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Abstract

Seventeen kilobases of genomic DNA containing the promoter and the coding region of the round-spotted pufferfish
JAK1 gene was isolated and completely sequenced. This gene consists of 25 exons and 24 introns spanning about 13.5 kb,
compared to )30 kb in carp JAK1 gene. Primer extension analysis revealed one transcription initiation site which was
376 bp upstream of the translation initiation site. The sequence of the 2.9 kb region upstream of the transcription initiation
site contains numerous potential binding sites for transcription factors including HNF-5, GCF, Sp1, CRE, AP2, GATA,

Ž .GAGA, E2A, p53, and NF-IL6. When this region was placed upstream of the chloramphenicol acetyltransferase CAT
reporter gene and transfected into a carp CF cell line, it could drive the synthesis of CAT enzyme three times more
efficiently than could the common carp JAK1 promoter. q 1998 Elsevier Science B.V.
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Ž .The Janus kinases JAKs family belongs to the
non-receptor protein tyrosine kinases and currently
consists of four members in mammalian species, i.e.

w xJAK1, JAK2, JAK3 and TYK2 1,2 . The JAKs are
known to be involved in many cytokine signaling

w xthrough the JAK–STAT pathway 3 . In addition to
mammalian JAKs, two JAK homologs have been

w xcloned and characterized in invertebrate 4 and fish
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1 The sequence data in this paper has been submitted to the
EMBLrGenBank Data Libraries under the accession number
U53213.

w x5 . In Drosophila, a single JAK homolog, encoded
Ž .by the gene hopscotch hop , has been identified and

shows the highest degree of identity with mammalian
JAK2. Moreover, a putative Drosophila STAT pro-
tein has also been identified. Thus, the existence of
an invertebrate JAKrSTAT system has been estab-

w xlished 6 . In fish, we have cloned a 3.7 kb cDNA
which encodes the carp JAK1 kinase and also iso-
lated and characterized its genomic clone. This gene
consists of 24 exons and 23 introns spanning more

w xthan 30 kb 5 . For the comparative genomic structure
analysis, we reported the cloning of JAK1 kinase

Žgene from a round-spotted pufferfish Tetraodon flu-
.Õiatilis in this report. The round-spotted pufferfish is
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Fig. 1. Organization and physical map of the round-spotted pufferfish JAK1 gene. Exons are indicated to scale by boxes numbered 1–25.
Solid boxes indicate the round-spotted pufferfish JAK1 coding region whereas open boxes represent the 5X- and 3X-untranslated region.
Introns and the 5X- and 3X-flanking regions are indicated by the solid lines. A restriction map was indicated to contain several cleavage
sites. Restriction endonuclease sites are B, BamHI; E, EcoRI; H, HindIII; K, KpnI; P, Pst I; S, SalI; Sc, SacI.

easily obtained at very cheaper prices from a local
aquarium and has a genome size of 380 Mb which is

w xthe smallest of any vertebrate 7,8 . A different species

Ž .of the pufferfish Fugu rubripes Fugu has been
shown to have a compact genome with small introns,
and thus is used as a model for vertebrate genome

Table 1
Exon–intron organization of the round-spotted pufferfish JAK1 gene
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Fig. 2. Determination of the transcription initiation site of the
w32 x Žround-spotted pufferfish JAK1 gene. P -labeled primer under-

. Žlined in Fig. 3 was annealed to 10 mg yeast tRNA lane 2, as a
. Ž .qnegative control or 5mg poly A RNA from round-spotted
Ž .pufferfish liver lane 1 and extended with reverse transcriptase.

Lanes C, T, A and G are sequencing reactions using the same
primer and plasmid construct that carries the 3 kb HindIII frag-
ment from phage clone PFJ1. The base corresponding to the
transcription start site is labeled by an asterisk within the frag-
ment of genomic DNA sequence shown to the right.

w xanalysis 7,9 . By comparing the genomic organiza-
tion and intron sizes of the round-spotted pufferfish
JAK1 gene with those of the common carp JAK1

w xgene 5 in this report, our results indicate that the
round-spotted pufferfish is also a good model organ-
ism for comparative vertebrate genomic structure
analysis.

By using the lambda FIXII as a cloning vector
Ž .Stratagene, La Jolla, CA, USA , a round-spotted
pufferfish Tetraodon fluÕiatilis liver genomic library
was constructed and contained approximately 5=105

independent clones. The amplified library was then
used to isolate 15–18 kb genomic DNA clones con-
taining the gene that encodes round-spotted pufferfish

w xJAK1. The carp JAK1 cDNA 5 was labeled using a
ŽDIG DNA Labeling Kit Boehringer Mannheim,

. 6Mannheim, Germany . Approximately 1=10 am-
plified clones were plated at a density of 5=104

plaque forming unitsr150-mm Petri dish. Hybridiza-
tion and washing were carried out as previously

w x Ždescribed 5,10 . Seven positive phage clones PFJ1
.to PFJ7 were isolated. After restriction enzyme map-

ping, these clones were found to be the same. There-
fore, only the PFJ1 clone was further characterized
and sequenced. As shown in Fig. 1, the restriction
map of the PFJ1 clone was constructed by digesting
the phage DNA with a panel of restriction enzymes
separately or in various combinations: BamHI,
EcoRI, HindIII, KpnI, Pst I, SacI, and Sal I.

A total of 17 kb of the round-spotted pufferfish
JAK1 gene was completely sequenced by conven-
tional subcloning strategy combined with automated
sequencing and deposited in the GenBank with an
accession number U53213. To characterize the 5X-
and 3X- end of the round-spotted pufferfish mRNA, 5X

X Žand 3 RACE assays were performed data not
.shown . All taken together, the round-spotted puffer-

fish JAK1 gene is composed of 25 exons that span
about 13.5 kb of DNA. The sequences around the
exonrintron boundaries were determined and shown
in Table 1. All exonrintron boundaries identified
conformed to the GTrAG splice donorracceptor rule
w x X11 except exon 20, whose 5 donor splice-site se-
quence begins with GC. All coding exons were rela-

Ž .tively small, ranging from 88 bp exon 14 to 269 bp
Ž .exon 6 . The size of introns varied considerably,

Ž . Ž .ranging from 1646 bp intron 1 to 68 bp intron 20
with an average of 380 bp. The first exon contained
the 5X-untranslated region, and the second exon con-
tained the putative translation initiation site. The JH2
domain was located on exons 12–18, and the cat-
alytic JH1 domain was located on exons 19–25.
Exon 25 contained the last 35 amino acids as well as
the 3X-untranslated region.

The open reading frame of those 24 exons encodes
a protein of 1169 amino acids with a molecular mass
of 132 kDa. All members of the JAK family have
seven homologous domains in the molecule that have
been named as JHs or JAK homology domains. JH1
is a C-terminal kinase-catalytic domain whereas JH2
is a kinase-like domain and other five JHs are present
in the far N-terminal part. Amino acid sequence
comparison of round-spotted pufferfish JAK1 with

w x w xcommon carp 5 , human and murine JAK1 1,12

Fig. 3. Nucleotide sequence of the 5X-flanking region of the round-spotted pufferfish JAK1 gene. Potential binding sites for a variety of
Ž .transcription factors are underlined. Candidate transcription start site by primer extension see Fig. 2 is numbered as q1.
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reveals that there is a higher sequence homology in
ŽJH2 domain 81.5% identity for carp; 70% for hu-

. Žmanrmouse and in JH1 domain 70% identity for all
.species . The overall sequence identities between

round-spotted pufferfish JAK1 and common carp
JAK1 are 66.4% whereas the identities between the
round-spotted pufferfish JAK1 and humanrmouse
JAK1 are approximately 57%.

The transcription start site was determined by
Ž .qprimer extension analysis using poly A RNA from

the round-spotted pufferfish liver. We used a 24-mer
oligonucleotide labeled with 32P at the 5X-end. The
exact position of the extended product was deter-
mined by aligning the sequencing ladder obtained
with the same primer. One major extended product
was revealed and corresponded to the site at y376

Ž .relative to the initiator methionine codon Fig. 2 . For
describing the 5X-flanking region of the round-spotted
pufferfish JAK1 gene, we used a numbering scheme

Žthat the transcription start site is designated q1 Fig.
.3 .

We also determined the 2.9 kb sequence of the
5X-upstream region of the JAK1 gene relative to the

Ž .transcription start site Fig. 3 . This region was exam-
ined for potential DNA elements that may contribute
to the round-spotted pufferfish JAK1 gene regulation
and transcription initiation. Computer analysis of the
sequence revealed numerous potential binding sites
for transcription factors. Two TATA boxes
Ž .TATAAA , which is generally located at a position

w xabout y30 relative to the RNA start site 13 , are
observed at y1240 and y2424. Thus, the round-
spotted pufferfish JAK1 gene promoter belongs to the
subclass of TATA-less RNA polymerase II promoters
which are found in some protein tyrosine kinase

w xgenes 14–16 . This gene also has three CCAAT
motifs at y2017, y1938, and y1382, which are
remote from the standard positions between y60 and

w xy80 relative to the RNA start site 17 . Three puta-
w xtive binding sites for HNF-5 18 are present at

y2910, y705, and y628. Another potential binding
site for ubiquitously expressed transcription factors

w xsuch as NF-IL6 19 is also observed at y649,
y592, and y496. Moreover, the proto-oncogene

w xproduct E2A 20 binding sites are found at y1336
and y959. There are numerous GC-rich sequences

w xthat constitute the potential sites for Sp1 21 and
w xGCF 22 , which are present at y2799, y2688,

y2653, y2629, y2606, y1860, and y1352. The
Ž .GC factor GCF has been reported to negatively

regulate the expression of epidermal growth factor
w xreceptor 22 . The flanking region also contain DNA

w x w xmotifs for CRE 23 at y2572, AP2 24 at y1821,
w x w xGATA 25 at y1762, GAGA 26,27 at y1690, and

w xp53 28 at y933 and y446. While sequencing this
Ž .2.9 kb DNA fragment, a CA repeat was found and16

located at y55 and y24 relative to the transcription
initiation site

To verify whether the 5X-flanking region of the
round-spotted pufferfish JAK1 gene exhibits func-
tional promoter activity, the genomic DNA fragment

X Ž .containing the 5 -upstream region y2922 to q100
was fused to the CAT reporter gene in pCAT–Basic
Ž .Promega to create pRSP1–CAT. Following trans-

w xfection into carp CF cells 29 , the CAT activity of
pRSP1–CAT was about 3 and 0.18 times the pro-

w xmoter activity of pJP1–CAT 5 and pRSV–CAT

Fig. 4. Analysis of the promoter activity of the 5X-flanking region
of the round-spotted pufferfish JAK1 gene fused to the CAT
reporter gene. Each chimeric gene was cotransfected with pSV–
b-galactosidase DNA into CF cells and assayed for CAT and

w xb-galactosidase activities as previously described 5 . CAT activ-
ity in an individual experiment was corrected for variation in
transfection efficiency by normalizing the value to the b-galacto-
sidase activity in the same extract. The data represented the mean
of triplicate transfection experiments for each plasmid. The acety-
lated products of the CAT assay were separated by thin layer

Žchromatography developed with chloroform–methanol 95:5,
.vrv , visualized by autoradiography and quantitated by using the

Ž .PhosphoImager Bio-Imaging Analyzer BAS 2000, Fuji, Japan .
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w x Ž .30 , respectively Fig. 4 . Therefore, the promoter
region of the round-spotted pufferfish JAK1 gene
displays stronger activity than that of the common
carp JAK1 promoter even in a carp cell line. As

Žshown in Fig. 3, there are three potential sites at
.y2799, y2688, and y2629 for GCF, which has

been reported to be a negatively regulator in the
w xexpression of epidermal growth factor receptor 22 .

In order to investigate the effect of these sites on the
promoter activity of the round-spotted pufferfish

ŽJAK1 gene, a deletion mutant, pRSP2–CAT nucleo-
.tides y2484 to q100 , was constructed from

pRSP1–CAT. However, both pRSP1–CAT and
pRSP2–CAT had almost the same activity as shown
in Fig. 4. This result needs further investigation to
analyze the endogenous expression level of GCF in
this carp cell line.

Ž .The pufferfish Fugu rubripes Fugu has been
w xused as a model for vertebrate genome analysis 7,9 .

Its genome is estimated to be approximately 404 Mb,
7.5 times smaller than that of human. Although the
relative gene order in the AD3 locus is the same in

w xFugu and human genomes 31 , whereas the relative
gene order in the Surfeit locus, which contains Sur-
feit1 to Surfeit6, is different between Fugu and mam-

w xmals 32 . However, Fugu homologues of six Surfeit
genes are all highly conserved at the amino acid level
and their gene structures are mostly identical to the
mammalian genes. In addition, the genome sizes in
the AD3 locus are 12.4 kb in Fugu, compared to

w x)600 kb in human 31 . Therefore, it has been sug-
gested that Fugu genome could be used to identify
human disease genes using comparative mapping or
positional cloning.

In this study, we have cloned and characterized the
JAK1 gene from the round-spotted pufferfish Te-
traodon fluÕiatilis, whose genome size is 4 and 8
times smaller than that of common carp and human
w x7,8 , respectively. The exon–intron organization of

Žboth fish JAK1 genes were compared data not
.shown . All of the splice sites of both genes are

identical except intron 6, which is only present in the
round-spotted pufferfish JAK1 gene. Comparison of
the intron sizes of both JAK1 genes are shown in
Table 2. There are only three introns larger than 1 kb
for the round-spotted pufferfish JAK1 whereas there

Ž .are 11 larger introns )1 kb for the common carp
JAK1. Based on the comparison of genomic organiza-

Table 2
Ž .Comparison of intron size bp of JAK1 genes

Common carp Round-spotted pufferfish

)3000 1646
1800 637
1000 1403
400 228
148 106

0 200
350 106
700 117

1200 201
1500 129
2300 1638
900 137
187 128

2200 78
1500 120
820 710
111 75
457 450
110 141
100 68

1800 386
170 93

1500 195
1400 122

tion and intron sizes in the JAK1 gene, our results
indicate that the round-spotted pufferfish is also a
good model organism for comparative vertebrate ge-
nomic structure analysis.

The first intron of fish JAK1 genes interrupts the
corresponding 5X-untranslated region of the JAK1
mRNA sequence and the sizes of this intron are quite
large, 1646 bp for the round-spotted pufferfish JAK1
and more than 3 kb for the common carp JAK1. Such
a phenomenon that a large 1st intron followed by a
small untranslated region has been found among many
protein tyrosine kinase genes, such as human lck

w x w xgene 33 , mouse hck gene 34 , and human a-plate-
w xlet-derived growth factor receptor gene 16 . At pre-

sent, due to the unclonable nature of most part of the
1st intron, the accurate size of the 1st intron of the
common carp JAK1 gene has not been determined
w x5 . However, through sequencing and computer anal-
ysis, it is interesting to find a putative STAT-binding

Ž X X.sequence 5 -TTCCGTGAA-3 in the 1st intron of
the round-spotted pufferfish JAK1. The significance
of the presence of putative STAT-binding motif in
the large 1st intron awaits further investigation.
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Although the compact genome of Fugu has been
proposed to be suited for detecting conserved regula-

w xtory elements present in the noncoding region 35 ,
our studies indicate that the promoter region of the
round-spotted pufferfish JAK1 gene is different from
that of the carp JAK1 gene. In carp, there are several
potential transcription factor binding sites, such as
AP1, E2A, GHF-5, HNF-5, and NF-IL6 in the JAK1

X w x5 -flanking region 5 . On the contrary, the putative
promoter region of round-spotted pufferfish JAK1
gene not only has E2A, HNF-5, and NF-IL6 sites, but
also has other potential binding sites for transcription
factors, such as CRE, GCF, GAGA, GATA, p53, and

Ž .Sp1 Fig. 3 . Moreover, the CAT activity of the
2.9 kb DNA fragment of the 5X flanking of the
round-spotted pufferfish JAK1 gene was 3-fold higher
than that of the 2.5 kb DNA fragment of the 5X

flanking of the carp JAK1 gene as transfection into a
Ž .carp cell line Fig. 4 . The relevance of CAT activity

to the presence of other potential regulatory elements
in the 5X flanking region of the round-spotted puffer-
fish JAK1 gene needs further investigation.
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