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Abstract

To gain insight into the process of development in Atlantic salmon (Salmo salar), we sought to identify genes that were
differentially expressed at gastrulation. A polymerase chain reaction-based differential screening strategy allowed for the isolation
of an Atlantic salmon nucleoside diphosphate kinase cDNA (nm23). Structural characterisation showed a high degree of homology
with a large number of previously isolated nucleoside diphosphate kinases (NM23s), both prokaryote and eukaryote, though it
represents the first teleost nucleoside diphosphate kinase identified. Highest similarities were found with the type 1 and type 2
NM23 isoforms of mammals. Phylogenetic analysis indicates that the duplication event that gave rise to these isoforms occurred
after the splitting of tetrapods and fish, suggesting that the salmon NM23 represents a more ancestral isoform. The position of
the salmon sequence on the phylogenetic tree indicates that the salmon genome is expected to have at least three copies of genes
from the nm23 gene family. Northern blot analysis showed a single transcript of approximately 0.7 kb in both embryonic and
adult tissues. Examination of the temporal pattern of expression of salmon nucleoside diphosphate kinase during embryonic
development revealed that this gene is first expressed at the time of gastrulation. Nucleoside diphosphate kinases are thought to
have a vital role in regulatory processes such as signal transduction, proliferation and differentiation. Taken together, these results
suggest that nucleoside diphosphate kinases have an important role to play in early embryogenic development in vertebrates.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction specific genes are activated and inactivated. These
changes in gene expression lead to pattern formation,
differentiation and changes in form. In order to elucidateDevelopment of an organism proceeds from a ferti-

lised egg through a predetermined sequence in which the molecular regulation of developmental processes,
genes differentially expressed in this regulatory cascade

Abbreviations: A, adenosine; aa, amino acid(s); bp, base pair(s); must be identified, characterised and studied in detail.
cDNA, DNA complimentary to RNA; cpm, counts per minute; dNTP, Vertebrate gastrulation is a dynamic period of develop-
deoxyribonucleoside triphosphate; ds, double-stranded; kb, kilobase(s)

ment characterised by extensive cell migrations. Thisor 1000 bp; Leu, leucine; NDPK, nucleoside diphosphate kinase; oligo,
stage of development is likely to require the expressionoligodeoxyribonucleotide; ORF, open reading frame; PCR, polymer-

ase chain reaction; pfu, plaque-forming unit(s); rRNA, ribosomal of a new genetic repertoire to initiate and direct these
RNA; SDS, sodium dodecyl sulfate; UTR, untranslated region(s). dramatic changes.

k The nucleotide sequence of salmon nucleoside diphosphate kinase An important aspect of understanding developmentalreported in this paper has been submitted to the GenBank database
processes is to examine and compare embryogenesis inat NCBI and assigned the Accession No. AF045187.
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Differential hybridisation of cDNA libraries has been 105 plaque-forming units (pfu) of the stage 20–21 library
were plated at low density (104 pfu/150 mm plate) andwidely used to identify genes that are differentially

expressed (Sambrook et al., 1989), and recently, this transferred in duplicate to Nytran membranes. One filter
set was probed with 1×106 cpm/ml of 32P-labelledmethod has been adapted to a more rapid two-step PCR

based technique (Luo et al., 1994). cDNAs prepared from mRNAs isolated from stage 14–
15 salmon embryos, while the duplicate set was probedIn this paper, we report the isolation of a cDNA

encoding an Atlantic salmon nucleoside diphosphate with 1×106 cpm/ml of 32P -labelled cDNAs prepared
from mRNA isolated from stage 20–21 salmon embryos.kinase (SsNM23) in a differential screen for genes

induced at gastrulation. Nucleoside diphosphate kinases The filters were hybridised at 65°C for 14 h and washed
to 0.1× SSC and 0.1% SDS at 65°C. Following exposure(EC 2.7.4.6) comprise a ubiquitous class of enzymes

that exist in multiple isoforms and are highly conserved to X-ray film at −70°C, plaques that appeared
differentially expressed were picked with sterile tooth-throughout evolution. These enzymes regulate growth

and development and have been implicated in the patho- picks into 100 ml of SM (100 mM NaCl, 10 mM
MgSO4, 50 mM Tris–Cl, pH 7.5, 0.001% gelatin) buffergenesis and metastasis of tumors (Postel, 1998). Analysis

of the gene expression pattern of Atlantic salmon nm23 (Sambrook et al., 1989). These were stored at 4°C in
1 ml of phage buffer (Sambrook et al., 1989). Threeat different stages of early embryo development suggests

a role for NM23 in the developmental process. microlitres of phage plaques from each of 20 primary
positives were used as template for the PCR reaction.
Taq polymerase was obtained from Promega. The prim-
ers used for the PCR reaction were T3 and T7, cycling2. Materials and methods
conditions were as follows; 70°C for 5 min, 4°C for
5 min, 94°C for 5 min followed by 30 cycles of 94°C for2.1. Sampling of Atlantic salmon embryos and adult

tissues 1 min, 45°C for 1 min and 70°C for 1 min. Equal
amounts (20 ml per well ) of each of the PCR products
were run on duplicate 1% agarose gels and blotted ontoSalmon embryos were obtained from Cong Fish

Hatchery, Cong Co. Mayo. Salmon eggs were collected Hybond N filters. The filters were hybridised with two
cDNA probes as described for the primary screen. PCRfrom trapped wild salmon, fertilised and placed in water

trays. Embryos were collected at regular intervals products showing differential hybridisation patterns
were further characterised by sequencing.following fertilisation, a sample of each collection was

immediately fixed in 4% paraformaldehyde, and the
remainder was frozen directly in liquid nitrogen. The 2.4. DNA sequence determination
stage of embryonic development was determined
following removal of shell and microscopic examination. Plasmid was excised from bacteriophage using

ExAssist helper phage (Stratagene). DNA sequenceTissues were collected from adult Atlantic salmon and
frozen directly in liquid Nitrogen prior to RNA isolation. analysis was performed manually using T7 polymerase

(Pharmacia) as directed by the manufacturer.
2.2. RNA preparation and cDNA library construction

2.5. Northern blot analysis
Total cellular RNA was isolated by the single-step

acid guanidium thiocyanate–phenol–chloroform extrac- Northern blots were performed as described pre-
viously (Ausubel et al., 1994). The probes used weretion (Chomcynski and Sacchi, 1987) with an additional

LiCl precipitation to remove egg proteins (Sambrook the salmon nm23 cDNA and the salmon L18a cDNA.
cDNA probes were labelled with 32P-dCTP using theet al., 1989). Poly(A)+ mRNA was isolated by affinity

chromatography to oligo (dT) (Aviv and Leder, 1972). HighPrime labelling kit (Boehringer).
Total cDNA was synthesized from 5 mg of mRNA
isolated from stage 14–15 embryos and stage 20–21 2.6. Nomenclature used for nucleoside diphosphate kinase

genes and proteinsembryos (Battle, 1944) using the Pharmacia cDNA
synthesis kit as directed by the manufacturer. The
cDNAs were used to create libraries in the lZap II At present, there is no consensus terminology for the

genes encoding nucleoside diphosphate kinases,vector (Stratagene) according to the manufacturer’s
instructions. (NM23s, NDPKs, NMEs). For clarity, throughout this

paper, we have adopted a single uniform nomenclature
for nucleoside diphosphate kinase genes and their2.3. Differential hybridisation and PCR screening
encoded proteins. All genes are indicated in the text and
figures as nm23. Genes encoding known mammalianThe differential hybridisation was performed essen-

tially as described by Luo et al. (1994). Approximately isoforms of NM23 also have a letter code, indicating
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whether they are human (H), mouse (M) or rat (R) subjected to PCR using T3 and T7 primers, which flank
the cloning site in the lZAPII vector. The PCR productsfollowed by a number representing the type where
were then equally loaded and run on duplicate gels.known (e.g. nm23-H1, nm23-M1 and nm23-R1 for the
DNA in the duplicate gels were blotted onto twohuman, mouse and rat type 1 genes respectively).
Hybond-N membranes and hybridised withThroughout the text, the corresponding nucleoside
32P-labelled cDNA probes prepared from stage 14–15diphosphate kinase deduced amino acid sequences and
and 20–21 salmon embryos. Eleven of 18 primary posi-proteins are denoted as NM23, followed by the same
tive clones contained cDNA inserts, which hybridisedletter and numerical code for the various mammalian
more strongly to cDNA from stage 20–21 embryos thanprotein isoforms (e.g. NM23-H1, NM23-M1 and
to cDNA from stage 14–15 embryos (data not shown).NM23-R1 for the human, mouse and rat type 1 proteins,
Five of these were approximately 0.7 kb in size; theserespectively). The numerical codes used for the mamma-
were partially sequenced and were found to contain thelian isoforms of NM23 correspond with the NME
same cDNA insert. Sequence analysis of the remainingnomenclature system used by the National Centre for
six clones revealed that three encoded novel genes, twoBioInformatics, NIH. The Salmo salar NM23 protein is
encoded the mitochondrial enzyme cytochromeabbreviated as SsNM23.
C-oxidase III, and one encoded ribosomal protein L18a.

3.3. Analysis of salmon nm23 cDNA sequence3. Results and discussion

The entire sequence of the Atlantic salmon nm233.1. Determination of developmental stage of salmon
cDNA was determined and found to consist of 720embryos
nucleotides. The clones contained a 5∞ untranslated
region (UTR) of 24 bases followed by an open readingThe developmental stage for five randomly selected
frame coding for 151 amino acids, a 3∞UTR of 240embryos from each sample collection was determined
nucleotides in length followed by a tract of adenosineby microscopic analysis of embryos. Developmental
(A) residues (Fig. 1). Comparison of the salmon cDNAstage was assigned as described previously (Battle, 1944;
sequence with sequences held in GenBank/EMBLsee Table 1).
revealed a significant homology with a large number of
NM23 sequences at the amino acid level (Table 2). The3.2. Isolation of a cDNA clone for a differentially
best homologies were with vertebrate sequences. Theexpressed embryonic salmon gene
deduced amino acid sequence of the SsNM23 was highly
similar to NM23-H1 (82% identity) and NM23-H2 (80%

A differential screen of 104 pfu of the stage 20–21
identity). Both NM23-H1 and NM23-H2 can function

salmon cDNA library identified 18 cDNA clones to be as transcription factors (Postel et al., 1993; Chae et al.,
more abundant in stage 20–21 salmon embryos than in 1998), suggesting that SsNM23 may also play a role in
stage 14–15 salmon embryos. The positive pools of transcriptional regulation. A high homology was also
phage candidates following the primary screen were found with all three NM23 isoforms of Xenopus (77%

identity) and with the Drosophila NM23-awd (71%
Table 1 identity) (Table 2).Developmental stage of Atlanic salmon embryonic collectionsa

PROSITE domain analysis of the deduced amino
acid sequence of the salmon nm23 cDNA sequenceDays post- Description of embryo Developmental

fertilisation stageb identified six protein sequence motifs (Fig. 2). These
were two protein kinase C phosphorylation sites, a

2 Many large cells 10–11
casein kinase II (CK2) phosphorylation site, a tyrosine5 Blastodisk (1.4–1.5 mm) 11–12
kinase phosphorylation site, an N-myristoylation site, a7 Blastodisk (1.5 mm) 12–13
cell attachment sequence and the nucleoside kinase9 Blastodisk (1.6–1.7 mm) 13–14

11 Blastodisk (1.6–2.0 mm) 14–15 active site. Apart from the CK2 phosphorylation site,
14 Germ ring and shield 15–17 these motifs are conserved in NM23-H1 and NM23-H2,
16 Blastoderm, differentiation at 17–18 in Xenopus NM23 and in Drosophila NM23-awd

anterior of shield
(figure 2). These motifs suggest that SsNM23 is involved18 Blastoderm overgrown 50% of yolk 18–19
in the mediation of extracellular signals to the nucleus.21 Blastoderm overgrown 75% of yolk 20–21

23 Yolk sac complete, blastopore closed 22 PKCs and CK2 are serine threonine protein kinases.
90 Yolk sac fry 34 CK2 is required for cell-cycle progression (Blanquet,

2000), and PKCs play key roles in extracellular signal
a Atlantic salmon embryos collected at fixed time points following

transduction (Murphy et al., 1998). In addition, manyfertilisation were assigned a developmental stage according to Battle
growth factors (i.e. PDGF, EGF) signal via tyrosine(1944).

b Battle (1944). kinase phosphorylation from cell surface to nucleus.
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Fig. 1. Nucleotide and deduced amino acid sequence of the salmon nm23 cDNA clone. The GenBank/EMBL Accession No. is AF045187.

N-myristoylation is an acylation process in which a are proteins consisting of four to six identically folded
subunits of approximately 16–20 kDa (Postel, 1998).protein associates with the membrane (Boutin, 1997).

These motifs suggest that SsNM23 is attached at the They act via a ping-pong mechanism in which a histidine
residue is phosphorylated by transfer of the terminalcell/nuclear membrane and is activated by a number of

kinases. They indicate that SsNM23 functions as a phosphate group from ATP. In the presence of magne-
sium, the phospho enzyme can transfer its phosphatemediator of cell signalling in addition to its role as an

active enzyme. This is consistent with the proposed role group to any NDP, to produce an NTP. It is thought
that multiple forms of NM23 are targeted to differentof mammalian NM23s as regulators of cell growth

(Postel, 1998). The high degree of conservation of these regions of the cell where they fulfil distinct metabolic
and regulatory roles (Postel, 1998).protein sequence motives in both vertebrates and inverte-

brates suggests that they are important in NM23 To date, seven isoforms of NM23 have been identified
in humans. NM23-H1 is a suppressor of metastasis infunction.

NM23s have been cloned from a wide variety of some tumor types (Delarosa et al., 1995) and may
function as a transcription factor (Chae et al., 1998).prokaryotes and eukaryotes; they perform a ‘housekeep-

ing’ role in maintaining the intracellular levels of dNTPs, NM23-H2 has been shown to function in vitro in the
transcriptional regulation of c-myc expression (Postelwhich are used for the synthesis of nucleic acids as

constituents, polysaccharides and lipids as cofactors and et al., 1993). NM23-H1 and NM23-H2 show 88%
identity (Stahl et al., 1991). Dr-NM23 shares 70%protein as regulators (Parks and Agawal., 1973). NM23s
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Table 2 NM23-H5 is highly expressed in testis and shares
Sequence identity between SsNM23 and NM23 homologues from between 27 and 31% identity to the other isoforms.
other speciesa

NM23-H5 is thought to be involved in the early stages
of spermatogenesis (Munier et al., 1998). NM23-H6Sequence Accession Percentage similarity

amino acid identities shares 34–61% identity with the other human isoforms
and is expressed at a moderately low level in many

NM23-H1 NM_000269 82
human tissues (Mehus et al., 1999). A seventh NM23NM23-H2 NM_002512 80
isoform (NM23-H7) has recently been identifiedGallus gallus AF043542 80
(Accession No. AF153191).Xenopus laevis A1 X97900 77

Xenopus laevis B2 X97901 77 The Atlantic salmon nm23 cDNA deduced amino
Xenopus laevis A2 X97902 77 acid sequence shows a significant similarity to many
Ginglymostoma cirratum M63964 74 previously isolated NM23 enzymes, with the highestDrosophila melanogaster X13107 71

similarities to the type 1 and 2 isoforms in mammals.Dictyostelium discoideum P22887 60
The high level of evolutionary conservation betweenDR-nm23 U80813 62

NM23-H4 NM_005009 58 NM23 sequences indicates that this protein is involved
NM23-H5 NM_003551 28 in essential functions in the cell.
NM23-H6 NM_005793 28
NM23-H7 AF153191 29

3.4. Phylogenetic analysis of Atlantic salmon NM23
a Identity of the deduced amino acid sequence of the salmon cDNA

was compared with Human, X. laevis, D. melanogaster, G. cirratum A similarity search of GenBank was carried out using
and D. discoideum NM23s. the position-specific Iterative BLAST algorithm

(Y-BLAST ). The algorithm was iterated until no new
identity with NM23-H1 and NM23-H2 (Venturelli et al., entries were found following subsequent runs — the
1995). Its overexpression inhibits granulocyte differen- algorithm had converged. A total of 131 GenBank
tiation and induces apoptosis (Venturelli et al., 1995). entries were identified. Unfortunately, not all of these
NM23-H4 shows between 55 and 60% identity to the entries were full-length, and it was decided that phyloge-
other isoforms and encodes an NM23 with an apparent netic analysis of these sequences would not be a profit-
presequence that has some characteristics consistent able exercise. A dataset of 83 entries were selected for

further analysis.with import into mitochondria (Milon et al., 1997).

Fig. 2. Alignment of the salmon nm23 cDNA deduced amino acid sequences with nm23 sequences held in the database Sequences are from nm23-H1
(Accession No. X17620) and nm23-H2 (Accession No. L16785). Xenopus laevis nm23 A2 (Accession No. X97902) and Drosophila
melanogaster nm23-awd (Accession No. X13107). Sequences were aligned using the Dialign program (Morgenstern et al., 1996). Amino acids given
in lower case show no conservation between the five sequences examined. Protein motifs for protein kinase C phosphorylation sites (86–88, 103–
106), CK2 phosphorylation site (2–5), tyrosine kinase phosphorylation site (135–142), N-myristoylation site (102–107), cell attachment sequence
(105–107) and the nucleoside kinase active site (115–123) are underlined.
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Alignment of the 83-sequence dataset was carried out The two groups of human sequences in clade A
(nm23-HI from one group, nm23-H2 and nm23(NDK6)using the ClustalX 1.8 software for progressive align-

ment (available from ftp://ftp.ebi.ac.uk/). The default from the other group) appear to have arisen by duplica-
tion after the speciation events that gave rise to modernoptions were employed, and upon inspection, the align-

ment of most positions appeared to be reasonably teleost fish and tetrapods. The common ancestor of
these four sequences appears to have existed after therobust. There were only three sites in the alignments

that were constant across all sequences. The dataset was splitting of tetrapods and fishes. This duplication event
would not be expected to be found in the salmonfurther manipulated using the se-al software for the

Apple Macintosh, which facilitated the removal of those genome. It is most parsimonious to assume that the
salmon genome would have one copy of this particularpositions whose positional homology could not be rea-

sonably well guaranteed. For the purposes of phyloge- paralog.
The human sequences designated numbers nm23-H4netic reconstruction, it is necessary to use only those

characters for which a reasonably well-supported and DR-nm23 in Fig. 3 share a common ancestor with
some other vertebrate sequences. However, these partic-hypothesis of positional homology can be inferred. The

final alignment was 156 positions in length. ular paralogs share a recent evolutionary history that is
independent of the other human paralogs. Within theA preliminary analysis of the 83-sequence dataset

indicated that a number of taxa were present whose human genome, these two sequences are each other’s
closest relatives, but the duplication event that gave riseanalysis was not relevant for the present study. In such

cases, most of the sequences were removed from the to these two lineages predates the splitting of birds and
mammals at the very least. The salmon genome wouldanalysis, and a single exemplar sequence was retained.

These taxa included many fungi, prokaryotes and plant be expected to contain at least one paralog from this
family. The sparse sampling of this evolutionary lineagesequences. The final alignment consisted of 43 sequences

from a diverse group of organisms. means that an exact interpretation of this lineage is not
possible. If the duplication of genes 2 and 3 postdatesThe PUZZLE software program (version 4.0.2)

(Strimmer and VonHaeseler, 1996) was used in order to the separation of fish and tetrapods, then the salmon
genome would be expected to only have a single copycalculate the maximum likelihood distance matrix under

the JTT substitution model (Jones et al., 1992). of this ‘family’. If, however, the duplication predates
the separation of fish and tetrapods, then fish wouldPhylogenetic hypotheses based upon these distances

were inferred using the neighbor-joining method, as only be expected to have two copies.
The seventh human sequence is very different to theimplemented in the NEIGHBOR program of the

PHYLIP package (Felsenstein, 1993). Trees were visua- rest of the paralogs. Sequence similarity is quite low,
and almost all pairwise comparisons post more thanlised using the Treeview program (Page, 1996). The

robustness of the inferred relationships was evaluated one substitution per site since separation from the
common ancestor. It is likely that this is the oldestusing the bootstrap method (Felsenstein, 1985) and was

carried out using the puzzleboot shell script and the duplication in this gene family (a supposition that relies
on the existence of a molecular clock) and predates theSEQBOOT and CONSENSE programs of the PHYLIP

package. separation of eukaryotes and prokaryotes. The salmon
genome would be expected to contain an ortholog ofFig. 3 shows the phylogenetic tree recovered by neigh-

bor-joining. This tree places the salmon sequence as an this sequence.
We can postulate from the position of the salmonearly-branching member of a clade that includes other

vertebrate sequences. Bootstrap support for this clade sequence on the phylogenetic tree that the salmon
genome would be expected to have at least three copiesis low (18), but this topology is recovered using the

original data matrix and in a majority-rule consensus of of genes from the nm23 gene family. Deviations from
this number would depend on polyploidisation of thethe bootstrapped data. In Fig. 3, this is designated

‘Clade A’. Within this clade are sequences from reptiles, genome or gene loss or, as mentioned above, whether
or not duplication of human genes 2 and 3 pre- orbirds and mammals. There are two groups of human

sequences within Clade A, and within each of these postdated the speciation event that has led to modern
tetrapods and fishes.groups are two separate sequences. It is not possible

from sequence annotation to say whether these are
simply allelic variants or genuine duplications, although 3.5. Pattern of expression of salmon NM23 during

embryonic developmentthe former is more likely.
There are a total of seven human sequences in the

dataset, and using these data combined with a phyloge- In order to examine the expression pattern of Atlantic
salmon NM23 during early development, a Northernnetic analysis, it is possible to predict the minimum

number of paralogs that might be present in the blot analysis was performed (Fig. 4). A transcript of
approximately 0.7 kb was detected in stage 15–17 andsalmon genome.
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Fig. 3. Phylogenetic analysis of nm23 cDNA deduced amino acid sequences. This tree was constructed using the neighbor-joining method based
on maximum likelihood distances under the JTT model of sequence evolution. The salmon sequence, along with seven human paralogs, are indicated
by the rounded boxes. The smallest clade that includes the salmon sequence is indicated as ‘Clade A’. Numbers on internal branches are bootstrap
proportions (BPs). To aid clarity, not all internal branches are labelled with BPs. Accession Nos for all sequences used in the alignments shown
are available on request. *The sequence identified as Human nm23 (NDK6) was obtained from Swissprot (accession number 060361) and is likely
to be a variant of human nm23-H2.

in all subsequent stages but not in stages 11–12 (Fig. 4A A similar pattern of expression has been described
for Xenopus laevis NM23 during early developmentand B), stage 14–15 or unfertilised eggs (data not

shown). The nm23 gene transcript remained abundant (Ouatas et al., 1998). In X. laevis, NM23s are expressed
early and transiently during mesoderm and neural induc-in all embryonic stages examined following stage 15–17

and in yolk sac fry. Northern hybridisation did not tion and are thought to be involved in cell fate establish-
ment or totipotency maintenance. In addition, Xenopusdetect nm23 mRNA in fertilised eggs until after gastrula-

tion, indicating that there is little, if any, de-novo NM23s are abundantly expressed in differentiated struc-
tures, especially neural derivatives. NM23 has beensynthesis of this message prior to this stage of

development. implicated in neurite outgrowth (Gervasi et al., 1996),
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tion of multiple epithelial tissues in the developing
mouse fetus (Lakso et al., 1992). NM23-M1 was origi-
nally identified as a candidate tumor suppressor protein
(Steeg et al., 1988). Reduced human NM23 (NM23-H1
and NM23-H2) expression has been correlated with
high metastatic potential in breast, ovarian, cervical,
gastric and hepatocellular carcinomas and melanoma
(Delarosa et al., 1995). These results suggest that
common regulatory elements underlie embryonic devel-
opment and metastasing tumor cells and that NM23
may play an important regulatory role. The biochemical
mechanisms by which NM23s regulate tumor potential
and differentiation are unknown.

The type 1 and 2 mammalian isoforms and the other
vertebrate isoforms show a high degree of homology
with the Drosophila awd (abnormal wing discs) gene
(Rosengard et al., 1989), shown to be essential for
normal fly development (Dearolf et al., 1988a; Biggs
et al., 1990). Awd is a microtubule-associated NM23
(Rosengard et al., 1989).

Differential expression of Drosophila awd during early
embryogenesis has been described (Dearolf et al.,
1988a). Transcription of zygotic awd was detected during
the second larval instar after mesoderm induction, while
mutation or reduced awd expression resulted in aberrant
differentiation after metamorphosis (Biggs et al., 1988;
Dearolf et al., 1988a,b). Studies using Null mutants in
awd indicated that the catalytic histidine is necessary,
but not sufficient, for its biological function, and thus
awd has other activities in vivo besides its nucleoside
diphosphate kinase function ( Xu et al., 1996). As the
expression of NM23s during or closely following meso-
derm induction is conserved in both vertebrates and
invertebrates, it is likely that NM23 plays a critical role
in these early developmental events.

NM23-H2 has been shown to function as the tran-
scriptional regulator of c-myc (Postel et al., 1993). The
temporal expression pattern of c-myc has been examined
during embryogenesis in the zebrafish (Danio rerio)
(Schreiber-Agus et al., 1993). As with NM23 in the
salmon embryos, c-myc was not expressed in the earliestFig. 4. Analysis of nm23 mRNA levels by Northern blot hybridisation.
stages of development, was first expressed following(A) Northern blot of RNA from (1) stage 15–17, (2) stage 18–19, (3)

stage 20–21. (B) (1) stage 11–12, (2) stage 20–21, (3) stage 22, (4) gastrulation, and was expressed at highest levels in the
stage 34. Shown below the autoradiographs are ethidium bromide later stage of development particularly during periods
stained agarose gels of RNA to account for total RNA levels. (C ) of active cellular proliferation. Taken together, these
Northern blot of RNA from (1) liver (2) kidney (3) brain (4) intestine

facts suggest that NM23 may be regulating growth andfrom adult salmon. The blot was probed with salmon nm23 cDNA,
differentiation at least in part through control of c-mycfollowed by reprobing with ribosomal protein L18a to normalise for

RNA levels. expression.
The salmon nm23 transcript was also detected in four

adult tissues examined (Fig. 4C). The transcript wasand it is has been proposed that it may modulate neural
cell proliferation and differentiation in development most abundant in RNA isolated from salmon brain.

NM23s have been implicated in neural cell differentia-(Ouatas et al., 1998).
In mammals, NM23s have also been shown to have tion (Amendola et al., 1997; Ouatas et al., 1997), and

it is possible that the salmon NM23 may have a similaran important role in early development, it has been
demonstrated that accumulation of NM23 protein, function.

In summary, we report the isolation and analysis ofNM23-M1, is coincident with the functional differentia-
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