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ABSTRACT Transcription factors of the
STAT family are required for cellular responses
to multiple signaling molecules.After ligand bind-
ing-induced activation of cognate receptors, STAT
proteins are phosphorylated, hetero- or ho-
modimerize, and translocate to the nucleus. Sub-
sequent STAT binding to specific DNA elements
in the promoters of signal-responsive genes al-
ters the transcriptional activity of these loci.
STAT function has been implicated in the trans-
duction of signals for growth, reproduction, viral
defense, and immune regulation. We have iso-
lated and characterized two STAT homologs from
the zebrafish Danio rerio. The stat3 gene is ex-
pressed in a tissue-restricted manner during em-
bryogenesis, and larval development with high-
est levels of transcript are detected in the anterior
hypoblast, eyes, cranial sensory ganglia, gut, pha-
ryngeal arches, cranial motor nuclei, and lateral
line system. In contrast, the stat1 gene is not
expressed during early development. The stat3
gene maps to a chromosomal position syntenic
with the mouse and human STAT3 homologs,
whereas the stat1 gene does not. Despite a higher
rate of evolutionary change in stat1 relative to
stat3, the stat1 protein rescues interferon-signal-
ing functions in a STAT1-deficient human cell
line, indicating that cytokine-signaling mechanisms
are likely to be conserved between fish and tetra-
pods. Dev Dyn 1999;215:352–370. r 1999 Wiley-Liss, Inc.
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INTRODUCTION

Signal tranducer and activator of transcription (STAT)
proteins are activated in response to the binding of a
wide range of signaling molecules to their specific
receptors. The best understood system in which STATs
are required is the JAK/STAT pathway downstream of
cytokine receptors (for review, see Wilks and Harpur,
1996; Darnell, 1997). On ligation of a cytokine receptor,
constitutively associated JAK kinases become acti-
vated, phosphorylating themselves, the receptor cyto-
plasmic domain, and associated or recruited proteins.
STAT family proteins are recruited to an active
cytokine receptor complex by a C-terminal-located
SH2 domain binding to phosphotyrosine residues in
the receptor (Greenlund et al., 1995). Phosphorylation
of the STAT activation tyrosine, immediately C-
terminal to the SH2 domain (Shuai et al., 1993), allows
STAT proteins to dimerize and translocate to the
nucleus (Shuai et al., 1994) where they recognize
specific DNA sequences or STAT-binding elements
(SBEs) with high affinity (Horvath et al., 1995; Schind-
ler et al., 1995) and alter transcriptional events (Zhang
et al., 1996; Horvai et al., 1997; Kurokawa et al., 1998;
Korzus et al., 1998). The closely related STAT1 and
STAT3 proteins are activated by signaling molecules
that use cytokine receptors such as interferons (IFNs)
and interleukin-6 (IL-6) (Fu et al., 1992; Akira et al.,
1994), growth factors that signal through receptor
tyrosine kinases (RTKs) such as epidermal growth
factor (EGF) (Zhong et al., 1994a), and hormones that
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bind and activate serpentine receptors such as angioten-
sin II and serotonin (Marrero et al., 1995; Guillet-
Deniau et al., 1997).

The developmental role of members of the STAT
family has been analyzed in Dictyostelium, Drosophila,
and mice. During Dictyostelium mound formation, Dd-

Figure 1. (Continued on following page)
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STAT is required for stalk cell differentiation (Kawata
et al., 1997) and is activated in this capacity by the
serpentine cAMP receptor (Araki et al., 1998). A defi-
ciency of STAT92E in the developing fruit fly embryo
results in segmental defects and larval lethality (Hou et
al., 1996; Yan et al., 1996), an effect that is phenocopied
by loss of the Drosophila JAK homolog, hopscotch
(Perrimon and Mahowald, 1986; Binari and Perrimon,
1994). Further evidence for the combined regulatory
activity of the JAK and STAT genes in Drosophila
comes from the suppression of the dominant leukemic
hopTuml phenotype by a loss of stat92E function (Yan et
al., 1996). Stat3 is activated and competent to bind
DNA in extracts from mouse embryos, suggesting that
STAT-mediated signaling is taking place in early verte-
brate development (Duncan et al., 1997). Consistent
with this, null mutants in the Stat3 gene of mice are
embryonic lethal, causing developmental arrest imme-

diately before gastrulation (Takeda et al., 1997). The
early mouse embryo is relatively intractable to embryo-
logical manipulation, however, and neither the tissue
affected by the absence of Stat3 nor the signal trans-
duced is understood. Furthermore, the requirement for
STAT3 in other, later developmental processes is un-
known. In contrast, although STAT1 is activated by a
variety of signaling molecules, a Stat1-deficient mouse
is viable and fertile,but displays no innate response to
viral or bacterial infection, corresponding to defects
specific to the transduction of IFN-a/b and IFN-g
signals (Durbin et al., 1996; Meraz et al., 1996). This
surprising specificity in biological effect suggests that
most of STAT1 activity in vertebrates is dispensable for
normal development and adult life. However, loss of

Figure 1. (Continued.)

Fig. 1. Structure and evolutionary analysis of zebrafish stat genes a:
Alignment of zebrafish and mammalian STAT1 and STAT3 proteins with
Drosophila STAT92E. The amino acid sequences of zebrafish (Danio
rerio, Dr) stat1 and stat3 were aligned with the human (Homo sapiens, Hs)
STAT1 and STAT3 protein sequences (Schindler et al., 1992; Akira et al.,
1994) and the D. melanogaster (Dm) STAT92E sequence (Yan et al.,
1996) as an outgroup by the CLUSTAL alignment algorithm (Higgins et al.,
1996). The names of the sequences are displayed to the left of the
alignment, and the amino acid position is indicated on the right. Residues
that are conserved in most of the sequences (3 of 5) are highlighted by
black squares for identity and colored squares for similarity, to indicate
regions of high evolutionary constraint. Structural features of the STAT
protein family as determined by functional studies and crystal structures
(Becker et al., 1998; Chen et al., 1998; Vinkemeier et al., 1998) are
indicated on the alignment. The position of the N-terminal protein
interaction, coiled-coil, DNA binding, linker and SH2 domains are indi-
cated by square, arrowed brackets. Amino acid residues required for DNA
binding within the DNA binding domain are denoted with asterisks above
the sequence (Horvath et al., 1995, Fukada et al., 1996), and the tyrosine
and serine phosphorylation motifs in the C-terminus are indicated with
arrowheads (Shuai et al., 1993; Kaptein et al., 1996; Wen et al., 1995;
Wen and Darnell, 1997). The binding site for PI3-kinase in Stat3 is
indicated with an arrowhead (Pfeffer et al., 1997). The position of the
alternate exon 23 splicing sites are indicate by a ‘‘3’’ and a ‘‘1’’ above the
last residue of exon 22 of STAT3 and STAT1, respectively. The sequence
of the alternate C-terminus of Dr stat3 or Hs STAT3 is not shown. b:
Phylogeny of the mammalian STAT gene family. The amino acid se-
quences of all known STAT homologs from a single mammalian species
(human, Homo sapiens, Hs) were aligned with the amino acid sequence
of the D. melanogaster (Dm) STAT homolog, Dm STAT92E as above. This
alignment was used to construct a maximum parsimony dendrogram to
infer the likely genealogy of the mammalian STAT family. The names of
the sequences are indicated to the right of the dendrogram, and the
sequences are taken from the following sources: STAT1 (Schindler et al.,
1992), STAT2 (Fu et al., 1992), STAT3 (Akira et al., 1994), STAT4 (Xu et
al., 1996), STAT5A (Hou et al., 1995), STAT5B (Silva et al., 1996), STAT6
(Hou et al., 1994), and DSTAT92E (Yan et al., 1996). c: Phylogeny of the
STAT1/3/4 gene subfamily. The amino acid sequences of all known
members of the STAT1/3/4 clade of STAT homologs from human (Homo
sapiens, Hs) mouse, (Mus musculus; Mm), rat (Rattus norvegicus, Rn) and
rainbow trout (Oncorhynchus mykiss, Om) were aligned with the zebrafish
(Danio rerio, Dr) stat1 and stat3 protein sequences and the D. melanogaster
(Dm) STAT92E sequence as an outgroup as above (a). This alignment was
used to construct a dendrogram as above (b) to infer the likely genealogy of the
mammalian STAT1/3/4 gene subfamily. The names of the sequences are
indicated to the right of the dendrogram, and the sequences are taken from the
following sources: Om Stat1a/b (Johnson et al., unpublished 1996, accession
numbers: U60331, U60332), Hs STAT1 (Schindler et al., 1992), Mm Stat1
(Zhong et al., 1994b), Hs STAT4 (Xu et al., 1996), Mm Stat4 (Zhong et al.,
1994b), Hs STAT3 (Akira et al., 1994), Mm Stat3 (Zhong et al., 1994a), Rn
Stat3 (Ripperger et al., 1995), Om Stat3 (Johnson et al., unpublished 1996,
accession number: U60333), and STAT92E (Yan et al., 1996).
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function studies do not reveal the full range of STAT-
mediated biological effects. The deregulated activation
of STAT proteins is a common occurrence in viral
infection and neoplasia and may contribute to malignant
transformation (reviewed in Garcia and Jove, 1998).

To better understand the role of the STAT genes in
development and disease and to establish the evolution-
ary history of the STAT gene family, we have isolated
STAT1 and STAT3 homologs from the teleost Danio
rerio. In this report we examine the conservation of
structure in vertebrate STAT1 and STAT3 proteins and

test conservation of function in a cytokine-signaling
assay in human fibroblasts. Furthermore, we map the
stat genes to the linkage groups of the zebrafish and
examine the expression of stat3 and stat1 in the develop-
ing embryo and larva.

RESULTS
Isolation of STAT Transcripts From the Zebrafish

To isolate STAT homologs from the zebrafish, degen-
erate oligonucleotide-primed polymerase chain reac-
tion (PCR) was used with primers designed to amplify

b

Fig. 2. Complementation of cytokine signaling in the STAT1-deficient
U3A human cell line with zebrafish stat1 cDNA. a: Structure of stat1
mutants used in the rescue of U3A cells. The N-terminus of the full-length
stat1 is depicted in the upper portion of the diagram with the conserved
arginine (R) and glutamic acid (E) residues indicated. Below this, the stat1
DPIC mutant illustrating the in-frame removal of the core of the N-terminal
domain is depicted. Last, the truncated stat1 TGA is shown, which
contains an in-frame stop codon after 28 amino acids of the native
sequence. b: Survival in response to IFN-a of stat1-expressing U3A cells
under HAT selection. Photographs of a representative experiment show-

ing the survival after 2 weeks of parental cell line 2fTGH, the STAT1-
deficient derivative cell line U3A, and U3A cells stably transfected with
various mouse Stat1 or zebrafish stat1 cDNA constructs as indicated in
the presence of IFN-a (600 IU/mL) and HAT medium. c: Growth
retardation of stat1-expressing U3A cells in response to IFNa and IFNg.
Stably transfected STAT1-deficient U3A cell lines expressing various
mouse Stat1 or zebrafish stat1 cDNA constructs were grown in IFN-a (600
IU/mL) or IFN-g (15 ng/mL) and cell number counted each day for 6–7
days. Results are the mean and standard deviation of three experiments.
(Contined on following page.)

355ANALYSIS OF stat1 AND stat3 GENES FROM ZEBRAFISH



the DNA binding and SH2 domains of STAT genes.
Sequencing of subcloned PCR products amplified from
embryonic complementary DNA (cDNA) revealed the
presence of two distinct PCR products with high similar-
ity to mammalian STAT genes. These products were
used to screen several cDNA libraries, resulting in the
isolation of full-length cDNA clones corresponding to
each of the PCR products. On the basis of database
searching with these sequences, the cDNAs represent
transcripts from zebrafish stat1 and stat3 genes.

One full-length cDNA from the stat1 gene was recov-
ered, comprising 2,520 nucleotides (accession number:
AJ005692). Examination of the sequence of the longest
open reading frame (ORF) present in this clone indi-
cates a predicted protein of 749 amino acids. Four
independent full-length stat3 cDNAs were isolated,
possessing both start and in frame stop codon as well as
a poly (A) tract. The longest of these was 3,071 nucleo-
tides in length (accession number: AJ005693), and the
predicted size of the stat3 protein is 806 amino acids.
From 14 independent stat3 cDNAs, two clones con-
tained identical short internal deletions of 56 bp,
consistent with the omission of an alternately spliced
exon. The alternate cDNA is predicted to yield 2 more

amino acids from the deletion site before reaching a
stop codon, giving rise to a C-terminal-truncated pro-
tein of 720 amino acids. The longer stat3 transcript is
termed stat3a, and the shorter, less abundant tran-
script is named stat3b, consistent with the nomencla-
ture for alternately spliced forms of the mammalian
STAT1 and STAT3 genes (Darnell et al., 1994; Schaefer
et al., 1995).

Structure of the Zebrafish stat Transcripts

Alignment of the zebrafish stat1 and stat3 proteins
with their mammalian STAT homologs and the Dro-
sophila STAT92E protein indicates that the modular
structural features of STAT proteins are conserved
between fish and mammals; sequence motifs character-
istic of functional STAT proteins are annotated in
Figure 1a. Residues in the N-terminus required for
cooperative binding to DNA (Vinkemeier et al., 1996,
Xu et al., 1996) and residues critical for DNA binding
are highly conserved. In mouse Stat3, mutation of
–E417E– to –A417A– or of –V444VV– to –A444AA– abro-
gates DNA-binding activity (Horvath et al., 1995);
however, in stat1 there was a conservative amino acid
change at the position corresponding to V444: an isoleu-

Figure 2. (Continued.)
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cine was found here instead. These valine residues are
conserved in all other STAT1 and STAT3 proteins and
in STAT92E, suggesting that they are essential for
DNA binding and raising the possibility that zebrafish
stat1 may exhibit altered DNA-binding characteristics.
The SH2 domains of both zebrafish proteins displayed a
conservation of the essential arginine required for
phosphotyrosine binding (Shuai et al., 1994; Improta et
al., 1994), and the PI3K binding site found in the mouse
Stat3 was conserved in stat3 at –Y658KIM–. Examina-
tion of the activation tyrosine immediately C-terminal
to the SH2 domain indicates that the –YxxT– motif
bound by the SH2 domain of other STAT proteins was
conserved in all teleost and mammalian sequences.
Zebrafish stat3 (–Y716LKT–) was identical to mouse,
whereas zebrafish stat1 (–Y698IST–) varied from mouse
(–Y701IKT–), suggesting that stat1 may possess altered
binding characteristics. The most C-terminal of the
sequence motifs is the site of serine phosphorylation in
the activation domain (Wen et al., 1995; Wen and
Darnell, 1997); in both zebrafish proteins the consensus
–PMSP– was found. The position of the deletion in the
variant stat3 cDNA was identical to that in the mouse
Stat3b homolog, which results from the omission of
exon 23 due to alternate mRNA splicing (Schaefer et al.,
1995; Shi et al., 1996). The putative 58-splice site
occurred in the codon of –P718– and the 38-splice site
was in the codon of –P737–. The result is a shift in the
reading frame of the equivalent of mouse exon 24,
resulting in the addition of two amino acids before
reaching a stop codon thus: –WD*. Consequently, the
site of serine phosphorylation in stat3 (–PMS751P– is
lost. Further comparison of the sequences is detailed in
the legend to Figure 1a.

There are seven known mammalian STAT genes.
Alignment of the mammalian STAT proteins using the
Clustal algorithm and subsequent phylogenetic recon-
struction, using the D. melanogaster STAT92E as an
outgroup, produces the dendrogram shown in Figure
1b. From this analysis of sequence structure, it appears
that STAT1, STAT3, and STAT4 form a natural clade,
indicating that they share a common ancestor after the
divergence of the other STAT genes. With an overall
identity of 63.9% to mouse Stat1, the zebrafish stat1
protein is significantly more diverged than the paralo-
gous stat3, which displays an overall identity to mouse
Stat3 of 86.5%. By comparison, the jak2 proteins of
zebrafish are approximately 65% identical to their
mouse homolog (Oates et al., 1999). Phylogenetic analy-
sis of all known STAT1 and STAT3 genes indicates that
the STAT3 gene appears to be evolving 2.5 times slower
than STAT1 in both fish and mammalian lineages (Fig.
2c).

Rescue of a Human Cell Line Deficient for STAT1
With Zebrafish stat1 cDNA

The high degree of sequence divergence between the
mammalian STAT1 and fish stat1 genes prompted the
examination of functional conservation between the

corresponding protein products. Use was made of a
human fibroblast cell line that is STAT1 deficient (U3A)
to test whether zebrafish stat1 could substitute for
human STAT1 in signaling responses to IFN-a/b, IFN-g,
and IL-6 (Pellegrini et al., 1989; McKendry et al., 1991;
Muller et al., 1993). In U3A cells, expression of the E.
coli guanine phosphoribosyltransferase (gpt) gene is
tightly controlled by 1.8 kb of the upstream region of
the human IFN-a/binducible gene 6–16 (Porter et al.,
1988) and can be used to select for functional IFN
signaling on the basis of survival in antibiotic medium.

stat1 cDNA was expressed in U3A cells and the
survival of these cells under selection in the presence of
IFN-a/b, IFN-g or IL-6/sIL-6R was compared with U3A
cells expressing mouse Stat1 and parental cells with a
functional STAT1 gene (2fTGH). As controls, two vari-
ants of the zebrafish stat1 cDNA were also expressed
(Fig. 2a): stat1 DPIC contains an in-frame deletion of 22
amino acids in the conserved N-terminal oligomeriza-
tion domain (Vinkemeier et al., 1996), and stat1 TGA
expresses a truncated stat1 product by virtue of an
in-frame stop codon after 28 amino acids of the native
protein. As shown previously (Muller et al., 1993),
mouse Stat1 was capable of rescuing U3A survival in
response to IFN-a selection in a manner indistinguish-
able from the parental 2fTGH cells, whereas transfec-
tion of the expression vector alone led to cell death (Fig.
2b). Expression of the zebrafish stat1 gene allowed cell
survival under IFN-a stimulation, in contrast to expres-
sion of either stat1 DPIC or stat1 TGA (Fig. 2b). stat1
expression also conferred survival to U3A cells in
response to IFN-g and IL-6 signaling (data not shown).
This indicates that the zebrafish stat1 protein is ca-
pable of mediating transcriptional activation from the
6–16 promoter in response to IFNs and IL-6.

One of the main biological functions of the IFNs in
many cell types is growth inhibition. Consistent with
this, the human 2fTGH cell line arrests growth in
response to either IFN-a or IFN-g; this response is lost
in U3A cells, indicating that it is STAT1 dependent
(Bromberg et al., 1996). To determine whether the
complementation of human STAT1 function by ze-
brafish stat1 was restricted to the activation of the 6–16
promoter, the ability of the zebrafish stat1 protein to
integrate into the mammalian cell’s growth inhibition
pathway was assayed by measuring cell number under
IFN stimulation in U3A cell lines expressing stat1. As
illustrated in Figure 2c, the growth inhibition conferred
to U3A cells by expression of zebrafish stat1 in response
to either IFN-a or IFN-g was indistinguishable to that
conferred by mouse Stat1. In contrast, IFN stimulation
did not alter the growth of the U3A line expressing
either stat1 mutant (Fig. 2c). These results indicate a
full rescue of IFN-mediated growth inhibition, suggest-
ing that zebrafish stat1 is broadly active in the mamma-
lian IFN-dependent mechanism of growth suppression.
Combined, these results indicate a high degree of
functional conservation in the STAT1 protein between
fish and mammals.
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Genetic Mapping of the Zebrafish stat Genes

To enable genetic mapping of the stat1 and stat3
genes, sequence from physically linked genomic DNA
(data not shown) was used to design PCR primers that
amplified polymorphic DNA markers segregating in a
C32xSJD hybrid mapping cross (Johnson et al., 1996).
stat1 was mapped by using SSCP analysis of the
93.T7–1/93.T7–3 sequence polymorphism in 78 meioses
(Fig. 3a). According to the marker’s segregation, stat1
lies on LG22, 13.4 cM proximal to the 14Y.1280.s RAPD
marker (Johnson et al., 1996) and 4.3 cM distal to
9AB.590.c (Fig. 3b). stat3 was mapped by using SSCP

analysis to follow the segregation of the 138.SP6–1/
138.SP6–2 sequence polymorphism in 53 meiotic events
(Fig. 3c). This analysis placed the stat3 gene distal to
the hoxba cluster on LG3. Analysis of an additional 137
meioses with breakpoints in this region (data not
shown) resolved the placement of stat3 to 2.8 cM
proximal to simple sequence repeat marker SSR14
(Goff et al., 1992) and 3.0 cM distal to SSLP z5033
(Knapik et al., 1996) (Fig. 3d).

The linkage of the 138.SP6–1/138.SP6–2 mapping
polymorphism to the stat3 gene was confirmed by
analysis of genomic DNA from embryos derived from

Fig. 3. Genetic mapping of the stat1 and stat3 genes.
a: Segregation of the 93.T7–1/93.T7–2 stat1 SSCP
polymorphism in the C32xSJD mapping cross. Eight
representative haploid embryos of the C32xSJD map-
ping cross typed for a polymorphic marker derived from
genomic DNAassociated with the stat1 gene by nondena-
turing polyacrylamide gel electrophoresis are shown. The
polymorphism presented as a presence or absence of
product, possibly due to a sequence variant in one of the
primer sites. The presence or absence of the products
was assigned to the maternal (M) or paternal (P) genome
at random, and segregation in the panel was scored. b:
Genetic map position of the stat1 gene. Analysis of the
segregation of a stat1-associated marker in 71 meiotic
events of the C32xSJD panel places the zebrafish stat1
locus on LG22. c: Segregation of the 138.SP6–1/
138.SP6–2 stat3 SSCP polymorphism in the C32xSJD
mapping cross. Eight representative haploid embryos of
the C32xSJD mapping cross typed for a polymorphic
marker derived from genomic DNA associated with the
stat1 gene by nondenaturing polyacrylamide gel electro-
phoresis are shown. The size variants of the products
were assigned to the maternal (M) or paternal (P)
genome at random, and segregation in the panel was
scored. d: Genetic map position of the stat3 gene.
Analysis of the segregation of a stat3-associated marker
in 53 meiotic events places the zebrafish stat3 locus on
LG3. e: Synteny of STAT3 loci between the zebrafish,
mouse and human. A schematic diagram of the syntenic
chromosome segment containing STAT3 homologs from
zebrafish (LG3), human (Hsa 17), and mouse (Mmu 11)
genomes. Note that genes have been illustrated in the
same relative positions on syntenic chromosomes; how-
ever, in situ, local gene order varies between chromo-
somes. The diagram is not to scale.
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the g-ray-induced deletion mutant b245, which re-
moves LG3 distal to, and including the hoxba cluster
(Fritz et al., 1996). On the basis of the position of
138.SP6–1/138.SP6–2 marker, the stat3 locus should be
removed by this deletion. To confirm that the mapping
marker was linked to the stat3 locus in situ, embryos
were scored for the b245 phenotype and typed for the
presence of LG3 markers (data not shown). The distal,
hoxba linked marker cdc27 (B. Paw, unpublished) was
absent from mutant b245 DNA but present in the
wild-type, whereas the centromeric marker a-globin
was unaffected by b245, consistent with a distal loss of
LG3. Both the 138 C20 mapping marker and a product
derived from within the 38-UTR of the stat3 cDNA were
lost only in the mutant b245 embryos, similar to the
cdc27 marker. These results demonstrate the linkage of
the 138.SP6–1/138.SP6–2 mapping marker to the stat3
gene and independently confirm the assignment of
stat3 to distal LG3. The arrangement of loci on syntenic
chromosome segments containing the STAT3 gene from
zebrafish, human, and mouse is indicated in diagram-
matic form in Figure 3e.

Expression of Zebrafish stat Genes
in Development

The expression of stat1 was examined in the develop-
ing embryo and larva but could not be detected by in
situ hybridization at any stage before 6 dpf (data not
shown). In contrast, strong, dynamic expression of stat3
was observed. stat3 expression could not be detected in
cleavage stage embryos (data not shown), indicating
that there was no maternal contribution of stat3 to the
embryo. After midblastula transition (MBT), when the
zygotic genome becomes transcriptionally active, stat3
was expressed at high level (Fig. 4a). This expression
persisted through the onset of epiboly (Fig. 4b) and was
found only in the deep cells of the embryo, being
excluded from the enveloping layer (Fig. 4c). At the
onset of gastrulation, stat3 transcript levels dropped
rapidly so that most of gastrulation takes place in the
absence of stat3 message (data not shown). Toward the
end of gastrulation, at 90% epiboly, stat3 expression
was detected in a new domain in the anteriormost
region of the axial mesendoderm (Fig. 4d). As the yolk
plug was closed by the completion of epiboly, the
anterior domain of expression was enlarged and inten-
sified (Fig. 4e). The stat3-expressing cells formed a
circular patch that lay just posterior to the edge of the
neural plate (Fig. 4f) and anterior to the rostral limits of
shh and hlx1 expression (data not shown). At bud stage,
the position of the stat3-expressing cells in the anterior-
most prechordal plate mesoderm, or polster, was clear
(Fig. 4g), and the first expression of stat3 in the
overlying neurectoderm was detected in a limited num-
ber of cells (Fig. 4h). Elevated expression of stat3 in the
anterior mesendoderm suggests the existence of a
signal passing into this tissue.

With the beginning of somite formation, expression of
stat3 was widely upregulated along the embryonic axis
with the exception of the adaxial cells, an epithelial
layer lying laterally to the notochord (Fig. 5a). At the
5-somite stage, elevated expression was detected in the
presumptive hindbrain and in the paraxial mesoderm
of the newly forming somites (Fig. 5b). By midsegmen-
tation stages, expression in the hindbrain and trunk
decreased, whereas expression in the forebrain and
midbrain and the growing optic primordia remained
high (Fig. 5c). stat3 levels increased dramatically in the
tail bud as it began extension at the 13-somite stage; by
this stage also, a rostrocaudal gradient of stat3 expres-
sion was evident along the notochord. At the 16-somite
stage, stat3 message was concentrated in the forebrain
and eyes and in a paired cluster of cells lateral to the
neural tube at an axial level rostral to the otic primor-
dia (Fig. 5d). Shortly after this first pair of cell clusters
expressed stat3, two more were detected: one immedi-
ately caudal to the midbrain hindbrain junction and the
other immediately caudal to the otic primordia. These
cell clusters correspond in location and morphology to
the primordia of the cranial sensory ganglia as marked
by expression of isl1 (Inoue et al., 1994). In the posterior
mesoderm, stat3 message was found at higher level in
the six most newly formed somites and the presegmen-
tal mesoderm corresponding to the somite about to
form, as well as the everting tail bud. Expression in the
newly formed somites persisted, but by the 19-somite
stage became localized to the ventral portion of the
somites (Fig. 5e). Expression of stat3 in the primordia of
the cranial sensory ganglia increased rapidly so that by
24 hpf the maturing structures of the trigeminal,
anterior lateral line, acoustic and posterior lateral line
ganglia (Metcalfe et al., 1990; Holder and Hill, 1991)
expressed high levels of transcript (Fig. 5f, g). The
dorsal midbrain and a stripe of cells in the mid-
diencephalon between the eyes were also expressing
stat3 at this stage. Expression within the eyes was
restricted by 24 hpf, with highest accumulation of stat3
transcript found in the cells of the neuroepithelium
closest to the lens (Fig. 5g).

The expression of stat3 was followed throughout the
remainder of embryonic life and into the larval stages.
At 2 days postfertilization (dpf), expression of stat3 was
confined to the cranial sensory ganglia (Fig. 6a). A
subset of these structures, the trigeminal and the
posterior lateral line ganglia, also expresses the cyto-
plasmic kinase jak1 (Oates et al., 1999) at this stage
(Fig. 6b). Over the next 2 days of development, expres-
sion of stat3 expanded to include nuclei of the brain, the
endoderm by 3 dpf (Fig. 6c), and neuromasts of the
lateral line by 4 dpf (Fig. 6d). Close examination of the
brain at 3 dpf indicated that dorsally located cranial
motor nuclei of the midbrain (occulomotor) and hind-
brain (trigeminal, abducens/facial, glossopharyngeal,
and vagus) were expressing stat3 (Fig. 6e) as were two
paired nuclei of unknown identity in the forebrain (Fig.
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6h). At a more ventral location in the brain, stat3
expression persisted in the sensory cranial ganglia and
could be detected in the peripheral margin of the retina
(Fig. 6f). The endoderm of 3 dpf zebrafish showed stat3
expression, with the strongest signal from the liver and
weaker expression in the gut (Fig. 6g). Also at this time,
a diffuse signal was observed in the pharyngeal arches.
By 4 dpf, stat3 expression was detected in the dorsal
cells of the ventricular walls of the midbrain and
hindbrain, forming a cross-shaped arrangement when
viewed dorsally (Fig. 6i). This pattern was also ob-
served for the expression of the bHLH transcription
factor gene scl (Liao et al., 1998) (Fig. 6j). The retinal

ganglion cells of the eye expressed stat3 in patchy
manner (Fig. 6k). Expression of stat3 in the elements of
the lateral line was strong by 4 dpf (Fig. 6d, l),
appearing as a ring of positive neuromast support cells
surrounding a nonexpressing core of differentiating
hair cells (Metcalfe et al., 1985). These support cells
also express jak1 (data not shown). Expression of stat3
in the pharyngeal arches increased and was main-
tained in the liver and gut at 4 dpf (Fig. 6l). By 5 days,
an epithelial ring of cells around the opening mouth of
the larva was strongly positive for stat3 (Fig. 6m).

Thus, stat3 is expressed in a variety of tissues in the
developing zebrafish, most prominently in the anterior

Fig. 4. stat3 expression in the early zebrafish embryo. Zebrafish
embryos collected from natural spawning and staged according to
Kimmel et al. (1995) were hybridized with a riboprobe to stat3 to localize
the sites of endogenous stat3 expression during blastula and gastrula
stages (3–11 hpf). Embryos are shown in lateral view with animal pole to
the top and dorsal to the right of the panel unless otherwise noted. Scale
bars are 250 µm for panels a,b,d–f and 100 µm for panels c, g, and h. a:
1K stage showing ubiquitous zygotic stat3 transcript; arrowheads indicate
blastoderm margin. b: 40% epiboly, ubiquitous expression, arrowheads
indicate blastoderm margin. c: 40% epiboly, higher magnification view
demonstrating stat3 exclusion from enveloping layer (white arrowheads),
black arrowhead indicates blastoderm margin. d: 90% epiboly. stat3

expression is restricted to the anterior-most mesendoerm of the pre-
chordal plate (white arrowheads). Note open yolk plug; black arrowheads
indicate the gastrula margin. e: 100% epiboly, viewed as in (d) showing
intensified signal from prechordal plate (white arrowheads) and closed
yolk plug (black arrowhead). f: 100% epiboly, animal view, dorsal to the
top of panel, showing the stat3 expression domain. The anterior edge of
the neural plate is marked with white arrowheads, and a black arrowhead
denotes the position of the dorsal axis. g: Bud stage, lateral view at high
magnification showing restriction of stat3 message to the anterior-most
mesendoderm. h: Bud stage, anterior view at high magnification showing
lateral extent of stat3 expression in prechordal plate (white arrowheads)
and in isolated cells of anterior neurectoderm (black arrowhead).
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Figure 5. (Legend on following page.)
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hypoderm in late gastrulation, the sensory cranial
ganglia during the pharyngula stages, and the retina,
lateral line, liver, and cranial motor nuclei during
larval stages, suggesting that it may be involved in the
transduction of signals important for the development
of these structures.

DISCUSSION

We have isolated cDNAs encoding the zebrafish
homologs of the transcription factors STAT1 and STAT3,
genes required for cytokine signaling in mammals. The
high similarity of the sequences of these cDNAs to those
of their mammalian homologs, combined with the abil-
ity of zebrafish stat1 to rescue cytokine signaling in a
STAT1-deficient human cell line, indicates that the
processes of cytokine signal transduction are likely
conserved between mammals and teleosts.

Structural and Functional Relationships
Between the STAT Genes

Functionally characterized regions with high iden-
tity between zebrafish and mammalian STAT proteins
include the N-terminal 120 amino acid oligomerization
domain, the DNA-binding domain, and the SH2 do-
main. The otherwise highly variable C-terminal do-
main has two islands of high identity positioned around
the activation tyrosine and the serine phosphorylation
site. Notably, the domain immediately N-terminal to

the SH2 domain and the region N-terminal to the DNA
binding domain are also highly conserved between fish
and mammals. Recent crystallographic data indicate
that both regions play important roles in the relative
orientation and spacing of the N-terminal oligomeriza-
tion, DNA binding, and SH2 domains (Chen et al., 1998;
Becker et al., 1998). The variant stat3 cDNA possessing
a short internal deletion is likely to represent an
alternately spliced mRNA. On the basis of experiments
with the mouse Stat3b, this alteration would be pre-
dicted to abolish regulatory changes based on serine
phosphorylation (Wen et al., 1995; Wen and Darnell,
1997). Furthermore, it would be predicted to cause
constitutive activation in the absence of cytokines at some
promoters (Sasse et al., 1997; Schaefer et al., 1997) and
act as a dominant negative repressor at others (Calden-
hoven et al., 1996). The deletion of the C-terminus in
this manner would also confer cooperative transcrip-
tional activity with c-Jun (Shaefer et al., 1995). Thus,
primary sequence analysis suggests that the zebrafish
stat cDNAs isolated in this study represent transcripts
from intact, functional STAT gene family members.

This conclusion is supported by the demonstration
that the zebrafish stat1 cDNA will rescue the cytokine-
signaling defect in human fibroblasts caused by the loss
of endogenous STAT1 activity. The reconstitution of
IFN-g, IFN-a, and IL-6 signaling to the 6–16 promoter
and the integration of the zebrafish stat1 protein into
interferon-mediated growth suppression processes in
mammalian cells suggests that the variation in DNA
binding and activation tyrosine motifs found in the
zebrafish stat1 protein are without functional conse-
quence. Thus by inference, the zebrafish protein is
competent to bind to human cytokine receptor cytoplas-
mic domains, act as a substrate for human JAK pro-
teins, and, after translocation to the nucleus, bind to
SBEs in the human genome and mediate transcrip-
tional activation. This high degree of conservation
suggests that the zebrafish may provide a reliable
model for the developmental genetic analysis of cyto-
kine signal transduction.

Synteny and Evolution of the STAT
Family of Genes

In the human genome, each STAT gene is tightly
linked to a HOX cluster in a locus that contains two or
three tandemly arranged STAT genes (Copeland et al.,
1995; Spring, 1997). The chromosomal position of ze-
brafish stat3 on LG3 places this gene in a chromosome
segment that shares extended gene order with regions
of human chromosome 17 and mouse chromosome 11
(Fig. 3e). In addition to stat3/STAT3/Stat3, the LG3 loci
hoxb5/HOXB5/Hoxb5, dlx8/DLX3, pyy/PYY, rara2b/
RARA/Rara, and hbaa1/Hba appear to be orthologs in
zebrafish, human, and mouse, respectively (Njolstad et
al., 1988, 1990; Molven et al., 1993; Joore et al., 1994;
Ellies et al., 1997). The inclusion of stat3 in this synteny
group extends the region conserved between human,
mouse, and zebrafish a further 15.7 cM distal from the

Fig. 5. (Figure on preceding page.) stat3 expression in the segmenta-
tion and early pharyngula stage zebrafish embryo. Zebrafish embryos
collected from natural spawning and staged according to Kimmel et al.
(1995) were hybridized with a riboprobe to stat3 to localize the sites of
endogenous stat3 expression during segmentation and early pharyngula
stages (12–24 hpf). Embryos are shown dissected from their yolk, viewed
dorsally in flat mount with anterior to the left of the panel, unless indicated
otherwise. Scale bars are 250 µm for panels a–d, and f, and 100 µm for
panels e and g. a: 3-somite stage, showing stat3 expression in the
anterior neural plate, ventral tail bud (arrow), and notochord. Note
exclusion of stat3 from the adaxial cells, visible as a clear stripe adjacent
to the notochord (arrowhead). b: 5-somite stage, stat3 expression
persists as in (a), with elevated expression in the anterior neural keel
corresponding to the presumptive hindbrain (star) and in the newly
forming somites (bracket). c: 13-somite stage, showing elevated stat3
transcript in forebrain and midbrain, including the optic primordia (thin
arrow), whereas expression in the hindbrain has decreased. Staining
becomes stronger in the anterior notochord (arrowhead) relative to the
posterior, and expression in the tail bud (thick arrow) increases strongly.
d: 16-somite stage, stat3 expression is present at high levels in the eyes
and midbrain, tailbud (arrow), presomitic mesoderm and newly formed
somites (bracket). Small arrowheads mark the position of the most
recently formed somite boundary. stat3 transcript is seen for the first time
in cranial ganglia primordia (large arrowheads). e: 19-somite stage,
lateral view of tail showing persistent expression of stat3 in ventral
somites (white arrowhead). The position of the most recently formed
somite boundary is indicated with arrowheads. f: 24 hpf, lateral view of
whole mount embryo. stat3 expression is seen in the cranial ganglia
(white arrowheads), dorsal midbrain (black arrowheads), eyes, and in a
restricted cluster of neurons in the diencephalon between the eyes
(arrow). g: 24 hpf, stat3 expression is detected in the midbrain (out of the
plane of focus) and in eyes at elevated levels in the retina (white
arrowheads), diencephalon (arrow), and the cranial ganglia (from rostral
to caudal: trigeminal, anterior lateral line/acoustic and posterior lateral
line, arrowheads). The position of the otic vesicle is marked with a star.
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hoxba cluster. The high-sequence similarity and syn-
tenic position of stat3 leads us to conclude that it
represents a genuine ortholog of the known mamma-
lian STAT3 genes. Furthermore, it indicates that this
syntenic relationship has persisted for more than 420
million years, the estimated time since the divergence
of lobe-fin and ray-fin fishes (Ahlberg and Milner, 1994).
In contrast, stat1 maps to LG22, where the only marker
present that enables syntenic analysis is the more
centromeric scl gene (Liao et al., 1998). The presumed
orthologs of these genes are not syntenic in mouse or
human: Stat1 is located on Mmu1 and Tal1 on Mmu4 at
49.5, and STAT1 is found at Hsa2q32-q34, whereas
TAL1 is at Hsa1p32, suggesting that their chromo-
somal linkage differs in zebrafish. We are currently
investigating the possibility of additional stat1 ho-
mologs in the zebrafish.

Comparison of early stat1 gene expression pat-
terns in the Zebrafish and in the mammal. In situ
hybridization with Stat1 in early postimplantation
mouse development demonstrates maternal expression
in endothelial cells of decidual vasculature, and de-
cidual cells apposed to the myometrium (Duncan et al.,
1997). Extraembryonic parietal endoderm and the ecto-
placental cone express Stat1 message, whereas at E 9.5,
the embryo proper has not initiated expression. Simi-
larly, zebrafish stat1 cannot be detected in the embryo
proper at the stages examined, but unlike the mammal,
zebrafish stat1 is not seen in the extraembryonic tissue
of the zebrafish, the yolk syncitial layer (YSL, see
below). Stat1 expression has been detected in the
postnatal brain of mice (Planas et al., 1997a) and can be
detected in multiple adult tissues (Zhong et al., 1994b;
Herrada and Wolgemuth, 1997; Illa et al. 1997), raising
the possibility that expression of the zebrafish stat1
gene may be seen at much later stages in zebrafish.

Comparison of early stat3 gene expression pat-
terns in the zebrafish and in the mammal. Differ-
ences are seen in STAT3 expression patterns between
mouse and fish at early stages of development. An
essential functional role for Stat3 in the mouse is
indicated by the failure of Stat3 mice to initiate gastru-
lation (Takeda et al., 1997). Stat3-deficient mouse
embryos produce an egg cylinder at E 6.0, which is
smaller than wild-type siblings, but appears otherwise
normal. However, by E 6.5, the Stat3-deficient embryo
begins to degenerate and does not produce any meso-
derm at E 7.0, in contrast to wild-type siblings. Stat3
transcripts are detected by in situ hybridization in the
mouse conceptus at E 6.0 in extraembryonic columnar
visceral endoderm (which forms the visceral wall of the
yolk sac) (Takeda et al., 1997). Duncan and co-workers
(1997) confirm this localization at E 7.5 of development
when Stat3 is expressed in multiple extraembryonic
tissues. This expression data suggest that functional
Stat3 is required in the extraembryonic tissues for
survival of the conceptus but does not rule out an
earlier role within the embryo proper. The primitive
endoderm of mammals may be homologous to the YSL

of the teleost; induction and dorsoventral specification
of mesoderm from the zebrafish blastoderm is a prop-
erty of the YSL (Mizuno et al., 1996; Yamanka et al.,
1998; Koos and Ho, 1998). However, we have not been
able to detect stat3 in the YSL, suggesting that the
function of Stat3 in the extraembryonic tissues of the
mouse may be a mammalian specific adaptation.

A conserved role in early embryogenesis for STAT3
may be found in the preservation of the potential for
self-renewal of the earliest cells of the blastula. In
embryonic stem (ES) cell lines, derived from the inner
cell mass of the early mouse blastocyst, a functional
Stat3 gene is required for the maintenance of pluripo-
tency (Raz et al., 1999). In the absence of Stat3, or on
overexpression of dominant negative versions of the
gene, an enhanced and premature differentiation of
this cell type is seen in the absence of changes in
proliferation (Boeuf et al., 1997; Niwa et al., 1998; Raz
et al., 1999). Early stat3 expression in the zebrafish
may play an analogous role; it is abundant in the cells of
the blastula as they proliferate and determine their
position within the axial coordinates of the embryo but
is down-regulated at the onset of gastrulation when the
mesoderm is created and overt differentiation begins.
In any case, a prediction of a potential functional
conservation for STAT3 in vertebrates is that introduc-
tion of dominant negative forms of stat3 (Kaptein et al.,
1996; Minami et al., 1996; Nakajima et al., 1996) or a
loss of function stat3 mutation would perturb gastrula-
tion in zebrafish. It will be interesting to compare the
map positions of zebrafish zygotic mutants that do not
gastrulate with that of stat3.

It is interesting to note the absence of both zebrafish
stat genes from the extraembryonic tissues (YSL) of the
fish. Because the role of mammalian Stat genes in
extraembryonic tissue function is unknown, we cannot
determine if this function is provided in fish by the YSL.
If this were the case, the differences detected by this
study may reflect evolutionary modification of the roles
played by STAT genes in different vertebrates. Alterna-
tively, the early role of mammalian Stat genes may
concern a novel function of the extraembryonic tissues
related to the processes of implantation and maternal
interaction, and no stat expression in the YSL of fish
would be expected.

At E 9.5 of mouse development, embryonic expres-
sion of Stat3 is found in the endothelia of the vascula-
ture (dorsal aorta and umbilical vein), nucleated blood
cells, myocardium, and endocardium of the atria and
ventricles of the heart (Duncan et al., 1997). However,
zebrafish stat3 is not detected in these tissues at an
equivalent stage of development (24 hpf) or thereafter
at stages we have examined, suggesting that a role for
Stat3 in blood and vascular development is a specific
function of the mammalian gene. Alternatively, there
may exist additional stat3 homologs in the zebrafish
that have retained a blood-specific expression pattern.
In this regard, it is noted that there are two JAK2
homologs in the zebrafish, only one of which is ex-
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pressed in erythroblasts (Oates et al., 1999). stat3
expression in head mesenchyme of the pharyngeal
arches is not evident in the zebrafish till 3 dpc; this
contrasts with an early (E 9.5) Stat3 expression at high
level in head mesenchyme in the mouse embryo; how-
ever, in the mouse, the expression does not appear to be
restricted to the pharyngeal arches (Duncan et al.,
1997). In contrast to the differences noted above, the
expression of stat3 in the PNS and CNS of zebrafish is a
feature shared by mammals; activated stat3 protein
can be detected in the developing mammalian brain by
gel shift assay and Western blot (Planas et al., 1997b;
De-Fraja et al., 1998; Potts et al., 1998), and functions
for Stat proteins in mammalian neurons are well
documented (see below).

Potential Functions of JAK and STAT Genes
in the Peripheral and Central Nervous System
of Vertebrates

The late expression of stat3 along with jak1 in cells of
the sensory cranial ganglia relative to markers of
neural crest identity (dlx2, Akimenko et al., 1994),
neural commitment (isl1, Inoue et al., 1994) and differ-
entiation (L1, Tongiorgi et al., 1995) raises a question
as to the nature of the signal that may be transduced,
because it argues against those that impart specifica-
tion or differentiation. Rather, signals that direct axon

guidance or neuronal survival may be better candi-
dates. Members of the Trk receptor family transduce
distinct survival signals in response to the binding of
member of the nerve growth factor (NGF) family of
growth factors in the cranial ganglia of mice (Klein et
al., 1993; Crowley et al., 1994; Jones et al., 1994;
Smeyne et al., 1994; Pinon et al., 1996), and the
zebrafish trkC1 gene is expressed in the cranial ganglia
with a similar developmental timing to the stat genes
reported here (Martin et al., 1998). NGF signaling in
PC12 cells causes the rapid serine phosphorylation of
Stat3, and in combination with IL-6, the formation of
DNA-binding complexes containing Stat1 and Stat3
(Wu and Bradshaw, 1996). We note that the NGF-
related signaling molecule BDNF is expressed in ze-
brafish in the central hair cells of the lateral line
neuromasts (Hashimoto and Heinrich, 1997), which are
surrounded by stat3-expressing support cells. This sug-
gests that BDNF released from the hair cells may bind to
the support cells and that stat3 in these cells may trans-
duce this signal. Given the requirement for STAT signaling
in mediating the effects of signaling from other RTKs, such
as the HGFR (Boccaccio et al., 1998), it is tempting to
suggest that STAT1 and/or STAT3 function may be con-
nected to the effectiveness of Trk- mediated signals in the
cranial ganglia and lateral line of vertebrates.

Examination of Stat3 expression and activation in
the developing cerebellum of the postnatal rat (Planas
et al., 1997b) indicates that neuronal expression in the
CNS is a feature of both fish and mammalian STAT3
genes. One role for STAT1 and STAT3 in the develop-
ment of the CNS is found in the transduction of the
astrocyte differentiation signal CNTF, which signals
via a cytokine-specific subunit, the CNTFR-a, and the
JAK/STAT-activating gp130 and LIFR-b signaling
chains. CNTFR-a-deficient mice display severe motor
neuron defects (DeChiara et al., 1995). In rat cortical
and spinal neuron precursor cells, Stat1 and Stat3 are
rapidly phosphorylated in response to CNTF and bind
to a functionally critical SBE in the promoter of the
astrocyte specific GFAP gene; furthermore, a dominant
negative Stat3 isoform suppresses the CNTF differen-
tiation activity (Bonni et al., 1997). In the zebrafish, the
JAK/STAT pathway may play an analogous role in CNS
development, and the expression of stat1 and stat3 (as
well as jak1 and jak2a, Oates et al., 1999) in regions of
the developing zebrafish CNS is consistent with this
notion. In this study, we demonstrate the expression of
stat3 in cranial motor nuclei in the midbrain and
hindbrain from day 3 onward. The formation of the
cranial motor nuclei is marked by isl1 (Inoue et al.,
1994; Chandrasekhar et al., 1997) expression through
the first and second day of development, but to date,
there has been no marker of later stages of development
of these structures. Again, the timing of stat3 expres-
sion is consistent with a role in survival or maintenance
of the differentiated state of these cells. Coexpression of
stat3 with four distinct Trk receptors (Martin et al.,
1995) in the retinal ganglion cell layer of the developing

Fig. 6. stat3 expression in the developing zebrafish larva. Zebrafish
embryos collected from natural spawning and staged according to
Kimmel et al. (1995) were hybridized with a riboprobe to stat3 to localize
the sites of endogenous stat3 expression during larval stages (2–5 dpf).
Embryos are shown dissected from their yolk, viewed dorsally in flat
mount with anterior to the top of the panel, except c, d which are lateral
views and i, which is viewed ventrally. Scale bars are 100 µm for panels a,
b, and e–m, and 250 µm for panels c and d. a: 2 dpf head, showing stat3
expression in sensory cranial ganglia: tr, trigeminal; all, anterior lateral
line; ac, acoustic; pll, posterior lateral line. The position of the ear is
marked with a star. b: 2 dpf head, showing jak1 expression in trigeminal
and posterior lateral line sensory cranial ganglia (arrows) and ear (star). c:
3 dpf, lateral view of head. Dashed lines indicate location of stat3
expressing features displayed at high magnification in e–h, below. d: 4
dpf, lateral view of head. Dashed lines indicate location of stat3 express-
ing features displayed at high magnification in i–k, below. Neuromasts of
the lateral line system are indicated with arrowheads. e: 3 dpf head, DIC
optical section of dorsal brain showing stat3 expression in the cranial
motorneuron nuclei. III, occulomotor; V, trigeminal; ab/VII, abducens and
facial; IX, glossopharyngeal; X, vagus. Dashed outline indicates relative
position of (h). f: 3 dpf head, DIC optical section, ventral to (e), showing
stat3 expression in the sensory cranial ganglia denoted as in (a).
Expression is also seen in the marginal zone of the retina (arrowheads).
g: 3 dpf, DIC optical section through ventral head showing expression in
the liver (arrowheads) gut (arrow) and pharyngeal arches (small arrows).
h: 3 dpf, DIC optical section intermediate between (e) and (f) in head
showing additional neuronal nuclei of unknown identity in forebrain. i: 4
dpf head, dorsal optical section showing stat3 expression in cells lining
the ventricles (arrowheads). j: 3 dpf, same section of head as (i), showing
scl expression in the walls of the ventricles. k: 4 dpf, DIC optical section
through center of eye, showing stat3 expression in the retinal ganglion cell
layer (arrowheads). l: 4 dpf, ventral view of head, showing stat3 expres-
sion in the liver (arrowheads), pharyngeal arches (small arrows) and
neuromasts of the anterior lateral line (larger arrows). m: 5 dpf, DIC
optical section at the level of the opening of the mouth, showing stat3
expression in a ring of epithelial cells around the opening.
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retina suggests the interaction of these signaling compo-
nents within the CNS, in addition to their proposed role
in the PNS described above.

Thus, comparison of early embryonic expression pat-
terns between the mouse and zebrafish STAT genes
indicates that the temporal and spatial regulation of
transcription is not highly conserved. STAT1 is ex-
pressed in neither animal in the embryo proper during
early development, and stat3 expression appears to be
conserved only in the CNS of both animals. However,
these comparisons suffer from a paucity of data from
the mouse beyond E 13.5; further similarities may
become known as the expression patterns of mamma-
lian STAT1 and STAT3 genes are better characterized.

In summary, this work has demonstrated the exis-
tence and high structural and functional conservation
of members of the STAT gene family, essential compo-
nents of cytokine signal transduction pathways, in
teleost fish. The results presented here strongly sug-
gest that the biochemical mechanism of cytokine signal-
ing is conserved across vertebrata. Furthermore, the
data indicate that genes of these families are deployed
during embryogenesis in a dynamic and tissue-
restricted manner, suggesting that they may partici-
pate in multiple distinct ontogenetic signaling events.
This sharp spatiotemporal restriction of expression of
what were thought to be ubiquitous intracellular signal-
ing components suggests that differential expression of
signal transduction componentry is a mechanism
whereby cytokine signaling may be regulated during
development. The genes of the stat family have been
genetically mapped, demonstrating that a member of
the stat family appears to be situated in a paralogous
chromosomal segment, the long-range structure of which
has been conserved for more than 400 million years. In
addition, mapping allows rapid assessment of whether
one or more of the hundreds of mutant zebrafish lines
may harbor a mutation in a stat gene. It is important
becauses this study has opened the possibility for
analysis of cytokine signaling in the zebrafish, a model
organism that allows genetic and cell biological ap-
proaches to be married in the investigation of complex
genetic and physiological mechanisms.

EXPERIMENTAL PROCEDURES
Isolation of Zebrafish stat Homologs

STAT-directed degenerate oligonucleotide primers
were designed after Wilks (1989), based around regions
of sequence similarity defined by aligning H. sapiens
STAT1 and STAT2 proteins (Fu et al., 1992). For the
amplification of STAT sequences, a nested protocol
using mixed stage cDNA as template was used. The
first reaction used a primer targeting the amino acid
motif QPCMP, found at position 307 in STAT1, in
combination with the reverse complement primer tar-
geting the motif LWNDG, found at position 561. The
product of this reaction was used as template in a
nested PCR with a primer targeted to the motif GFRKF,
found at position 367, in combination with the LWNDG

primer described above. The sequence of the primers is
described below: QPCMP, GGGAATTCCA(A/G)CC(G/A/T/
C)TG(T/C)ATGCC; GFRKF, GGGAATTCT(T/C)(A/C)G(G/
A/T/C)AA(A/G)TT(T/C)AA; LWNDG, CCGAATTC(G/A/T/
C)CC(A/G)TC(A/G)TTCCA(G/A/T/C)A. cDNAlibrarieswere
plated and screened at high stringency according to
standard methods (Sambrook et al., 1989) with PCR
products generated by STAT-directed degenerate oligo-
nucleotide PCR as above and specific for the zebrafish
stat1 and stat3 genes. Mixed developmental stage D.
rerio cDNA libraries in Lambda Zap (Stratagene, La
Jolla, CA), both random and poly-A primed, were a gift
of J. Campos-Ortega (University of Koln). Lambda Zap
cDNAlibraries generated from staged embryonic mRNA
populations were made by Bob Riggleman and Kathryn
Helde and were a kind gift of D. Grunwald (Eccles
Institute, University of Utah). The ‘‘Contig Manager’’
application of the DNAstar suite of programs was used
to create and monitor contigs from the primary se-
quence data. cDNA sequences presented herein corre-
sponding to each of the gene transcripts under study
were sequenced in both directions to a minimum of
twofold coverage.

Zebrafish Care and Strains

Zebrafish were raised and maintained as described
(Westerfield, 1995) by using wild-type fish purchased
from St. Kilda Aquarium (Melbourne, Australia). The
b245 gamma ray deletion allele was described in Fritz
et al. (1996).

Sequence Analysis and Evolutionary
Comparison

Electronic database searches were made by submit-
ting nucleic acid sequence and putative amino acid
sequence to the public search facility at the Baylor
College of Medicine (http://kiwi.imgen.bcm.tmc.edu) us-
ing ‘‘WU-BLAST’’ (Altschul and Gish, 1996). To study
the evolutionary relationships between the identified
STATs, the deduced amino acid sequences of the genes
in question were aligned with the ‘‘CLUSTAL’’ protein
alignment program (Higgins et al., 1996) of the
MegAlign application (DNAstar suite) and refined by
hand using information from crystal structures where
available (Vinkemeier et al., 1998; Chen et al., 1998;
Becker et al., 1998), and functional studies (Wen et al.,
1995). These alignments were used to create maximum
parsimony phylogenetic trees and distance matrices
using the options of that program. The topology of the
phylogenetic trees shown was insensitive to the order of
sequence addition.

Wild-Type and Mutated stat1 Variants

The stat1 cDNA was excised from a full-length plas-
mid (3705pA-16.1) with EcoRI and ligated into pcDNA3
(Invitrogen, CA). stat1 DPIC and stat1 TGA were
generated from 3705pA-16.1 by restricting with TthI
and NcoI, blunting the overhangs with T4 DNApolymer-
ase and religating with T4 DNA ligase. Sequencing
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confirmed that stat1 DPIC has a 22 amino acid in-frame
deletion between residue 23 and 45, and stat1 TGA
resulted from an incomplete blunting reaction that
introduces an in-frame stop codon after 28 amino acids
of the native stat1 sequence. Mouse Stat1 in pcDNA3
was a kind gift of Dr. S. E. Nicholson (Walter and Eliza
Hall Institute, Melbourne).

Cell Culture, DNA Transfection, and Selection
Regimens

Parental 2fTGH and mutant U3A cells lacking STAT1
(Pellegrini et al., 1989; McKendry et al., 1991; Muller et
al., 1993) were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM) with 10% (v/v) FCS and 5 µM
L-glutamine. Hygromycin (Sigma, St. Louis, MO) was
included at 250 µg/mL for the stabilization of the gpt
vector in the U3A cells. DNA transfection was per-
formed by using either the calcium phosphate method
(Velazquez et al., 1992) with 106 cells per 10-cm dish
and 20 µg of DNA per dish (4-µg expression vector DNA
and 16-µg carrier vector pEF BOS) or by using the
DOTAP Liposomal transfection kit (Boehringer Mann-
heim) as described by the manufacturer with 5 3 105

cells per 10-cm dish, and 10-µg expression vector DNA.
Following transfection, cells were grown for 3 days,
split 1:10 and selected in 500 µg/mL G418-containing
media (Gibco BRL) for another 7–14 days.

Stably transfected cell lines were assayed for respon-
siveness to cytokine signaling by plating in negative
selection media (HAT: 20 µg hypoxanthine/mL, 0.2 µg
aminopterin/mL, 20 µg thymidine/mL in DMEM) or
positive selection media (6TG 30 µg 6-thioguanine) in
the presence of IFN-a? 600 IU/mL Refron A (Roche Pty.
Ltd. New South Wales, Australia), or IFN-g? 15 ng/mL
Imukin (Boehringer Ingelheim Pty. Ltd., New South
Wales, Australia), or 100 nM IL-6 plus 200 pM soluble
IL-6R (kind gift of Dr. R. Simpson, Ludwig Institute for
Cancer Research, Mebourne, Australia). Representa-
tive cell fields were photographed under phase contrast
using a Nikon-inverted microscope after 2 weeks of
selection. Growth curves were measured by plating 3 3
104 cells per 3-cm dish and counting viable cell number
daily (in triplicate) for the following 8 days. DNA
synthesis was measured by plating 1 3 105 cells per
well and growing cells to 20% confluency. The cells were
serum starved for 20 hr and then selected in the
presence of cytokines at various doses as described
above. After 12 hr, cells were pulsed with 3H-thymidine
(1 µCi/mL) for 2 hr and harvested by using a Cell
Harvester 96 (Tomtec). For each cell line the number of
counts were normalized to the maximal incorporation
for the cell line and displayed as percent incorporation.

Generation of DNA Polymorphisms and Genetic
Mapping

A bacterial artificial chromosome (BAC) library (Ge-
nome Systems, St. Louis, MO) containing large insert
zebrafish genomic DNA was screened by hybridization
to oligonucleotide probes derived from stat1 and stat3

cDNA. The presence of the target genes was confirmed
with PCR by using independent coding region-derived
primers. Clones corresponding to the genomic loci were
obtained for stat1 (46J1, 43J3, and 93N19) and stat3
(82H8, 138C20, and 155 K12). Sequence information
from the ends of each of these genomic clones was
determined (data not shown) and used to design PCR
primer pairs that amplified products from genomic DNA,
which segregated in a C32xSJD mapping cross (Johnson et
al., 1996). The primers for stat1 (93 T7–1 CTCTCATGTCT-
GCCATTATG, 93 T7–3 CGCACTTTCAAACATTGGGCTG,
derived from BAC 93 N19) give a recessive sequence
polymorphism (Orita et al., 1989); the stat3 codominant
size polymorphism is from the primer pair 138 SP6–1
TTTTGTCCCTCGTCTTTCAG, 138 SP6–2 AGACT-
GATCTGGCTCCATAG, derived from BAC 138 C20.
Linkage was determined by comparison of a given
marker on a C32xSJD haploid panel consisting of 96
individuals that were genotyped against approximately
600 markers (Goff et al., 1992; Johnson et al., 1996;
Knapik et al., 1996) for close correlation of segregation
patterns using the program ‘‘MapMaker’’ (Lander et al.,
1987) and the program ‘‘mapmanager’’ (Manly et al.,
1996). Linkage between the stat3 gene and the b245
deletion (Fritz et al., 1996) was determined by PCR
(Knapik et al., 1996) using the following primer pairs:
stat3 gene, s3.10 TATAGTGAGCTTAGGTGC, and s3.14
TGGGCGGATTCTGATCAC; cdc27 gene, cdc27F1 GATTT-
GCCAATGACTCCACCGTC and cdc27F2 GGCTAATT-
GACTTACTTAACTCC, cdc27R1 TTAGCAGATGAATCT-
TATGCC and cdc27R2 TAACAGATGGCAATCTGAAAG;
a-globin locus: a-globinF CTGCCAAAGACAAAGCTGC-
CGTCA and a-globinR AGCATGGAGCTCACTGAG-
GTTCAG.

Whole-Mount In Situ Hybridization

Embryos were staged according to Kimmel and co-
workers (1995). Embryos raised to time points beyond
24 hr postfertilization (hpf) were transferred to E3
embryo medium with 0.003% phenylthiourea (PTU,
Sigma) to prevent melanization. Riboprobe synthesis
and in situ hybridization were conducted essentially as
described (Shulte-Merker et al., 1992) with modifica-
tions as in Oates et al. (1999). Furthermore, an in-
creased stringency was afforded by hybridization and
washes with 0.053 SSC at 70°C. The stat1 riboprobe
was generated from the full-length cDNA by restricting
with Not I and then transcribing with T7 RNA polymer-
ase in vitro. The stat3 riboprobe was generated by
restricting the full-length stat3 cDNA with Acc I and
religating, to remove the two internal Acc I fragments.
The resulting plasmid, containing the 58 most 1.5 kb
encoding the ATPID and coiled-coil domain, was re-
stricted with Bam HI and transcribed in vitro with T7
RNA polymerase. The color reaction was stopped at the
same time for all stages up to and including 1 dpf, after
6–8 hr of development. Larvae up to 5 dpf were
similarly treated, being developed for approximately
2days. Sense riboprobes from stat1 and stat3 plasmids
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did not produce any signal over these times (data not
shown).
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