the blood islands (21 somites,
Fig. 8A) and at the most anterior tip of the embryo (26
somites; Fig. 8B). Cells in the olfactory placodes also expressed
anx5 (Fig. 8C). At 24 hpf, expression was mostly restricted to
the olfactory placodes, hatching gland cells, and anus (Fig.
8D). After 80 hpf, expression was maintained in the develop-
ing nasal epithelium and in the anus; cells surrounding the
swim bladder also expressed anx5. After 120 hpf, the cells
surrounding the opening to the mouth expressed anx5 (Fig.
8E), suggesting that these cells were related to the anx5-
expressing cells observed in the anterior most region at the
26-somite stage (data not shown). Consistent with the RNA in
situ gene expression data, Northern analysis of anx5 tran-
scripts revealed a 2.2-kb message that was initially detected at
the 22-somite stage (Fig. 8F). Expression was also detected in
RNA from 256 cell embryos, a stage prior to the onset of zy-
gotic transcription, indicating some maternal contribution of
anx5 RNA to the embryo.

anx1la expression was observed at the end of gastrula-
tion predominantly in the notochord (Fig. 9A,B). Unlike
anx2a, which was also expressed in the developing noto-
chord, there was no enveloping layer expression. As somato-
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Figure 4 Map positions of human and zebrafish gene orthologs.

genesis advanced, expression was seen to shift from the axial
mesoderm to the adaxial mesoderm (cells directly adjacent to
the notochord; Fig. 9C). It was previously shown that in the
absence of notochord, there is decreased adaxial expression of
MyoD, a transcription factor that is known to play a role in
myogenesis (Weinberg et al. 1996). To test whether differen-
tiated notochord was similarly required for the adaxial expres-
sion of anx11la, no tail embryos, which are known to lack
notochord (Halpern et al. 1993), were examined. The transi-
tion of anx11a expression to adaxial cells was unaffected in no
tail embryos (Fig. 9D). In wild-type embryos, the shift in ex-
pression away from the midline to more lateral structures con-
tinued as development proceeded, such that by 24 hpf, ex-
pression was observed in the paraxial mesoderm, anus, and
periderm (Fig. 9E,F). The anx11a paralog, anx11b, was only
weakly detected in the notochord of four-somite embryos
(data not shown); however, at 24 hpf, anx11b showed strong
expression in the periderm similar to anx11a (Fig. 9F). Later in
development, anxI1la was expressed more intensely in the
liver (arrowhead) than in the intestine (arrow; Fig. 9G), the
opposite to the expression pattern of anx11b (Fig. 9H). North-
ern analysis of anxI1a expression revealed a 2.2-kb message
that was detected from the end of gastrulation to the adult
stage (Fig. 9I).

The anx6 gene was primarily expressed in somitic meso-
derm from the midsomite stages (Fig. 10A) to 24 hpf (Fig.
10B,C). Little expression was detected after 72 hpf (data not
shown). anx13 is detected during gastrulation in the noto-
chord and in an area at the anterior-most portion of the em-
bryo in a region called the polster (Fig. 10D,E). At the 21-
somite stage, anx13 expression was maintained in the noto-
chord and central nervous system (CNS; Fig. 10F,G). After 24
hpf, expression persisted in much of the CNS (retina, floor
plate, etc.) and nonsomitic mesoderm (Fig. 10H,I). At later
stages, anx13 was expressed throughout the embryo (data not
shown), being the most widely expressed of all the anx genes.

DISCUSSION

The ANXs comprise a family of Ca®>* and phospholipid bind-
ing proteins that contain four or eight highly conserved re-
peating domains of ~70 amino acids (Seaton 1996). Data
largely from cell culture studies indicate that ANXs are regu-
lated by growth factor-mediated tyrosine phosphorylation
(Brugge 1986; Huang et al. 1986) and by PKC phosphoryla-
tion (Schlaepfer et al. 1992; Minin et al. 1998; Schmitz-Peiffer
et al. 1998). ANXs can inhibit phospholipase A, activity
(Brugge 1986; Huang et al. 1986; Kim et al. 1994; Croxtal et al.
1996; Mira et al. 1997), form channels (Nilius et al. 1996), and
regulate membrane trafficking (Donnelly and Moss 1997;
Gerke and Moss 1997; Bandorowicz-Pikula and Pikula 1998;
Kobayashi et al. 1998). It is likely ANXs play key roles in
regulating a variety of signal transduction events. ANXs are
also ubiquitous in eukaryotic cells and can represent =1% of
total cell protein (Seaton 1996). Although there is now a body
of literature describing the interesting properties of ANXs,
their in vivo functions remain elusive.

As a first step toward exploring the function and evolu-
tion of the vertebrate anx gene family, we cloned 11 zebrafish
anx genes by cDNA library screening and the analysis of ze-
brafish ESTs deposited in GenBank. In studying ANX evo-
lution, the zebrafish has the advantage that there was a
genome-wide duplication some 100 million years ago, well
after fish and mammals diverged, followed by selective
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Figure 5 Expression of anx1 paralogs. (A-C) Lateral views of 70% epiboly stage embryos revealing enveloping layer expression of anxla (A),
anx1b (B), and anx1b (C). (D) anx1a expression is markedly reduced by the 12-somite stage and then reappears in the periderm (E) at 24 hpf. (F)
Periderm expression of anxlc at 24 hpf. Arrowhead indicates a domain of anx1c expression not found with anx7a and anx1b. (G) A higher
magpnification dorsal view of the anxTc unique expression domain. A ventral view (H) and sagittal section (/) of 80-hpf embryos showing anx7a
expression in the gills, epithelium, fin buds, and the cells of the swim bladder (arrowhead). (J) At 80 hpf, anx1c was expressed predominately in
the epithelium. (K) Embryonic and adult expression of anx1a determined by Northern analysis. Total RNA was isolated from zebrafish embryos at

selected stages from the one-cell stage to adult. Scale bar, 200 pm.

gene loss (Postlethwait et al. 1999). Thus, it is possible to
study how sibling paralogs diverged in both sequence and
expression.

Phylogenetic and BLAST analysis of the 11 anx genes
indicated that zebrafish contain three paralogs of anx1, and
duplicates of anx2 and anx11 (Figs. 2, 3). The prevailing view
based on the study of mammalian anx genes is that the N-
terminal variable domain acts as a “fingerprint” to identify
ANX family members (Moss 1992). The zebrafish data do not
support this idea because the N-terminal domains have di-
verged so considerably that they were of little use in deter-
mining the correct ortholog (data not shown). This was in
contrast to comparisons using the repeat domain. Once ze-
brafish genes were assigned to a particular ANX subtype,
CLUSTAL alignments of the N-terminal domains with mam-
malian orthologs often revealed the conservation of key phos-
phorylation sites. In fact, the only recognizable homology in
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the N-terminal regions was in amino acids surrounding well-
established regulatory domains important for phosphoryla-
tion.

To confirm that we had correctly identified a given ze-
brafish ANX, we localized each gene to the zebrafish genetic
map. We were able to establish the identities of 10 of the 11
zebrafish genes by their position within syntenic gene clusters
(Fig. 4). Four previously described medaka genes (max1, max2,
max3, and max4) were also included in our phylogenetic com-
parisons. Sequence analysis indicated that medaka ortholog
max3 corresponds to zebrafish anxla, max1 to anx4, max2 to
anx5, and max4 to anx11b. Osterloh et al. (1998) observed the
variability in the N-terminal portion of the medaka proteins
and concluded that max3 and max4 were “novel” ANX family
members. However, the zebrafish data clearly illustrates that
anx11b (max4) maps to a region syntenic with human anx11.
Similarly, the synteny data also reveals that max1 and max2
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Figure 6 Expression of anx2 genes. (A) Dorsal view of a 100% epiboly stage embryo revealing both notochord and enveloping layer expression
(arrowhead) of anx2a. (B) Higher magnification view of embryo in A, highlighting enveloping layer expression. (C) A lateral view of notochord
expression of anx2a throughout the entire anterior to posterior axis; (D) a higher power lateral view of the same embryo. (E) A lateral view of a
21-somite embryo with only posterior anx2a expression remaining. (F) At 24 hpf, anx2a expression is predominately in the periderm not notochord
and then later in the skin (data not shown). (G) anx2b expression in the intestine at 72 hpf (arrowhead). Sagittal sections through both the proximal
(H) and distal (/) intestine indicate anx2b expression in the apical brush border of the intestinal epithelium (arrowhead).
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Figure 7 Expression of anx4. (A) Dorsal view of a four-somite embryo revealing anx4 transcripts in the floor plate (arrowhead) and in two lateral
stripes (arrow) corresponding to pronephric duct precursor cells. Lateral views of a 21-somite (B) and a 24-hpf (C) embryo with prominent anx4
expression in the floor plate, hypochord, and pronephros. (D) Dorsal view at 24 hpf also shows anx4 expression in the otolith, glomerulus (midline
arrowhead), pronephric tubulues, and pronephric ducts. (E) A similar dorsal view illustrating pax2 transcripts in the otolith, pronephric tubulues,
and pronephric ducts but not the glomerulus. Hematopoietic precursors were simultaneously visualized in cross sections using one riboprobe for
draculin transcripts (red) and another for anx4 transcripts (blue) at both the 20-somite (F) and (G) 24-hpf stages. (H) A lateral view at 24 hpf also
localizes anx4 expression to floor plate (arrowhead), hypochord (arrow), and pronephros. Cross sections of 3-hpf larvae reveal anx4 expression
predominately in the gall bladder (/) and liver (J). (A-E) Bar, 200 um; (F-/) bar, 100 pm.

are orthologs of human anx4 and anx35, respectively. From
these findings, a strong argument can be made that sequence
comparisons need to be coupled with gene mapping and syn-
teny data to understand the evolution of a complex multi-
gene family such as the ANXs.

Increases in ploidy have been found for many cyprini-
form fish (Aparicio 1998), a group that includes the zebrafish.
Although the zebrafish is diploid, its genome has retained
~30% of the duplicated genes that occurred after fish and
mammalian ancestors diverged, even though these genes
were initially redundant (Amores et al. 1998; Postlethwait et
al. 1998; Prince et al. 1998; Force et al. 1999). It is expected
that, following duplication, redundant genes accumulate mu-
tations that would rapidly transform one of the gene paralogs
into a nonfunctional pseudogene. Although this certainly
occurs in many cases, the rate of gene silencing is often
much less than predicted by a number of genetic models
(Meyer and Schartl 1999). The duplication-degeneration-
complementation (DDC) model has been proposed to explain
the retention of duplicated genes (Force et al. 1999). This
model considers the effect of mutations in noncoding re-
gions, and predicts that if duplicate genes accumulate muta-
tions in regulatory elements, then their expression might no
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longer overlap. Once expression between recently duplicated
gene paralogs is nonredundant, it is more likely that the ac-
tivity of both genes is now required to maintain the function
of the single ancestral ortholog. Wagner (2000) suggests an
alternative view that genes with overlapping or partially re-
dundant functions might be maintained to offer protection
from deleterious mutations. If one applies such models, then
duplicated gene paralogs should have nonoverlapping aspects
of their expression, and the combined expression patterns of
recently duplicated paralogs should be consistent with the
expression of a single mammalian ortholog.

Given the high degree of nucleotide identity and their
proximity in the genome, anx1b and anxIc most likely arose
from a single gene that was subject to a more recent tandem
duplication event (Fig. 4A). Even though these paralogs are
94% identical in the first repeat, they have diverged exten-
sively in their N-terminal domains (Fig. 2). This pattern was
true for the other duplicated genes as well. Smith and Moss
(1994) have argued that because these domains are “unique,”
they likely mediate the specific functions of each anx gene. If
the accepted view that the ANX N-terminal domains defines
ANX function holds, then these duplicated paralogs have
evolved very different functions. Whether this hypothesis is
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Figure 8 Expression of anx5. (A) Lateral view of a 21-somite embryo revealing anx5 transcripts in blood island (arrowhead). Coronal view of a
26-somite embryo indicates anx5 expression in the most anterior domain (B) and in the olfactory placodes (C). (D) Ventral view of a 24-hpf embryo
reveals intense anx5 expression in the olfactory placodes, hatching gland cells, and anus. (E) Sagittal section through an 80-hpf larvae reveals
expression in the developing nasal epithelium, anus, and swim bladder. (F) Embryonic and adult expression of anx5 determined by Northern
analysis. Total RNA was isolated from zebrafish embryos at selected stages from the one-cell stage to adult. (A-C) Bar, 100 um; (D, E) bar, 200 um.

correct must await direct functional analysis of the sibling
genes.

An analysis of the three zebrafish anxI genes revealed
that the ancestral anx1 gene common to both fish and mam-
mals was duplicated most likely as a result of the predicted
genome duplication event >100 million years ago. This re-
sulted in anxla near Z20915 and a second anxl gene near
marker coe2. This second anx1 gene was more recently dupli-

cated to yield an additional anx gene at the coe2 locus as
evidenced by the high degree of sequence homology between
anx1b and anxIc paralogs (Figs. 2A, 4A). Early in develop-
ment, gene expression of all three anx1 paralogs was largely
overlapping; however, by 24 hpf, differences emerged. Only
anxIc was expressed in the anterior domain near the eyes
and close to the yolk. However, it is possible that there are
significant differences in expression levels of each anxI
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Figure 9 Expression of anx11 genes. Dorsal (A) and lateral (B) views of notochord anx11a expression in a four-somite embryo. (C, D) Dorsal views
of 15-somite embryos illustrating a shift in anx11a expression from the axial mesoderm to the adaxial mesoderm that is also observed in embryos
that lack differentiated notochord (D; no tail~/~). (E) By 24 hpf, anx11a expression was observed in the paraxial mesoderm (arrowhead) and anus
(arrow). (F) Lateral views of 24-hpf embryos reveal expression of both anx11a (top) and anx11b (bottom) in the periderm, arrowhead marks the
anus. (G, H) Lateral views of 80-hpf larvae indicating greater levels of anx11a transcripts (G) in the liver (arrowhead) than that of anx11b (H).
Embryonic and adult expression of anx11a determined by Northern analysis. (/) Total RNA was isolated from zebrafish embryos at selected stages

from the one-cell stage to adult. Bar, 100 uym.

ortholog (as suggested by the time needed for staining; data
not shown), something that can be more accurately quanti-
fied in further studies using quantitative reverse transcrip-
tion—-polymerase chain reaction (RT-PCR).

The overlap in expression of the anx2 paralogs was sig-
nificantly different from that observed for the anx1 genes. The
anx2 paralogs had no detectable overlap in expression, in that
anx2b transcripts were not detected until the onset of intes-
tinal development (48 hpf), whereas anx2a was expressed dur-

1092 Genome Research
www.genome.org

ing gastrulation in the notochord and later in the periderm
(Fig. 6). Given that mammalian anx2 is expressed in both the
skin and intestinal epithelium (Bastian et al. 1993; Ma and
Ozers 1996; Munz et al. 1997; Dreier et al. 1998; Massey et al.
1998), it is likely that the expression of both zebrafish anx2
paralogs is required to provide the equivalent function of the
human ortholog. Consistent with its selective role in intesti-
nal physiology, preliminary data indicate that disruption of
anx2b translation by antisense injections at the one-cell stage
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a MT

Figure 10 Expression of anx6 and anx13 genes. (A) Dorsal view of an 18-somite embryo reveals anx6é expression in somitic mesoderm. This
pattern of anx6 expression continues through to 24 hpf, lateral view (B) and dorsal view (C). Dorsal (D) and lateral (E) views of anx13 expression
in both the notochord (arrow) and polster (arrowhead) of bud stage embryos. Lateral views of 21-somite (F) and 24-hpf (G) embryos reveal that
anx13 expression is maintained in the notochord and expands to the CNS. (H) Dorsal view at 24 hpf indicates anx13 expression in the retina
(arrowhead). (I) Lateral view of the tail at this stage indicates notochord, floor plate, and nonsomitic mesoderm. Bar, 100 um.
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profoundly affects cholesterol uptake, whereas disruption of
anx2a does not (E. Smart, R. DeRose, and S. Farber, in prep.).
A major effort to identify the specific amino acids mediating
this effect is underway by examining the differences between
the two zebrafish ANX2 paralogs identified in this study and
by comparison to murine ANX2.

As was the case with anx2, anx11 paralogs exhibited sig-
nificant differences in expression. Only anx11a was expressed
during gastrulation (notochord) and somatogenesis (adaxial
and paraxial mesoderm), whereas periderm expression was
observed for both paralogs at 24 hpf (Fig. 9A-F) After 80 hpf,
anx11a was expressed more intensely in liver, whereas anx11b
was greater in intestine (Fig. 9G,H). The observation that du-
plicated zebrafish genes often have nonoverlapping expres-
sion patterns was also observed in a recent study of Na, K-
ATPases (Rajarao et al. 2001).

The observation that the evolutionary divergence be-
tween anx2 paralogs is clearly greater than that observed be-
tween anx1b and anxIc paralogs not only indicates that the
anx1 gene duplication was a more recent event but illustrates
how gene paralogs evolve. These studies have enabled us to
focus our efforts on elucidating the function of both ANX2
and ANX4. Interestingly, ANX4 is expressed in the identical
tissues (floor plate and kidney) of both zebrafish and mouse,
in which analysis of the “knock out” phenotype is underway
(J. Dedman, pers. comm.). Work is ongoing to compare the
phenotypes observed with zebrafish ANX4 “morphants” with
those observed in the mouse knock outs. With the availability
of antisense techniques for the zebrafish, such as the injection
of morpholino oligonucleotides (Nasevicius and Ekker 2000),
it will be possible to assess further the redundant and
nonoverlapping functions of particular ANXs.

METHODS
Zebrafish

Methods for breeding and raising zebrafish were followed as
described (Westerfield 1995). Embryos were obtained from
natural matings of wild-type (Oregon, AB) fish and staged

Table 2. Mapping Primers

according to criteria previously outlined (Kimmel et al. 1995)
and by hpf.

Cloning of Zebrafish anx Genes

PCR was used to amplify a 560-bp fragment of Xenopus laevis
anx2 from a random primed tadpole library (gift of D. Brown,
Carnegie Institution of Washington, Maryland). Primer se-
quences were 5'-GAGCTGAAGG CTTCAATG-3’ (forward) and
5'-GTCTAACTCACTTCGTGAAAC-3' (reverse). A 3?P-labeled
DNA probe, prepared by random priming of the gel-purified
amplification product (Prime-It II; Stratagene), was used to
screen a zebrafish postsomite stage cDNA library (gift of D.
Grunwald, University of Utah Medical School, Utah) at low
stringency (Sambrook et al. 1989). The protein sequences of
the four zebrafish ANXs obtained from this screen were used
for BLAST searches (Altschul et al. 1994) of >73,000 zebrafish
EST sequences generated by the Zebrafish Genome Resources
Project. The 212 anx EST sequences identified were clustered
by using AssemblyLIGN software (Oxford Molecular Group).
From this analysis, some unique clones were obtained com-
mercially (Research Genetics) for complete DNA sequencing.

Seven additional anx clones were identified from the EST
analysis. Two potential cloning artifacts were observed in
commercially obtained clones. In the case of anx2b (clone
fb57f04), the 5’ end was disrupted by a repetitive element.
The correct missing 5’ sequence was obtained by using RACE
(Frohman et al. 1988). The primer sequences were 5'-
CTCTTTATTGCGAGAACACACCAT-3’, 5'-CATTCAACTAGT
GTGAGGAAGG-3’, and 5'-CTCTCTCCCCTCCATAACTCA-3'.

The commercially obtained anx13 clone (fb40a08) con-
tained a shorter-than-expected open reading frame that ap-
peared to be the result of a frame-shift mutation. To deter-
mine the correct anx13 sequence, PCR was used to amplify
a fragment from genomic DNA to find if it contained the
frame shift (primer sequences, 5'-GGAGCCGGAACCGAT
GAAGAC-3' and 5'-GGAGGCGCTTG AAATCGCCTCCG-3').
After PCR, the fragment was gel purified and directly se-
quenced to reveal that the anx13 frame-shift mutation was a
cloning artifact.

Sequences of all zebrafish anx genes described in this
paper have been deposited in GenBank. The accession nos. are
as follows: anxla, AY178793; anx1b, AY178794; anxlIc,
AY178795; anx2a, AY178796; anx2b, AY178797; anx4,

Flanking markers Distance from

Primer 1 Primer 2 Linkage marker 1
Gene 5 -3 5 -3 group Marker 1 Marker 2 cR (LOD)
anxla — — 5 720915 721461 0.4 (>10)°
anx1b CTCCCCTGGATTTTGAAACAT CAGAAGAAAGGCAAACAGG 5 723067 coe2 4(17.3)
anx1b ACAACGAGATCAAAGCCAT CCTCCAGCAGCTCCCCATA 5 723067 coe2 2 (15.9)
anxlc GCTCTGTTTGAGGCAGGAGAG CAGGCAGTCTTCAAGGTGTCCAC 5 723067 coe2 4.3 (14.3)
anxlc GCTCTGTTTGAGGCAGGAGAG AACCATCTTTGCTTAATTGGC 5 723067 coe2 4.5 (14.7)
anx2a GTTCAGTGCTTTGAAAACAAACAGC GGACACCATGATCCGGGTCAGCAC 25 mariposa 715401 10 (15.7)

TGTATTTCGCC

anx2b GTGTGAAAGACAAGATAATAACC TGAAATTGTCTGGTGCAGAGATC 7 720853 Z11119 13 (15.4)
anx4 GAACATGACAAGAGTCTTGAAGAC CTTTGCATCCTGGACAGCCTGAG 10 714193 76992 2 (19.0)
anx5 CTGAATCATTTTGTGCAGGG GGGGCAGGCACTGACGATCAGACA 1 71463 77287 10 (14.4)
anxé GCACGGACTGATGAACATGCG CTGTGCCAGTGAGATCAGG 14 26674 73984 40 (13.2)
anxlla  GTGTTTAATGAGTACCAGCACATG GACAGCCAGCATGCCGCTCTC 13 713682 79049 35(12.1)
anx11b  GTGACTGAAGAGCAGGAGG GCAAAGTATTTCTTGATTTCTC 12 74634 78254 5@17.9)
anx13 GGAGCCGGAACCGATGAAGAC GGAGGCGCTTGAAATCGCCTCCG 24 75413 723011 21 (11.4)

One centiray (cR) is equivalent to approximately 148 kilobases (Hukriede et al. 1999).

“An EST (fa05d11) identical to anx7a was previously mapped (Hukriede et al. 1999).
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AY178798; anx5, AY178799; anx6, AY178800; anxlla,
AY178801; anx11b, AY178802; and anx13, AY178803.

anx Gene Evolution

A phylogenetic trees showing the evolutionary relationship
of the anx genes was produced using MacVector software
(Accelrys). The final tree was determined by using UPGMA
with ties resolved randomly by using 1000 bootstrap replica-
tions. Percentages represent the occurrence of the nodes.
Trees were calculated from comparisons of the first 73-83
amino acids of the first ANX repeat.

Mapping and Syntenic Analysis

Zebrafish anxs were mapped using the LN54 Radiation Hybrid
Panel as previously described (Hukriede et al. 1999). Primers
for each gene are noted in Table 2. To determine syntenic
relationships between zebrafish and human genomes,
mapped zebrafish genes flanking a particular zebrafish anx
gene were identified (maps used were Mother of Pearl Meiotic
Map, GAT Meiotic Map, LN54 Radiation Hybrid Map; for map
data, see http://zfin.org/cgi-bin/webdriver?Mlval=aa-
refcrosslist.apg). The protein sequences of the flanking genes
were used to identify human orthologs by BLAST searches.
The chromosomal locations of human orthologs were deter-
mined by searching either the Human Gene Map99 Project or
the Human Gene Database.

To confirm that the mapping of anx1b and anxIc to the
same locus was not due to a PCR artifact (primers for one
paralog actually amplify the other paralog), two sets of prim-
ers were used for each gene (Table 1), in which one set was
designed in a region of the 3'UTR that was not similar be-
tween the sibling genes. Furthermore, a number of PCR prod-
ucts from the mapping reactions were cut from the mapping
gel and directly sequenced, confirming that primers for anx1b
were not amplifying anx1c and vice versa (data not shown).

Northern Analysis

For some anx genes (anxla, anx2a, anx5, and anx11a), mRNA
levels were detected by Northern analysis of total RNA (Sam-
brook et al. 1989) using a *?P-labeled anx probe prepared by
random priming of gel-purified zebrafish anx cDNAs (Prime-It
II; Stratagene) and compared with expression observed with
RNA in situ hybridization.

RNA In Situ Hybridization

In situ hybridization for anx expression was carried out as
previously described (Thisse et al. 1993). Digoxigenin-labeled
RNA probes synthesized for each gene were hybridized to em-
bryos or larvae at 50% epiboly, 100% epiboly, tail bud, 1 so-
mite, 5 somites, 15 somites, 20 somites, 24 hpf, 48 hpf, and 72
hpt. For double-labeled in situ hybridizations, probes were
synthesized with either digoxigenin- or fluorescein-
conjugated UTP and detected as previously described (Sager-
strom et al. 1996). After visualization, some embryos older
than 24 h were refixed in 4% paraformaldehyde and sectioned
as described (Westerfield, 1995).
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