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Abstract
Gnathostomes express a common proopiomelanocortin (POMC) gene in the pars distalis (PD) and the pars intermedia (PI) of the
pituitary gland. In contrast, the sea lamprey Petromyzon marinus expresses one distinct gene in each lobe; proopiocortin (POC)
encoding adrenocorticotropic hormone (ACTH) and -endorphin (END) is expressed in the PD and proopiomelanotropin (POM)
encoding melanophore-stimulating hormone (MSH), and a diVerent -END is expressed in the PI. We characterized the genomic
structure of the sea lamprey POC and POM genes including their 5⬘-Xanking regions. Both genes have two introns at positions similar to those of gnathostomes. Each exon encodes genetic information seen in the gnathostome POMC gene: exon 1 encodes an
untranslated nucleotide sequence, exon 2 encodes a signal peptide and the N-terminal short part of POC or POM, and exon 3
encodes all other parts including ACTH, MSHs or -END. Intron-A of POM (2289 bp) is six times longer than that of POC
(379 bp). The POM intron-A has three transposon-like sequences (TnL-1, -2, -3), the total length of which is 1781 bp, suggesting that
it has expanded via the insertion of TnLs. The 5⬘-Xanking region of the POC gene contains two TATA boxes, a CCAAT box, eight
E boxes, STAT, RAIE, and one binding site each for Ptx1, Pit-1, and Tpit. The POM gene contains four TATA boxes, eight E boxes,
three STATs, two RAIEs, two CRE-like elements, and one binding site for Pit1. However, there is virtually no similarity between the
two genes in the distribution of the elements. The transcriptional regulation of POC and POM may have diverged with the functional diVerentiation of the two genes.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Adrenocorticotropic hormone (ACTH), melanophore stimulating hormone (MSH), -endorphin (-END), and
other peptides are encoded on a common proopiomelanocortin (POMC) gene expressed in both the pars distalis (PD) and pars intermedia (PI) of the pituitary gland
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in gnathostomes (Takahashi and Kawauchi, 2005). Tissue-speciWc posttranslational processing of POMC
results in the production of ACTH and -END in the
PD, and MSHs and N-acetyl--END in the PI (Castro
and Morrison, 1997; Smith and Funder, 1988).
Lampreys, which are descendants of agnathans,
appeared over 500 million years ago (Forey and Janvier,
1993). The pituitary gland of the lamprey is composed of
the PD and PI, the former subdivided into the rostral
and proximal PD as seen in teleost Wsh (Gorbman et al.,
1983). We have previously isolated ACTH and two
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diVerent forms of MSH from sea lamprey pituitary
glands (Takahashi et al., 1995a), and identiWed
ACTH-producing cells and MSH-producing cells
immunocytochemically in the PD and PI, respectively
(Nozaki et al., 1995). The occurrence and topological
distributions of these POMC-derived peptides appear
comparable to those in gnathostomes. In the sea lamprey, however, ACTH and one form of -END are
encoded by one gene called proopiocortin (POC),
whereas the two forms of MSH and the other form of END are encoded by the other gene proopiomelanotropin
(POM). The POC is expressed in the PD and POM in
the PI (Takahashi et al., 1995b). On the basis of sequence
comparison, we suggested that an ancestral POMC gene
may have duplicated and diVerentiated into the PD-speciWc POC gene and PI-speciWc POM gene in concert
with the specialization of pituitary function during the
course of lamprey evolution (Takahashi and Kawauchi,
2005; Takahashi et al., 2001).
The genomic structure of the POMC gene has been
reported in human (Cochet et al., 1982), bovine
(Nakanishi et al., 1981), rat (Drouin et al., 1985), mouse
(Notake et al., 1983), chicken (Takeuchi et al., 1999),
Xenopus laevis (Deen et al., 1992), and zebraWsh (Gonzalez-Nunez et al., 2003; Hansen et al., 2003) and shown
to be well conserved. Two introns are present at
homologous positions and all functional segments,
ACTH, MSHs, and -END, are encoded on exon 3.
In mammals, transcription of POMC in the PD and
PI is controlled by hypothalamic hormones and glucocorticoids (Drouin et al., 1987; Gagner and Drouin,
1987). Several transcription factors synergistically participate in the initiation of transcription of the POMC
gene (Therrien and Drouin, 1991). Among them, pituitary homeobox 1 (Ptx1) and pituitary cell-restricted T
box factor (Tpit) are essential for cell-speciWc transcription of the POMC gene (Lamonerie et al., 1996; Lamolet
et al., 2001). These factors also participate in the development of POMC cells (Lamonerie et al., 1996;
Pulichino et al., 2003).
The present study was undertaken to determine the
nucleotide sequences of introns and 5⬘-Xanking regions
of POC and POM to investigate the diversity and evolutional diVerentiation of these genes.

2. Materials and methods
2.1. Lampreys and preparation of nucleic acid
Sampling and tissues collection were done in accordance with the UNH IACUC animal care guidelines.
Up-migrating adult sea lampreys, Petromyzon marinus,
were collected in a trap of the Wsh ladder at the Cocheco
River, New Hampshire. The lampreys were transported
to the freshwater Wsh hatchery at the University of New
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Hampshire and maintained in an artiWcial stream. They
were killed by decapitation, and the liver was removed
and frozen on dry ice until transferred to a ¡80 °C
freezer. Genomic DNA was prepared from adult liver
using Isotissue (Nippon Gene, Tokyo, Japan).
2.2. Polymerase chain reaction
HindIII cassette DNA and cassette-speciWc primers
were purchased from Takara (Tokyo, Japan). Templates
for inverse PCR were prepared after digestion of genomic DNA with NdeI (Nippon gene, Tokyo) according to
the method of Ochman et al. (1990). DNA was ampliWed
using AmpliTaq Gold Master Mix (Applied Biosystems,
Foster City, CA), Takara LA Taq with GC BuVer
(Takara, Tokyo, Japan), or HotStar Taq Master Mix
(Qiagen, Hilden, Germany). PCR was done using a thermal cycler (PC-808, Astec, Fukuoka, Japan) with a combination of gene-speciWc primers listed in Table 1. ProWle
of PCR with the AmpliTaq Gold Master Mix was activation of the enzyme at 94–95 °C for 10–15 min then 30
cycles of denaturation (1 min at 94–95 °C)—annealing
(0.5–1 min at 50–55 °C)—extension (1–2 min at 72 °C),
followed by a Wnal extension at 72 °C for 10 min; that
with Takara LA Taq with GC buVer was preheating of
the reaction mixture excluding an enzyme at 94 °C for
2 min, subsequently heating of the reaction mixture
Table 1
Custom oligonucleotide primers used for PCR to amplify DNA
fragments of sea lamprey POC and POM genes
Primer
a
b

Target
POC-1
POC-1

c
d
e
f
g
h
i

POC-2
POC-2
POC-3
POC-3
POC-4
POC-4
POC-5

j

POC-5

k
l
m
n
o
p
q
r
s

POM-1
POM-1
POM-2
POM-2
POM-3
POM-3
POM-4
POM-4
POM-5

t

POM-5

Nucleotide sequence
5⬘-CTGCAACGCAAAGCAACACT-3⬘
5⬘-GACAGCATCTCCAGCAGAA
GCAGCA-3⬘
5⬘-GTGCTGCTGGAATGATGGGA-3⬘
5⬘-GTCGTCGTCGTTGTCATC-3⬘;
5⬘-AGCTCAAATGCAGCGACGAC-3⬘
5⬘-ACCCCATTGAAGGCGTAGTC-3⬘
5⬘-GATAAGGCCACCATCCGCAA-3⬘
5⬘-TTGAAGCGATTAATAGAT-3⬘;
5⬘-CGTTAGAACGCGTAATACG
ACTCACTATAGGGAGA-3⬘
5⬘-TGACAGCATCTCCAGCAGAA
GCAGCAGTCG-3⬘
5⬘-ACCCGCCTTTGCTCACAA-3⬘
5⬘-AGCTCTCGCACGCCTGTA-3⬘
5⬘-TGTCGCTCTCCTACTGTC-3⬘
5⬘-GAAGTGTTGCATCCGGTA-3⬘
5⬘-GAGATTGTGCTCCTTGGA-3⬘
5⬘-CTGTCCACTCTTTGGTTG-3⬘;
5⬘-ACACCTACAGTGTGGTTGGT-3⬘
5⬘-TAAGTGGGTTACATGTGT-3⬘
5⬘-TGCACGTATGTACGTTGAACT
TCCTTCGTA-3⬘
5⬘-AGAAATCGTAAGTATGCGCA
ATGCGTGAGC-3⬘

Synthesis of primers was performed by Nihon Gene Research Lab’s
(Sendai, Japan) excluding i, which was purchased from Takara (Tokyo
Japan).
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including the enzyme at 94 °C for 3 min, and then 30
cycles of denaturation (0.5 or 15 min at 98 °C)—annealing/extension (4 min at 70 °C or 15 min at 68 °C), and
that with HotStar Taq Master Mix was activation of the
enzyme at 95 °C for 10 min then 35 cycles of denaturation (1 min at 95 °C)—annealing (1 min at 70 °C)—
extension (3 min at 72 °C), followed by a Wnal extension
at 72 °C for 5 min.

ogy searches were done using the FASTA analysis program (http://www.ddbj.nig.ac.jp/search/fasta-e.html). In
both POC and POM genes, 5⬘-ends were assigned by
determination of capping sites of corresponding
mRNAs according to the method of Ohtake et al. (2004).

2.3. Nucleic acid sequence determination

Clones POC-1 to 5 were ampliWed from genomic
DNA by PCR using primers based on the nucleotide
sequence of POC cDNA and the cassette primer (Fig. 1).
The length of the clones excluding primers are 426 bp for
POC-1, 1669 bp for POC-2, 348 bp for POC-3, 475 bp for
POC-4, and 1604 bp for POC-5. The merging of these
Wve DNA fragments provided a POC gene consisting of
2882 bp and its 5⬘-Xanking region of 1153 bp (Fig. 1).
Clones POM-1 to 4 were ampliWed from genomic
DNA by PCR using primers based on the nucleotide
sequence of POC cDNA (Fig. 1). The clone POM-5 was
ampliWed from self-ligated genomic DNA by inverse
PCR after digestion with the restriction enzyme NdeI.
The length of the clones excluding primers are 2454 bp
for POM-1, 2088 bp for POM-2, 1158 bp for POM-3,
582 bp for POM-4, and 2843 bp for POM-5. The merging

PCR-ampliWed DNA, puriWed using a QIAEX II Gel
Extraction kit (Qiagen) after gel electrophoresis on
Nusieve GTG agarose (Cambrex Bio Science Rockland,
Rockland, ME), was cloned using pT7 Blue T vector
(Novagen, Madison, WI) or a TOPO XL PCR Cloning
kit (Invitrogen, Carlsbad, CA). 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, Foster City,
CA). DNASIS-Pro (Hitachi Software Engineering,
Yokohama, Japan) and Genetyx-Mac (Software Development, Tokyo, Japan) were used for processing the
sequence and searching for repetitive sequences. Homol-

3. Results

Fig. 1. Schematic diagrams of sea lamprey POC and POM genes. Introns are marked with I, 5⬘-Xanking regions with F, and exons with E. Numbers
in parentheses show segment size in base pairs. Arrows indicate Wrst positions of exons or restriction sites of HindIII and NdeI. Thin bars show relative positions of DNA clones ampliWed by PCR. Lower cases on both sides of thin bars show primers (see Table 1 for sequences). The numbers in
square brackets show 5⬘ and 3⬘ ends excluding primers. For details of nucleotide sequences, see Accession No. AB206464, for the POC gene, and
AB206465, for the POM gene, in the DDBJ/EMBL/GenBank nucleotide sequence database. (Inset) Amino acid sequences of prePOC and prePOM
compared with the sequence of human prePOMC. Bold bars show the part of prePOC or prePOM encoded on exon 2. Other parts without bold bars
are encoded on exon 3. Italics show signal peptides. Thin bars show ACTH, MSH, and -END segments.
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of these Wve DNA fragments provided a POM gene consisting of 6166 bp and its 5⬘-Xanking region of 2760 bp
(Fig. 1). The 5⬘-Xanking region and exon one of both
POC and POM are shown in Fig. 2.
Nucleotide sequence comparison of POC and POM
with corresponding cDNAs (Takahashi et al., 1995b)
reveals that these genes are composed of three exons and
two introns (Fig. 1). In the POC gene, exons 1, 2, and 3
are composed of 45, 106, and 884 bp, respectively. Exon
2 encodes a signal peptide consisting of 23 aa and POC
(1–9), and exon 3 encodes POC (10–246) including ACTH
and -END (Fig. 1 inset). In the POM gene, exons 1, 2,
and 3 are composed of 52, 175, and 1818 bp, respectively.
Exon 2 encodes a signal peptide consisting of 39 aa and
POM (1–17), and exon 3 encodes POM (18–189) including MSH-A, MSH-B, and -END (Fig. 1 inset).
The POC intron-A and -B are composed of 379 and
1468 bp, respectively, and the POM intron-A and -B are
composed of 2289 and 1832 bp, respectively (Fig. 1). There
are three transposon-like sequences (TnLs) in the POM
intron-A, each of which is characterized by the presence of
an inverted repeat accompanying the direct repeat (Fig. 3).
Among the three direct repeats, two are palindromes identical to the restriction site of BalI or SnaBI. The number
of nucleotides composing TnL-1 and -2 containing a
nested TnL-3 is 1055 and 726 bp, respectively.
A FASTA homology search revealed similarity in
nucleotide sequence between a part of TnL-3 and some
genomic sequences in sea lamprey. The sequence identity
of POM (1886–2102) versus a segment of the intron of an
ABCB9-like TAP-family protein gene was 77% in a 220bp overlap, that of POM (1918–2094) versus a segment of
the intron of the P-opsin gene was 78% in a 179-bp overlap, and that of POM (1917–2095) versus an upstream segment of the lamprin L-1.8 gene is 73% in a 184-bp overlap.
Some putative transcriptional elements were observed
in the 5⬘-Xanking regions of the POC and POM genes
(Fig. 2). The 5⬘-Xanking region of the POC gene contains
two TATA boxes (TATAWAW), one CCAAT box
(CCAAT), one binding site for Ptx1 (CTAAGCC), one
binding site for Tpit (TCACAC), one binding site for pituitary transcription factor-1 (Pit-1, TATCCAT), eight
E boxes (CANNTG), one signal transducer and activator
of transcription response element (STAT, TTCNN
NGAA), and one retinoic acid-inducible element (RAIE,
AGGTCA). The 5⬘-Xanking region of the POM gene contains four TATA boxes, one binding site for Pit1, eight E
boxes, three STATs, two RAIEs, and two cyclic AMP
response element-like elements (CRE-like, CTGCA).

4. Discussion
The sea lamprey POC and POM genes are each composed of three exons and two introns. The gene organization is the same as that of the gnathostome POMC
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genes (Cochet et al., 1982; Deen et al., 1992; Drouin
et al., 1985; Gonzalez-Nunez et al., 2003; Hansen et al.,
2003; Nakanishi et al., 1981; Notake et al., 1983; Takeuchi et al., 1999). The genetic information encoded in each
exon of POC and POM is also similar to that of the
POMC gene; exon 1 encodes an untranslated nucleotide
sequence, exon 2 encodes a signal peptide and N-terminal short region, and exon 3 encodes the remaining segment including ACTH, MSH or END (Fig. 1). The
similarity between POC and POM supports our interpretation that the two genes may have originated from a
common ancestral POMC gene during the course of
lamprey evolution (Takahashi and Kawauchi, 2005;
Takahashi et al., 1995b, 2001). Moreover, the similarity
in the genomic structure of POMC between lampreys
and gnathostomes suggests that the gene organization
may have been established early in the evolution of vertebrates, probably before the divergence of the gnathostome lineage from lampreys.
In addition to sea lamprey, POMC subtypes have been
identiWed in barWn Xounder, sockeye salmon, rainbow
trout, carp, zebraWsh, sturgeon, and paddleWsh. (Alrubaian et al., 1999; Arends et al., 1998; Danielson et al., 1999;
Gonzalez-Nunez et al., 2003; Okuta et al., 1996; Salbert
et al., 1992; Takahashi et al., 2000, 2005). However, POC
and POM in sea lamprey diVer from gnathostome
POMC subtype as to the tissue distribution and function.
Namely, POC and POM are expressed speciWcally in the
PD and PI, respectively, in sea lamprey, while POMC
subtypes are expressed in both the PD and PI in the gnathostomes (Salbert et al., 1992). Moreover, POC encoding ACTH and one form of -END is functionally
diVerent from POM encoding MSH and the other form
of -END, while gnathostomes POMC subtypes commonly encodes ACTH, MSH, and -END. Despite these
diVerences, the roles of the PD and PI are conserved
between sea lamprey and gnathostomes in a sense that
ACTH and MSH are major products in the PD and PI,
respectively (Castro and Morrison, 1997; Nozaki et al.,
1995; Smith and Funder, 1988).
The presence of the TnLs in intron-A of POM suggests that the intron has expanded through three successive insertions of DNA after the duplication of a
common ancestral gene. One of the three events may
have resulted in a nested structure, TnL-3 within TnL-2.
Although the intron-A of POM (2289 bp) is six times
longer than that of POC (379 bp), its length excluding
TnL-1 (1055 bp) and TnL-2 (726 bp) is 508 bp. This value
is comparable to that of the POC intron-A. Therefore,
the intron-A of the ancestral POM gene would have
been much shorter than the present one, and hence similar to that of POC. The similarity in nucleotide sequence
between of TnL-3 and other segments within the sea
lamprey genome suggests that intron-A of POM evolved
through the insertion of DNA originating from other
parts of the genome.
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Fig. 2. Structures of 5⬘-Xanking regions of sea lamprey POC and POM genes. Exon 1 of each gene is shown in lower case. 䉲, 5⬘ end of exon 1, which
is designated as position 1.
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Fig. 3. Structure of intron-A of the sea lamprey POM gene. (A) Schematic diagram showing relative positions of the TnLs. The numbers in parentheses show positions of 5⬘ or 3⬘ ends of TnLs on the POM gene. DR, direct repeat. IR, inverted repeat. (B). Nucleotide sequence of intron-A showing
the structures of direct repeats with italics and underlines, and inverted repeats with arrows. DR-1 and DR-2 are identical to SnaBI and BalI sites,
respectively. (C) Sequence comparison of inverted repeats. The sequence of “B” is reversed and complementary.

There are several kinds of transcriptional elements in
the 5⬘-Xanking region of POC and POM. A Pit-1-binding site, an E box, STAT, and RAIE are observed in the
5⬘-Xanking regions of both genes. However, virtually no
similarity was observed between the two genes in the
distribution of these elements. Moreover, while the
POM gene contains a TATA box in the vicinity of the

transcription initiation site, which is conserved in the
zebraWsh, Xenopus laevis, human, rat, and bovine
POMC genes, the POC gene does not. Based on the tissue-speciWc expression of the POC and POM genes in
sea lamprey pituitary gland, we proposed that after
duplication of the ancestral POMC gene, each copy
evolved in concert with the specialization of tissue
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function (Takahashi and Kawauchi, 2005; Takahashi
et al., 2001). It is conceivable that changes in regulatory
elements after gene duplication resulted in the expression of POC and POM gene in the PD and PI,
respectively, which synchronized with the mutations in
the coding regions so that the two distinct precursors
diverged to encode ACTH and the two MSHs
separately.
The presence of several kinds of transcriptional
elements suggests that the expression of POC and POM
is regulated by synergistic interactions of several regulatory factors as in mammals (Therrien and Drouin,
1991). Among several possible factors, Ptx1 and Tpit,
are known to be POMC-speciWc transcription factors
and to activate cooperatively POMC transcription in
mammals (Lamolet et al., 2001). Ptx1 and Tpit may also
cooperate in the case of the POC gene because their
binding sites adjoin in the 5⬘-Xanking region. Although
Pit-1 is primarily responsible for the expression of
growth hormone family genes in gnathostome pituitaries (Bodner et al., 1988; Ingraham et al., 1988; Ono et al.,
1994), both POC and POM have a Pit-1-binding site in
the 5⬘-Xanking region in sea lamprey, suggesting the
importance of Pit-1 in the transcription of the two
genes. In addition to their roles as transcription factors,
Ptx1, Tpit, and Pit-1 have been shown to be involved in
the diVerentiation of pituitary cells during organogenesis (Castrillo et al., 1991; Lamonerie et al., 1996; Pulichino et al., 2003). The presence of binding sites for Ptx1,
Tpit, and Pit-1 in the POC gene and Pit-1 in the POM
gene suggests that the corresponding factors also have
important functions during the development of pituitary cells into corticotrophs in the PD and melanotrophs in the PI in lamprey.
In conclusion, we determined the structure of the
genes of POC and POM in sea lamprey. These genes
are composed of three exons and two introns as in
mammals, suggesting the early establishment of the
POMC gene during the evolution of vertebrates.
Intron-A of POC is thought to have expanded with the
insertion of TnLs. The area upstream of the POC and
POM genes showed no similarity in terms of the distribution of putative transcriptional elements. The
transcriptional regulation of POC and POM may have
diverged with the functional diVerentiation of the
genes.
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