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Abstract
Growth hormone (GH) belongs to a family of pituitary hormones together with prolactin and somatolactin. In our previous study,
GH and its cDNA were identiWed in the pituitary gland of the sea lamprey, Petromyzon marinus, an extant representative of the most
ancient class of vertebrates, and isolated GH stimulated expression of insulin-like growth factor in the liver. The evidence suggests that
GH is the ancestral hormone in the molecular evolution of the GH/PRL/SL family and that the endocrine mechanism for growth stimulation was established at an early stage in the evolution of vertebrates. To further understand the molecular evolution of the GH/PRL/SL
gene family, we report the genomic structure of sea lamprey GH including its 5⬘-Xanking region, being cloned by PCR using speciWc primers prepared from its cDNA. The sea lamprey GH gene consists of 13,604 bp, making it the largest of all the GH genes. The 5⬘-Xanking
region within 697 bp contains consensus sequences for a TATA box, two Pit-1/GHF-1, three TRE, and a CRE. The sea lamprey GH gene
consists of Wve exons and four introns, the same as in mammals, birds, and teleosts such as cypriniforms and siluriforms with the exception of some teleosts such as salmoniforms, perciWforms, and tetradontiforms, in which there is an additional intron in the 5th exon. The
5-exon-type gene organization might reXect the structure of the ancestral gene for the GH/PRL/SL gene family.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Growth hormone (GH), prolactin (PRL), and somatolactin (SL) form a family of pituitary hormones, which
share similarity in structure and function, and thus are
believed to have evolved from a common ancestral gene
through duplication and subsequent divergence. In terms of
the molecular evolution of the GH/PRL/SL gene family, it
is not known which member of this family is the closest relative to the ancestral hormones. Recently, we identiWed GH
and its cDNA in the sea lamprey, Petromyzon marinus, an
extant representative of the most ancient class of vertebrates, the Agnatha (Kawauchi et al., 2002). This study pro-
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vides conclusive evidence that GH is present in all classes of
vertebrates. The sea lamprey GH is far removed from the
gnathostome GHs, suggesting that GH diversiWed after the
separation of agnathans and gnathostomes. On the other
hand, there has been no evidence to support that PRL and
SL are present in agnathans. The identiWcation of GH in
the most ancient lineage of vertebrates indicates that GH is
the ancestral hormone in the molecular evolution of the
GH/PRL/SL gene family (Kawauchi et al., 2002).
Although GH and/or its cDNA have been identiWed in over
110 species from all taxonomic groups of vertebrates, GHencoding genes have been characterized in only 10 mammals;
[human (DeNoto et al., 1981), rat (Barta et al., 1981),
mouse (Das et al., 1996), bovine (Woychik et al., 1982), pig
(Vize and Wells, 1987), sheep (Byrne et al., 1987), rabbit
(Wallis and Wallis, 2001), red deer (Lioupis and Wallis,
1997), chevrotain (Wallis and Wallis, 2001), and dolphin
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(Maniou et al., 2002)]; one birds species [chicken (Tanaka
et al., 1992; Wallis and Wallis, 1995)]; and 15 teleost species [cypriniforms such as common carp (Chiou et al.,
1990), grass carp (Zhu et al., 1992), silver carp (Hong and
Schartl, 1993), and mud loach (Noh et al., 1999); siluriforms such as channel catWsh (Tang et al., 1993); salmoniforms such as rainbow trout (Agellon et al., 1988a,b),
Atlantic salmon (Johansen et al., 1989; Male et al., 1992),
chinook salmon (Du et al., 1993), and sockeye salmon
(Devlin, 1993); perciWforms such as tilapia (Ber and Daniel, 1992, 1993), Xounder (Tanaka et al., 1992), barramundi (Yowe and Epping, 1995), yellowtail (Ohkubo
et al., 1996), and gilthead seabream (Almuly et al., 2000);
tetradontiforms such as puVerWsh (Venkatesh and Brenner, 1997)].
Teleost GH genes can be grouped into two types. Those
of cypriniforms and siluriforms consist of Wve exons and
four introns (5-exon-type) as in mammals and birds, while
those of salmoniforms, perciWforms, and tetradontiforms
consist of six exons and Wve introns (6-exon-type). The 6exon-type has an intron inserted in the 5th exon of the 5exon-type. On the other hand, all known PRL genes of
mammals [e.g., human (Truong et al., 1984), bovine
(Camper et al., 1984), and rat (Gubbins et al., 1980)], birds
[turkey (Kurima et al., 1995) and chicken (Au and Leung,
2002)], and teleosts [carp (Chen et al., 1991), chinook
salmon (Xiong et al., 1992), tilapia (Swennen et al., 1992),
and gilthead seabream (Astola et al., 2003)] are of the 5exon-type. Moreover, chum salmon and gilthead seabream
SL genes are also of the 5-exon-type (Astola et al., 2004;
Takayama et al., 1991). These results provide evidence that
the 5-exon-type gene organization reXects the structure of
the ancestral gene for the GH/PRL/SL gene family. However, the GH gene has yet to be characterized in early
evolved Wsh such as chondrichthyes and agnathans. To further understand the molecular evolution of the GH/PRL/
SL gene family, we report here the structure of the sea lamprey GH-encoding gene including its 5⬘-Xanking region,
which was cloned by PCR using speciWc primers prepared
from its cDNA, and discuss the evolutionary implications
for the GH/PRL/SL gene family.
2. Materials and methods
2.1. Animals
Sampling and tissue collection were done in accordance with the UNH IACUC animal care guidelines.
Adult, sea-run sea lampreys, P. marinus, were collected in
a trap on the Cocheco River in Dover, New Hampshire in
May and June, 2000 during their migration from the
ocean upstream to coastal rivers where they undergo their
Wnal spawning. The sea lamprey were transported to the
freshwater Wsh hatchery at the University of New Hampshire. They were killed by decapitation, and the liver was
collected, immediately frozen in liquid nitrogen, and
stored at ¡80 °C prior to use.

2.2. Isolation of genomic DNA
Genomic DNA was prepared from the liver (50 mg) of
adult, sea-run, sea lamprey using ISOTISSUE (Nippon
Gene, Tokyo, Japan) according to the manufacturer’s
directions. The concentration of genomic DNA was estimated by measuring the absorbance at 260 nm, and the
purity was determined from the ratio of absorbance at 260/
280 nm.
2.3. Polymerase chain reaction
XbaI cassette DNA and cassette-speciWc primers were
purchased from Takara (Tokyo, Japan). Templates for
inverse PCR were prepared after the digestion of genomic
DNA with HindIII (Nippon Gene, Tokyo, Japan) according to the method of Ochman et al. (1990). To clone introns
of the sea lamprey GH gene, insertion positions of introns
on the precursor mRNA were assumed by sequence comparison of sea lamprey GH cDNA (Kawauchi et al., 2002)
with GH genes of teleosts such as catWsh (Tang et al., 1993),
carps (Chiou et al., 1990; Ho et al., 1991), salmonids (Agellon et al., 1988a,b; Devlin, 1993; Du et al., 1993; Johansen
et al., 1989; Male et al., 1992), and Xounder (Tanaka et al.,
1992). A set of primers speciWc for each intron was prepared from the sea lamprey GH cDNA sequence (Kawauchi et al., 2002). Primers were ordered from Nihon Gene
Research Laboratories (Sendai, Japan). DNA was ampliWed using AmpliTaq Gold PCR Master Mix (Applied Biosystems, Forster City, CA) and GeneAmp XL PCR Kit
(Applied Biosystems). PCR was done using a thermal cycler
(PC-808, Astec, Fukuoka, Japan) with a combination of the
gene-speciWc primers listed in Table 1. The PCR proWle
using the AmpliTaq Gold PCR Master Mix was enzyme
activation at 95 °C for 15 min, 30 cycles of denaturation
(1 min at 94 °C), annealing (1 min at 60 °C), extension (2 min
30 s at 72 °C), and a Wnal extension at 72 °C for 7 min. The
PCR proWle using the GeneAmp XL PCR Kit was enzyme

Table 1
Custom-made oligonucleotide primers used for PCR to amplify DNA
fragments of the sea lamprey GH gene
Primer

Nucleotide sequence

a
b
c
d
e
f
g
h
i
j
k
1
m

5⬘-GTGTTTGGACTTGGGATATTGTTTTTGC-3⬘
5⬘-CCAGGTTGAGGTCACGGAGAGGATCA-3⬘
5⬘-GCGCTTGCCCCAAAAGTCTATTCAA-3⬘
5⬘-GGACCTCGTCCTTCTTGCTGG-3⬘
5⬘-TGTCGTGTCACCCAGCCAGCT-3⬘
5⬘-CTGCCGCTCATTGCGTAGGAGGCTCT-3⬘
5⬘-TGGAGTCGTGGAGAGGGGTGTT-3⬘
5⬘-CTGCTCAGCTGCTTCAAGAA-3⬘
5⬘-CCAGTGCATTGCGCGTCCAA-3⬘
5⬘-CGTTAGAACGCGTAATACGACTCACTATAGGGAGA-3⬘
5⬘-CAACAGAGTGTCTGAGCTTCT-3⬘
5⬘-CGACGTTGGCCCTCTTGGCTTTAGAAGG-3⬘
5⬘-GGGCAATGCCTTTATTCAAGCAAACGTGT-3⬘

Primers were synthesized by Nihon Gene Research Lab’s. (Sendai, Japan)
Excluding j, which was purchased from Takara (Tokyo, Japan).
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activation at 95 °C for 1 min, 30 cycles of denaturation
(1 min at 94 °C), annealing/extension (5 min at 65 °C), and a
Wnal extension at 72 °C for 7 min.
2.4. Determination of nucleic acid sequence
PCR-ampliWed DNA, puriWed using the SNAP puriWcation column from a TOPO XL PCR Cloning Kit (Invitrogen, Carlsbad, CA) after gel electrophoresis on Nusieve
GTG agarose (Cambrex Bio Science Rockland, Rockland,
ME), was cloned using a TOPO XL PCR Cloning Kit
(Invitrogen). Recombinant plasmid DNA was prepared by
the alkaline-SDS method (Mierendorf and PfeVer, 1987)
and sequenced on both strands using a Dye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems). DNASIS (Hitachi Software Engineering, Yokohama, Japan) was used for processing the sequence and
searching for a repetitive sequence.
3. Results
The genomic structure of the sea lamprey GH-encoding
gene was determined (Fig. 1). Gene fragments (clones GH-1
to 5) were ampliWed by PCR using speciWc primers based
on the nucleotide sequence of the sea lamprey GH cDNA
(Kawauchi et al., 2002). The length of the clone excluding
primers was 1763 bp for GH-1, 4604 bp for GH-2, 7169 bp
for GH-3, 2759 bp for GH-4, and 1149 bp for GH-5, and
the sea lamprey GH-coding sequences were conWrmed to be
present by sequence analysis. The two 5⬘-Xanking regions
(clones 6 and -7) of the gene were also ampliWed by cassette
PCR and inverse PCR. The length of the clone excluding
primers was 353 bp for GH-6 and 948 bp for GH-7. The
merging of these seven DNA fragments provided a gene
consisting of 13,604 bp with a 5⬘-Xanking region of 697 bp
(Fig. 2). The sea lamprey GH gene is the largest of all
known GH genes (Fig. 3).
Nucleotide sequence analysis revealed that the sea lamprey GH gene is composed of Wve exons and four introns as
follows: exon I (134 bp), II (161 bp), III (126 bp), IV
(132 bp), and V (1442 bp); intron A (1600 bp), B (3080 bp),
C (4313 bp), and D (2619 bp) (Fig. 2). The exon–intron
junctions of the sea lamprey GH gene were determined by
comparison with the sea lamprey GH cDNA (Kawauchi
et al., 2002); all the exon–intron junctions satisWed the GT/

F (697)
I-A (1600)
I-B (3080)
E-I (134)
E-II (161)

a

AG rule (Breathnach and Chambon, 1981; Seif et al., 1979),
and the coding regions corresponded exactly to the
sequence of the sea lamprey GH cDNA reported previously
(Kawauchi et al., 2002).
In the 5⬘-Xanking region, a typical TATA box is located
at ¡45 to ¡51 bp upstream from exon 1 (Fig. 2). Two Pit-1/
GHF-1 consensus sequences were located at ¡141 to
¡150 bp and ¡192 to ¡201 bp. In addition, three TRE and
one CRE consensus sequence were located at ¡218 to
¡228 bp, ¡541 to ¡551 bp, ¡603 to ¡613 bp, and ¡651 to
¡655 bp in the 5⬘-Xanking region within 697 bp.
4. Discussion
In the present study, we determined the genomic structure of the GH-encoding gene including its 5⬘-Xanking
region from sea lamprey, an extant representative of a
group of the most ancient vertebrates, the Agnatha. The sea
lamprey GH gene spans approximately 13.6 kb, making it
the largest of the GH genes, and consists of Wve exons and
four introns (Fig. 3). The genetic information encoded in
each exon is also similar to that in cypriniforms and siluriforms as well as in mammals and birds; exon 1 encodes the
5⬘-untranslated region and the Wrst three amino acids (aa)
of the signal peptide, while exon 2 encodes for the rest of
the signal peptide and the N-terminal 34 aa of the mature
GH. Exons 3 and 4 encode 42 and 44 aa of the mature GH,
respectively, and exon 5 encodes 61 aa of the mature GH
and the 3⬘-untranslated region. All four introns start with a
GT dinucleotide and end with an AG, consistent with the
consensus splice site sequence (Breathnach and Chambon,
1981; Seif et al., 1979). The exon–intron organization of the
GH gene in the sea lamprey is similar to that in mammals
(Barta et al., 1981; DeNoto et al., 1981; Vize and Wells,
1987; Woychik et al., 1982), birds (Tanaka et al., 1992), and
some teleosts such as cypriniforms (Chiou et al., 1990;
Hong and Schartl, 1993; Noh et al., 1999; Zhu et al., 1992)
and siluriforms (Tang et al., 1993).
Micro- and minisatellite repeat sequences were found
throughout the non-coding regions of GH genes in some
teleosts, such as tilapia (Ber and Daniel, 1992, 1993), Xounder (Tanaka et al., 1992), barramundi (Yowe and Epping,
1996), puVerWsh (Venkatesh and Brenner, 1997), and gilthead seabream (Almuly et al., 2000). In these Wsh, microand minisatellite repeat sequences were present mainly in

I-C (4313)
E-III (126)

I-D (2619)
E -VI (132)

E-V (1442)

b Clone GH-1[1763]
c

d Clone GH-2 [4604]
e
g
h

j
l
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f Clone GH-3 [7169]
f Clone GH-4 [2759]
I Clone GH-5 [1149]

k Clone GH-6 [353]
m Clone GH-7 [948]

Fig. 1. Schematic diagram of the sea lamprey GH gene. The 5⬘-Xanking region is marked with F, introns are marked with I, and exons are marked with E.
Numbers in parentheses showing segment size in base pairs. Bars show relative positions of DNA clones ampliWed by PCR.
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intron A and intron C. In sea lamprey, however, no microand minisatellite repeat sequences were observed in any of
the introns.
It is known that the speciWc expression of the GH gene
is controlled by the pituitary-speciWc transcription factor
Pit-1/GHF-1 which binds to AT-rich cis elements in the
GH gene promoter (Castrillo et al., 1989; Nelson et al.,
1988).
Multiple
Pit-1/GHF-1-binding
consensus
sequences have been identiWed in the 5⬘-Xanking region of

teleost GH genes (Agellon et al., 1988a; Argenton et al.,
2002; Ber and Daniel, 1993; Du et al., 1993; Noh et al.,
1999; Sekkali et al., 1999a; Tang et al., 1993; Yowe and
Epping, 1995; Zhu et al., 1992). In rainbow trout and tilapia, the functional binding site of Pit-1/GHF-1 in the GH
promoter has been demonstrated by DNaseI footprinting,
gel-shift assay, and transfection assay (Argenton et al.,
2002; Bernardini et al., 1999; Sekkali et al., 1999a,b;
Yamada et al., 1993). By searching for the Pit-1/GHF-1-

Fig. 2. Structure of the sea lamprey GH gene including the 5⬘-Xanking region. The underlined the 5⬘-Xanking region represent consensus sequences of the
TATA box, Pit-1/GHF-1, TRE, and CRE. Bold characters show exons.
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Fig. 2 (continued)

binding sequences in the 5⬘-Xanking region of sea lamprey
GH gene, two putative Pit-1/GHF-1 consensus sequences
were located at ¡141 to ¡150 bp and ¡192 to ¡201 bp.
This suggests that Pit-1/GHF-1 is primarily responsible

for expression of the sea lamprey GH gene, the same as in
mammals and teleosts.
In addition to Pit-1/GHF-1, cAMP response element
(CRE), thyroid hormone response element (TRE), gluco-

Fig. 3. Schematic comparison of the exon–intron organization of the GH gene. Boxes and bars represent exons and introns.
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corticoid response element (GRE), and estrogen response
element (ERE) were observed in the promoter region of
the teleost GH genes (e.g., Argenton et al., 1996; Almuly
et al., 2000; Wong et al., 1996; Yang et al., 1997; Zhu et al.,
1992). It has been reported that teleost GH genes are regulated by cAMP, thyroid hormone, glucocorticoid, and
estrogen, as in mammals (Argenton et al., 1996, 2002; Bernardini et al., 1999; Sekkali et al., 1999b; Wong et al.,
1996). In the sea lamprey, three putative TRE consensus
sequences were located at ¡218 to ¡228 bp, ¡541 to
¡551 bp, and ¡603 to ¡613 bp, and one CRE consensus
sequence was located at ¡651 to ¡655 bp in the 5⬘-Xanking region within 697 bp. However, no GRE consensus
sequence was observed within these 697 bp. The presence
of several kinds of transcriptional elements suggests that,
as in gnathostomes, the expression of the sea lamprey GH
gene might be regulated by synergistic interactions of several regulatory factors as in teleosts.
In our previous study, we identiWed GH and its cDNA in
the sea lamprey (Kawauchi et al., 2002). The present study
shows that GH is present in Agnatha completing the vertebrate GH lineage of having GH present in all classes of vertebrates. The amino acid sequence of the sea lamprey GH
did not exhibit signiWcantly higher identity with GH (25%)
than with PRL (19%) or SL (21%) in early evolved osteichtyes, the sturgeon (Amemiya et al., 1999; Noso et al., 1993;
Yasuda et al., 1992). Moreover, a phylogenetic tree of the
GH/PRL/SL gene family using the neighbor-joining
method (Genetix-Mac, Software Development) shows that
the sea lamprey GH appears to be a reasonable out-group
for this family (Fig. 4). However, there has been no evidence to support that PRL and SL are present in agnathans. These results suggest that GH is the ancestral
hormone and a forerunner of the GH/PRL/SL gene family
and that its gene duplicated early in the evolution of gnathostomes to form PRL and/or SL (Kawauchi et al., 2002).

In the present study, we demonstrated that the sea lamprey GH gene consists of Wve exons and four introns. There
are two types of genomic structure for this gene; a 5-exontype in mammals (e.g., Barta et al., 1981; Byrne et al., 1987;
DeNoto et al., 1981; Woychik et al., 1982; Vize and Wells,
1987), birds (Tanaka et al., 1992), and teleosts such as cypriniforms (Chiou et al., 1990; Hong and Schartl, 1993; Noh
et al., 1999; Zhu et al., 1992) and siluriforms (Tang et al.,
1993), and a 6-exon-type in teleosts such as salmoniforms
(Agellon et al., 1988a,b; Devlin, 1993; Du et al., 1993;
Johansen et al., 1989; Male et al., 1992), perciformes
(Almuly et al., 2000; Ber and Daniel, 1992, 1993; Ohkubo
et al., 1996; Tanaka et al., 1992; Yowe and Epping, 1995),
and tetradontiforms (Venkatesh and Brenner, 1997). The 6exon-type has an intron inserted in the 5th exon of the 5exon-type. These Wndings suggest that the insertion of the
5th intron took place only within the ray-Wnned Wsh, after
the evolutionary separation of cypriniforms but before salmoniforms, perciforms, and tetradontiforms. Recently, we
identiWed and characterized the dogWsh GH gene including
the 5⬘-Xanking region (our unpublished data). The dogWsh
GH gene consists of Wve exons and four introns, the same
as the sea lamprey GH gene. In the 5⬘-Xanking region,
TATA box and Pit-1/GHF-1 consensus sequences were
observed, the same as in gnathostomes and agnathans.
Moreover, all known PRL and SL genes also have the 5exon-type (Astola et al., 2003, 2004; Au and Leung, 2002;
Camper et al., 1984; Chen et al., 1991; Gubbins et al., 1980;
Kurima et al., 1995; Swennen et al., 1992; Takayama et al.,
1991; Truong et al., 1984; Xiong et al., 1992). TATA box
and Pit-1/GHF-1 consensus sequences are also observed in
the 5⬘-Xanking region of PRL and SL genes. Taken
together, this evidence suggests that the 5-exon-type gene
organization reXects the structure of the ancestral gene for
the GH/PRL/SL gene family.
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