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ABSTRACT Establishment of the vertebrate body plan
requires a variety of signaling molecules. In a search for
tyrosine kinases expressed in early zebrafish embryos, a
model system for the study of vertebrate development, we
discovered Jak1 kinase to be maternally encoded and the
mRNA evenly distributed among the cells of blastula-stage
embryos. Injection of RNA-encoding dominant-negative Jak1
kinases reduces a specific cell migration, epiboly, and results
in the reduction of goosecoid expression and of anterior
structures. This work establishes that, in addition to its role
in signal transduction of cytokines in adult tissues, Jak1
kinase has a role in early vertebrate development.

One of the earliest events of vertebrate development is the
specification of the primordial germ layers, ectoderm,
endoderm, and mesoderm, and the extensive cell migrations
that immediately follow. These processes are likely to require
a variety of signal transduction cascades, and several peptide
growth factors have been implicated in these processes (1–3).
In this study, we show that Jak1 kinase also is required for these
processes.
In a model vertebrate, the zebrafish, developmental events

are easily visualized and studied. In a search for signal trans-
ducers that might regulate early development, we used a
degenerate PCR approach to identify tyrosine kinases ex-
pressed during zebrafish gastrulation. Other than the FGF
receptor, no other tyrosine kinase has been implicated in the
earliest events of vertebrate development. Using degenerate
primers to conserved residues in the catalytic domain of
tyrosine kinases, we have isolated a homologue of the Jak1
kinase from early gastrula embryos. This is surprising, as Jak1
kinase has been implicated thus far only in signaling for adult
tissues in vertebrates.
Jak1 is one of four members of a tyrosine kinase family that

possesses several features in common (4, 5). The Jak family
members, Jak1, Jak2, Jak3, and Tyk2, lack SH2 and SH3
domains, are cytoplasmic, and possess two kinase domains.
The N-terminal kinase domain has only limited homology to
the phosphotransferase domains of other tyrosine kinases and
the isolated domain, expressed as a glutathione S-transferase
(GST) fusion, does not possess kinase activity (6). The C-
terminal domain, however, possesses all the motifs found in
tyrosine kinase domains and this domain, fused to GST, has
phosphotransferase activity (6).
Jak1 kinase is ubiquitously expressed in adult mouse tissues

(6) and has been shown to transduce signals from a variety of
cytokines (4, 5). Its developmental expression, however, has
never been analyzed. Jak1 has been thought to function
exclusively in adults, primarily in the modulation of immune

function. We show that during early development, Jak1 kinase
is exclusively of maternal origin, and through the use of
dominant negative Jak1 kinases, that this kinase is required for
cell migrations, goosecoid expression, and anterior shield
formation. In agreement with our findings, recent studies have
shown that Jak kinase plays a role in early Drosophila devel-
opment (7).We now show that this kinase also functions during
early vertebrate development.

MATERIALS AND METHODS

Isolation of Zebrafish Jak1 Kinase, Reverse Transcription–
PCR (RT–PCR), and in Situ Hybridization. Jak1 kinase was
isolated using mRNA from 6-h embryos using degenerate
PCR, as described (8). Total RNA, isolated from staged
embryos or adults, served as template for RT–PCR as de-
scribed (9). The minus-RT control contained adult RNA,
however, reverse transcriptase was omitted from the reaction.
Oligonucleotide primers complementary to EF1 alpha have
been described (9). Jak1 primers were 59-ATTGGAGACT-
TCGGCCTGAC-39 and 59-GGGTGTTGCTTCCCAG-
CATC-39. Blots were probed with an oligonucleotide comple-
mentary to a region between the PCR primers of either Jak1
or EF1 alpha. The oligonucleotide probe for Jak1 was 59-
GTGACCATGTATGAGCTCCT-39. Filters were subjected
to autoradiography and bands quantitated using a Fuji bio-
image analyzer. For in situ hybridization, staged embryos were
probed with either sense or antisense digoxigenin-labeled
RNA probes to Jak1 kinase as described (9).
Site-Directed Mutagenesis. JakKE was constructed by site-

directed mutagenesis using sequential PCR as described (10),
using 59-AGACGCTGACTCAAGGAGTG-39 and the muta-
genic oligonucleotide: 59-CTGGCTTCAGAGACTCCA-
CAGCCACTAGCTC-39 in one PCR reaction. The second
PCR reaction was performed using the mutagenic oligonucle-
otide: 59-AGTGGCTGTGGAGTCTCTGAA-39 and an oligo-
nucleotide complementary to a sequence in the T7 promoter
of pBluescript: 59-TAATACGACTCACTATAGGG-39 lo-
cated 39 to the Jak1 insert. JakDKin was constructed by deleting
downstream sequences from the XmnI site at position 2810 of
the nucleotide sequence.
Baculovirus Expression. Baculovirus plasmids were con-

structed in the vector pVL1393, containing maltose-binding
protein upstream from the polylinker sequence. Cloning,
infection, and cell lysis were performed as described (11). Sf9
cell lysates were purified over amylose resin (New England
Biolabs) as described by the manufacturer. Western blot
analysis with the antiphosphotyrosine antibody RC20 was
performed as described by the manufacturer (Transduction
Laboratories, Lexington, KY).
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RNA Injections. Genes encoding JakWt, JakKE, or JakDKin

were cloned into the expression vector pSP64T (12). Capped
RNA was synthesized in vitro from these constructs, and 100
pg were injected into one-cell embryos. Embryos then were
fixed and analyzed for the expression of ntl, axial, or goosecoid.
Ntl expression was assessed using an antibody to ntl protein as
described (13). Axial and goosecoid were analyzed by in situ
hybridization (14, 15).

RESULTS

Isolation of Jak1 Kinase and Its Temporal Expression
During Embryogenesis. Using degenerate oligonucleotides
complementary to the catalytic domain of tyrosine kinases, we
performed PCR using cDNA from gastrula embryos as tem-
plate. The PCR products were cloned, and using one of these
clones we isolated the corresponding cDNA from a gastrula
cDNA library. Comparison of this sequence with the GenBank
database revealed that the kinase we isolated is a Jak1 kinase.
Zebrafish Jak1 is 62% identical to human Jak1 at the amino
acid level and is most similar to carp Jak1 (86% identity).
We assayed the levels of Jak1 mRNA in developmental

stages of zebrafish using RT–PCR (Fig. 1). The maternal
transcript for Jak1 mRNA is stored in unfertilized eggs and is
the exclusive source of Jak1 mRNA during early zebrafish
development. Maternal transcripts remain roughly constant
through the midblastula stage (31⁄3 h of development). Less
than 1 h later, at 4 h of development, the level of Jak1 mRNA
drops precipitously, coincident with the midblastula transition
(MBT) and the induction of zygotic transcription.

We compared the levels of Jak1 mRNA to the levels of EF1
alpha mRNA, a housekeeping gene required for translation.
Maternally encoded transcripts for EF1 alpha, remain con-
stant through early stages, however, rather than decreasing,
this mRNA species increases at the beginning of gastrulation
(6 h of development), slightly behind the MBT. These results,
and the developmental profile of other genes, argue against the
generalized degradation of mRNA at MBT, and suggest that
there is a regulated and specific degradation of maternal Jak1
mRNA. The level of Jak1 mRNA continues to decrease until
this RNA is undetectable at 10 h of development. At 12 h of
development, Jak1 mRNA levels again increase. At 48 h of
development the mRNA level dramatically increases. In con-
trast, the level of EF1 alpha remains constant from 8 h to 72 h
of development. In agreement with studies on mice, Jak1
mRNA is found in adults.
Spatial Expression of Jak1 Kinase During Early Embryo-

genesis. To determine the spatial localization of Jak1 mRNA,
we performed whole-mount in situ hybridization with an
antisense RNA probe. Fig. 2 shows that Jak1 mRNA appears
in unfertilized eggs and is present through blastula stage
embryos. The distribution of this RNA is uniform among all
blastomeres. In agreement with the RT–PCR analysis, Jak1
mRNA dramatically decreases after the blastula stage and is
undetectable until 48 h of development, where this RNA is
concentrated in the region of the gill arches (data not shown).
Construction of Defective Jak1 Kinases. Jak1 signaling

occurs by transphosphorylation, thus a dominant–negative
approach is possible. Previous studies have used inactive Jak
kinases as dominant–negatives to inhibit Jak signaling path-
ways (16, 17). To assess the role of the Jak1 kinase in early
development we constructed two kinase inactive mutants. One
construct, JakKE contains a single base change at position 2915,
changing a lysine residue to a glutamic acid. All protein kinases
possess an invariant lysine in the ATP binding domain that is
directly involved in the phosphotransferase reaction. Amino
acid substitutions have been made for this lysine in a number
of kinases, including Jak2, another member of the Jak kinase
family, and in all cases this abolishes kinase activity (18). A
second mutant, JakDKin, was constructed by deleting the C-
terminal kinase domain.
To insure that these constructs are kinase deficient, we

produced wild-type Jak1 (JakWt), JakKE, and JakDKin in a
baculovirus expression system (Fig. 3). We purified Jak1
proteins from infected Sf9 cells and probed them with an
antiphosphotyrosine antibody. Only JakWt possesses phospho-
tyrosine. Jak proteins are known to autophosphorylate on
tyrosine, and this phosphorylation is thought to activate the
phosphorylation of exogenous substrates. Normally, autophos-
phorylation requires ligand binding by Jak1-associated recep-
tors; however, in the baculovirus expression system, the high
concentration of Jak1 protein leads to autophosphorylation.
Autophosphorylation has been observed by others for Jak2
expressed by baculovirus, similarly a Jak2 lysine to glutamic
acid mutant expressed by baculovirus fails to autophosphory-
late (18). We detect no phosphorylation for mutant JakKE and
also no phosphotyrosine in JakDKin, which lacks the kinase
domain.
Defective Jak1 Kinases Inhibit Cell Movements of Epiboly

and Reduce Anterior Structures. We injected one-cell em-
bryos with 100 pg of in vitro-transcribed RNA from constructs
encoding the JakWt, JakKE, or JakDKin genes. Until 4 h of
development, embryos injected with either of these RNAs
appear identical to uninjected embryos. However, at 4 h of
development, the first effects upon development appear. At
this time cell migrations begin, which are impaired by domi-
nant–negative Jak1 kinases.
During gastrulation, four cell movements occur. The first of

these movements is epiboly (Fig. 4A), blastomeres move down
the surface of the centrally located yolk cell from the animal

FIG. 1. Temporal expression of Jak1 kinase during zebrafish
development. RT–PCR analysis was used to compare the levels of Jak1
mRNA to the housekeeping gene EF1 alpha. The mRNA abundance
for Jak1 and EF1 alpha is shown as expression relative to themaximally
observed value for that mRNA species from the developmental stages
examined. Jak1 mRNA is of maternal origin and rapidly decreases at
the beginning of MBT, whereas EF1 alpha mRNA levels increase at
the beginning of zygotic gene expression. Hours of development
indicate times postfertilization at 288C.
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pole toward the vegetal pole, eventually covering the entire
surface of the yolk cell, a process that takes 10 h to complete
(arrow 1). Shortly after 6 h of development, three additional
cell movements begin. During involution, cells at the blasto-
derm margin curl underneath and migrate between the yolk

cell and overlying cells, producing a localized thickening of
cells around the equator of the embryo called the germ ring
(arrow 2). As involution and epiboly proceed, both involuted
and noninvoluted cells move toward the future dorsal side of
the embryo in a process known as convergence (arrow 3),
producing a thickening of the germ ring known as the embry-
onic shield. Cells in the embryonic shield undergo a fourth cell
movement, known as extension (arrow 4), causing an elonga-
tion of the embryonic shield. The four cell movements of
gastrulation (epiboly, involution, convergence, and extension)
transform a ball of cells into an elongated structure with the
major body axes.
When epiboly commences, embryos injected with RNA

frommutant Jak1 constructs show slower cell movements (Fig.
4B); however, the yolk is ultimately covered, epiboly taking
16 h to complete rather than the usual 10 h (Table 1). By 24 h
of development, embryos injected with JakWt RNA appear
identical to uninjected embryos; however, embryos injected
with mutant forms of Jak1 kinase possess anterior defects
(Table 1). These embryos have small eyes, and neural struc-
tures anterior to the otocyst are reduced, developing as a fused
neural tube, lacking ventricles and a midhind brain boundary
(Fig. 4 C and D). Despite neural defects, the otocysts develop
normally, including more posterior structures, such as the
spinal cord and somites. Injection of JakWt and JakDKin in a 3:1
ratio yields partial rescue of anterior structures; however, the
midhind brain boundary is still reduced (Table 1).
Defective Jak1 Kinases Reduce Goosecoid Expression and

Anterior Shield Formation.Mesendodermal cells are the first
cells to undergo migrations. The cell migration defect seen in
embryos injected with Jak1 mutants might be a secondary
consequence of improper mesodermal induction. To assess
mesoderm formation, we probed embryos injected with RNA
from Jak1 constructs for expression of the mesodermal mark-
ers: ntl, axial, and goosecoid (Fig. 5).
These three genes are transcription factors and have unique

expression domains. Ntl, the zebrafish homologue of
brachyury, is expressed in themesendodermal cells of the germ
ring and later in a narrow band of axial mesoderm extending
to the mesencephalon anlage, marking precursors of the future
notocord (13). The axial expression domain includes cells
expressing ntl, but extends to more anterior axial mesoderm,
as far as the diencephalon (14). Goosecoid is expressed in
dorsal mesoderm, which populates the most anterior axial
mesoderm, eventually giving rise to the precordal plate and
pharyngeal endoderm (15). Analysis of these three genes
allows us to assess posterior to anterior axial mesoderm
formation.
As shown in Fig. 5, 10-h embryos injected with JakWt RNA

at the one-cell stage possess a strip of axial mesoderm ex-
pressing ntl approximately 5 cells wide extending anteriorly
from the vegetal pole. Embryos injected with mutant forms of
Jak1 kinase, and showing reduced epibolic movements, possess

FIG. 3. Analysis of the kinase activity of wild-type and mutant Jak1
kinases. Wild-type and mutant Jak1 kinase genes were cloned into a
baculovirus expression vector and expressed as a fusion protein with
maltose binding protein (MBP), to aid in purification. The JakKE
mutant possesses a point mutation at position 2915, changing a lysine
(K) to a glutamic acid (E). The JakDKin mutant was constructed by
deleting the C-terminal kinase domain. The fusion proteins were
purified to near homogeneity on amylose resin from infected Sf9 cells,
and showed little degradation as revealed by Coomassie blue staining
and Western analysis with anti-MBP antisera. Purified fusion proteins
were analyzed for the presence of phosphotyrosine resulting from
autophosphorylation. Only the wild-type kinase possesses phosphoty-
rosine.

FIG. 2. Spatial expression of Jak1 kinase during early embryogenesis. The developmental profile of Jak1 RNA was revealed by in situ
hybridization, using digoxigenin-labeled antisense RNA probes. In agreement with results from RT–PCR quantitation, Jak1 kinase is present
through the blastula stage of development and then rapidly disappears. The message is uniformly distributed among all blastomeres. The scale bar
equals 0.5 mm.
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a broader expression domain, which is twice as wide and
extends only half the anterior distance, compared with em-
bryos injected with RNA from the wild-type construct. The
broader strip of axial mesoderm is explained by reduced
extension of the embryonic shield. An analysis of axial expres-
sion gives similar findings. Again, the expression domain is
broader and does not extend as far anteriorly. The broader and
shortened expression domains for ntl and axial always are
accompanied by reduced epibolic movements. These findings
indicate that posterior axial mesoderm forms; however, its
placement is perturbed by reduced cell movements.
The observation that developmental defects are seen only

when mutant forms of Jak1 kinase are injected, and not
wild-type kinase, indicates that the defects observed are due to
an inactive Jak1 kinase and not a microinjection artifact. A
rescue experiment further confirms the specific nature of these
defects. We injected JakWt RNA with JakDKin RNA in a 3:1
molar ratio and of these embryos, only 27% (n 5 148) display
reduced epibolic movements. The remainder complete epiboly
by 12 h and possess narrower expression domains for ntl and
axial compared with embryos injected with JakDKin alone.
Analysis of goosecoid expression allows us to examine

anterior axial mesoderm. A domain of goosecoid expression
marking the anterior embryonic shield is apparent in 7-h
embryos injected with JakWt RNA. Embryos injected with
RNA-encoding mutant forms of Jak1 kinase fail to show a
region of goosecoid expression, and reduced goosecoid ex-
pression always is accompanied by reduced epibolic move-
ments. Injection of JakWt and JakDKin RNA in a 3:1 molar ratio
rescues goosecoid expression, though the level of expression is
still less than embryos injected with JakWt RNA alone. The
possibility that goosecoid expression is simply delayed in
embryos injected with Jak1 mutants is countered by examina-
tion of older embryos. At 10 h of development the anterior
shield has moved further and takes on a triangular appearance
in JakWt-injected embryos. Even at this later time, embryos
injected with mutant forms of Jak1 kinase have reduced
goosecoid expression; only a small anterior shield of goosecoid

development all embryos develop normally, however, at 4 h of
development, when the cell migration of epiboly begins, embryos
injected with defective forms of Jak1 kinase show impaired cell
migration. At 8 h of development (shown above), embryos injected
with JakWT have 80% of the yolk surface covered by blastomeres; in
contrast, embryos injected with defective forms of Jak1 kinase have
50% of the yolk covered. The blastodermmargin, and hence the extent
of cell migration, is indicated by the arrow marked BM. The vegetal
pole (VP) is indicated. (C) By 24 h of development (lateral view),
embryos injected with defective forms of Jak1 kinase exhibit reduced
anterior structures; scale bar equals 0.5 mm. (D) In a dorsal view with
Nomarski optics, these embryos possess small eyes, and neural struc-
tures anterior to the otocyst develop as a fused neural tube lacking
ventricles and a midhind brain boundary. Injection of JakWT and
JakDKin gives partial rescue of anterior structures; scale bar equals 0.25
mm. AP, animal pole; VP, vegetal pole; V, ventral; D, dorsal; GR,
germ ring; ES, embryonic shield; BM, blastoderm margin; Otc,
otocyst; lns, lens; I, II, III, ventricles I, II, III; mhb, midhind brain
boundary; scale bar equals 0.5 mm.

FIG. 4. Defective Jak1 kinases inhibit cell movements of epiboly
and reduce anterior structures. (A) During early zebrafish develop-
ment four cell movements occur. Cells of the blastoderm move down
the surface of the large yolk cell in a migration called epiboly (arrow
1). Once half of the yolk surface is covered, cells begin three additional
cell movements. Involution (arrow 2) results in the formation of a
localized thickening of cells known as the germ ring. Convergence of
cells (arrow 3) toward the future dorsal side of the embryo creates the
embryonic shield and extension (arrow 4) elongates the body axis. (B)
One-cell embryos were injected with 100 pg of in vitro-synthe-
sized RNA encoding JakWt, JakKE, and JakDKin kinases. Until 4 h of

Table 1. Effects of wild-type and defective Jak1 kinases on
zebrafish development

Jak1 kinase

Epiboly defect* Anterior defect†

No. n % No. n %

JakWt 9 234 4 0 35 0
JakKE 90 116 76 23 32 72
JakDkin 150 205 73 37 53 70
JakWt 1 JakDkin 40 148 27 10 36 28

*Embryos that did not complete epiboly by 12 h.
†Embryos allowed to develop for 24 h that possess reduced eye and
head structures.
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expressing cells is seen. Given numerous studies that have
shown that anterior mesoderm can induce anterior neural
structures (19–22), the neural defects observed later in devel-
opment can be attributed to reduced anterior-axial mesoderm.

DISCUSSION

Injection of a dominant-negative Jak1 kinase results in three
developmental defects: reduced epibolic movements and ex-
tension of the embryonic shield, reduced goosecoid expres-
sion, and reduced anterior structures. These three develop-
mental defects always are seen together, and it is possible that
any one of these defects leads to the appearance of the other
two. The primary effect of a dominant–negative Jak1 kinase
may be to reduce cell movements, which because of improper
cell placement, affects goosecoid expression and anterior
shield formation.
Alternatively, the primary defect may be in reducing goosec-

oid expression, resulting in reduced anterior shield formation.
Ectopic expression of goosecoid in Xenopus leads to axis
duplication (23–25); however, loss-of-function studies have not
been reported in Xenopus, so it is unclear if reduced or absent
goosecoid expression would directly lead to a reduction or loss
of anterior axial mesoderm. Goosecoid-expressing cells of the
dorso-anterior mesoderm are the first cells to involute, are at
the leading edge of axial mesoderm migration, and may ‘‘set
the pace’’ for extension movements. In Xenopus embryos,
goosecoid has been show to control cell migrations during
gastrulation (26). Ectopic expression of goosecoid leads to cell
movement toward the anterior of the embryo, not only in cells

expressing ectopic goosecoid, but also in neighboring nonex-
pressing cells, which are recruited to follow.
Jak1 kinase is one of several transduction molecules that

modulate goosecoid expression. Studies in zebrafish and Xe-
nopus have shown that activin, Wint8, and nodal can induce
ectopic goosecoid expression (24, 27–31). Jak kinases trans-
duce signals by the phosphorylation of STAT (signal trans-
ducers and activators of transcription) proteins. STAT pro-
teins, of which six mammalian forms are known to date, reside
in the cytoplasm, until they are tyrosine phosphorylated.
Phosphorylation leads to hetero or homo dimerization, which
triggers nuclear translocation. Once located in the nucleus,
these proteins bind target sequences and activate transcription
(4, 5).
Interestingly, the promoter region of the goosecoid gene,

from the three species (zebrafish, Xenopus, and mouse) from
which have it has been sequenced (32, 33), all possess STAT
DNA-binding sites. Jak1 kinase may synergize with signals
from other transduction pathways on common STATs to yield
maximal goosecoid expression. In this regard, during inter-
feron signaling, the Jak1 kinase and MAP kinase pathways
converge on a single STAT, and phosphorylation of this STAT
by both pathways is required for maximal cytokine response
(34). Elucidation of the upstream effectors and downstream
targets of Jak1 kinase (ligands, receptors, and STATs) will
clarify its mode of action in early development.
A defective Jak1 signaling pathway may reduce anterior

axial mesoderm by affecting genes other than goosecoid. This
would result in the appearance of reduced goosecoid levels. As
mentioned above, cells of the anterior shield are the first cells
to undergo cell movements, and a reduced number of these
cells might reduce the pace of cell migrations. In any case,
reduced anterior axial mesoderm would account for the re-
duced anterior structures observed later in development.
Will the role of Jak1 kinase in early zebrafish embryos be

conserved among other species? A homologue of Jak kinase
exists in Drosophila, called hopscotch (7). This gene is also
maternally expressed, and mutations in this gene lead to early
patterning defects. Hopscotch signals through a STAT protein
called marelle, and mutations in marelle lead to a phenotype
identical to the hopscotch mutation (35, 36). It is difficult,
however, to make comparisons between the role of hopscotch
in Drosophila and Jak1 in zebrafish, given the very different
developmental programs in these two species. Though differ-
ent species of vertebrates show a diversity of gastrulation
processes, the basic mechanisms, and molecular players,
TGFbs, FGF, and Wnts, appear conserved. Given the con-
servation of these transduction pathways, it is likely that Jak1
kinase plays a role in the early development of other verte-
brates.
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