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Abstract

Finding genetic novelties that may contribute to human-specific physiology and diseases is a key issue of current biomedical studies.
TMEM30C is a gene containing two transmembrane (TM) domains and homologous to the yeast CDC50 family, which is related to polarized
cell division. It is conserved among mammals along with two other paralogs, TMEM30A and TMEM30B. We found that TMEM30C is expressed
specifically in the testis of mammals, in contrast to the relatively wide expression distributions of the other paralogs. While macaques expressed
two alternative splicing isoforms which include one or two TM domains, humans and chimpanzees predominantly expressed truncated transcripts
because of the mutations in the splicing and/or poly(A) signal sites. The major transcript in humans harbored non-stop ORF (open reading frame)
while the chimpanzee counterpart encoded a protein with one TM domain. The difference was due to the 1-bp indel upstream of the poly(A) signal
site. In addition, both the hominoids expressed minor transcripts encoding short proteins with one TM domain. Phylogenetic analysis has showed
the acceleration of amino acid substitution after the human and chimpanzee divergence, which may have been caused by a recent relaxation in
functional constraints or positive selection on TMEM30C. Elucidating the precise reproductive function of TMEM30C in mammals will be

important to the foundation of divergence in higher primates at a molecular level.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Primates; Evolution; Transmembrane protein; Reproduction

1. Introduction

Genetic novelties that may contribute to the physiology and
diseases of current human populations have fascinated many
scientists for many years and have become an important subject
of current biomedical studies (Gibbons, 1998; Hacia, 2001;
Olson and Varki, 2003; Varki and Altheide, 2005). Chimpan-
zees (common chimpanzees and bonobos) are the closest
relatives of humans, and a draft genome of the common
chimpanzee (Pan troglodytes), which will be enormously
valuable to evolutionary studies, is now publicly available
(Chimpanzee Sequencing and Analysis Consortium, 2005).

Abbreviations: TM, transmembrane; ORF, open reading frame; UTR,
untranslated region.
* Corresponding author. Tel.: +81 72 641 9811; fax: +81 72 641 9812.
E-mail address: nosada@nibio.go.jp (N. Osada).

0378-1119/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.gene.2006.11.021

Consequently, extensive research has focused on genetic
differentiation among higher primates, mainly based on single
nucleotide substitutions and a set of genes has been uncovered
in which changes might represent adaptations (Enard et al.,
2002b; Clark et al., 2003; Hellmann et al., 2003; Watanabe
et al., 2004; Evans et al., 2005; Glazko et al., 2005; Meckel
Bobrov et al., 2005; Nielsen et al., 2005).

Undoubtedly, amino acid substitution is not the only factor
responsible for the phenotypic diversity of species. In addition
to amino acid substitution, divergence at a transcriptional level,
such as cis-regulated gene expression divergence and the gain-
and-loss of genes, is likely to be an important factor in the
genomic evolution of organisms to create phenotypic complex-
ity (King and Wilson, 1975; Enard et al., 2002a; Heissig et al.,
2005; Marques et al.,, 2005; Rockman et al., 2005). Although
gains-and-losses of genes might cause a larger phenotypic effect
than single amino acid substitutions (Olson and Varki, 2003),
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fewer studies have described lineage-specific gains-and-losses
of genes among higher primates (Chou et al., 1998; Stedman
et al., 2004; Hahn and Lee, 2005; Hayakawa et al., 2005; Wang
et al., 2006), with the exception of the frequent births and deaths
of genes in large multi-copied gene families (Meyer Olson et al.,
2003; Fortna et al., 2004; Gilad et al., 2005; Go et al., 2005).
Using the human and chimpanzee genome sequence, we could
conduct a genome-wide survey of species-specific pseudo-
genes, which carry null mutations in the coding region either in
the human and chimpanzee (Hahn and Lee, 2005; Wang et al.,
2006). However, if the loss of function arose enough recently in
the course of evolution, null mutation in the coding region is not
a perfect criterion for nonfunctional genes. For example,
mutation in a promoter region can lead null expression of the
gene without coding disruption. Therefore, to explore lineage-
specific transcript structures and expression patterns, valid and
detailed experimental evidence is needed.

Recent studies have shown that the rate of transcriptome
divergence was high in the testis, which might be involved in
many biologically important phenomena such as reproductive
isolation (Swanson and Vacquier, 2002). In the course of our
transcriptome analysis of the macaque testis (Osada et al.,
2005), we found that one of the genes, which showed homology
to yeast gene CDCS50, was expressed in macaques but not
completely expressed in humans. In mammals, three types of
CDC50 paralogs have been identified: transmembrane protein
30A (CDC504 or TMEM304), 30B (CDC50B or TMEM30B),
and 30C (CDC50C or TMEM30C). The CDCS50 gene product,
Cdc50p in yeast is a subunit of phospholipids-transacting P-
type ATPase, which has been implicated in the asymmetrical
localization of phospholipids within the plasma membrane
(Saito et al., 2004) and hence is involved in polarized cell
division system. The protein structure of this protein family is
highly conserved from yeast to mammals; the structure
comprises two transmembrane (TM) regions, with the head
and tail sticking out on the cytoplasmic side. Although all three
paralogous cDNA clones were present in mice, only TMEM304
and 308 cDNAs have been cloned in humans, and TMEM30C
has been predicted by only in silico analysis (Katoh and Katoh,
2004). Here, we describe that the TMEM30C gene is
specifically expressed in mammalian testes and the transcript
structure is highly diverse among higher primates.

2. Materials and methods
2.1. Sequence analysis

The putative coding sequence of chimpanzee TMEM30C was
deduced from the chimpanzee draft genome sequence with the
exception of the exon 6 sequence, which contained ambiguous
base pairs and gaps in the public genome sequence. The sequence
of chimpanzee exon 6 (DDBJ/EMBL/Genbank accession num-
ber: AB247157) was determined by sequencing the PCR product
from genomic DNA, which was extracted from EB-transformed
lymphocytes. The TMEM30C cDNA sequences of the mouse
(AK161475), rat (XM..221533), dog (XM_545073), and bovine
(BC111328) were obtained from the public databases. Note that

the rat and dog sequences are hypothetical sequences that were
predicted from the genome sequence. Human and chimpanzee
TMEM30C cDNAs were amplified using the 3’-RACE method
with an oligo-primer adaptor (GGCCACGCGTCGACTAG-
TACTTTTTTTTTTTTTTTTT) and forward primers in exon 2.
The PCR products were cloned into pUCI18 plasmids and the
sequences of = 10 clones from each library were then determined
(AB249666; AB250297; AB265818; AB265819). Macaca
fascicularis cDNA clones, QtsA-12626 (AB070082) and QtsA-
16374 (AB070082), were isolated from the oligo-capped cDNA
library described previously (Osada et al., 2005). The DNA
samples were sequenced using an ABI 310 and 3730 sequencer
(Applied Biosystems).

2.2. RT"-PCR

The templates of the human and mouse total RNA were
purchased from Clontech and Sawady technology (Japan),
respectively. Chimpanzee testis sample was collected from an
eight-year-old male chimpanzee (P. troglodytes verus) which
died of natural causes. Total RNA samples of the cynomolgus
monkey were obtained as described previously (Osada et al.,
2005). One microgram of total mRNA was amplified using a
One Step RNA PCR Kit (TakaraBio). The temperature and time
schedules were 30 cycles 0of 94 °C for 20 s, 58 °C/60 °C for 30 s,
and 72 °C for 1 min. The primer sequences were shown in
Supplemental Table 1.

2.3. Tree construction of mammalian TMEM30C genes

For the phylogenetic analysis, we used 5'-sequences of
ORFs (843 bp from the first ATG) that encode TMEM30C in
the various mammals described above. The putative human and
chimpanzee TMEM30C sequences corresponding to the other
mammalian ¢cDNAs were extracted from the human (NCBI
build 35) and chimpanzee (NCBI build 1) genome sequence,
respectively. The nucleotide sequences were aligned taking the
translated amino acid sequences as guides and using ClustalW
with default parameters (Thompson et al., 1994). The multiple
alignments were used to construct a phylogenetic tree using the
neighbor-joining method with Kimura’s distance (Kimura,
1980; Saitou and Nei, 1987). The alignment and tree
construction were performed using the MEGA 3.1 program
package (Kumar et al., 2004). For the statistical test for positive
selection, we used both PAML (Yang, 1997) and Hyphy (Pond
et al., 2005) program packages but both programs failed to find
both positively selected lineages and sites. The non-synony-
mous substitution rate (dy) and the synonymous substitution
rate (dg) for each lineage were estimated using the maximum
likelihood method implemented in PAML (Yang, 1997).

2.4. Tree construction of vertebrate CDC50 homologs

The amino acid sequences were used for the alignment and
tree construction of vertebrate TMEM30 proteins and yeast
CDC50. The phylogenetic tree was constructed using MEGA
3.1 program with p-distance and neighbor-joining method.
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3. Results and discussion
3.1. TMEM30 protein family in mammals

TMEM30C cDNA had not been identified in human
transcripts; we found two clones named QtsA-12626 and QtsA-
16374 in a cDNA library from cynomolgus monkey testis
(M. fascicularis). The cDNAs were derived from seven (variant 1)
and eight (variant 2) exons when they were mapped on the human
genome sequence, and encoded 292 and 344 amino acids,
respectively (Fig. 1). Variant 2 arose from an alternative splicing at
a cryptic donor site of exon 7 of variant 1. Transmembrane regions
of TMEM30C were predicted using the DAS-TMfilter program
(Cserzo et al., 2002). The prediction showed that variant 2 has two
transmembrane (TM) domains in exons 2 and 8 (2-TM type) but
that variant 1 lacks the TM region at the C-terminal (1-TM type).
Here, in Fig. 1 and the following results, we shall number the
exons and introns using these macaque transcripts. We also found
mouse and bovine TMEM30C homologous cDNAs in public
databases. Mouse #mem30c had both 1-TM and 2-TM transcripts,
but the 1-TM type TMEM30C transcript was not found in bovines.

3.2. Divergence of TMEM30C transcript structures in primates

We cloned ¢cDNAs of TMEM30C from the human and
chimpanzee testis RNA samples using the 3'-RACE method and
determined the cDNA sequences. In both species, majority of the
transcripts were spliced at the end of exon 3 but not at the end of

exon 4. The human transcript contained a truncated protein-
coding sequence with no stop codon in the reading frame and
hence was assumed to be not protein-producing (variant 3a,
AB249666). On the other hand, the chimpanzee transcript
encoded a 157-amino acid protein (variant 3b, AB265818). The
difference of coding ability between humans and chimpanzees
was due to the 1-bp indel upstream of the poly(A) signal site
(Fig. 1). Because the multiple indels were found in the region
among higher primates, we were not able to infer whether the
common ancestor of humans and chimpanzees had expressed
protein-coding transcripts. We also cloned minor transcripts
which were not spliced at the end of exon 3 and possessed a poly
(A) tail in the following region, yielding 113-amino acid proteins.
The minor transcripts have slightly different poly(A) addition sites
in the 3/ UTRs (untranslated regions) between humans (variant
4a, AB250297) and chimpanzees (variant 4b, AB265819).

We subsequently surveyed the genomic sequence of exon—
intron boundaries of humans, chimpanzees, and rhesus macaques
(Macaca mulatta) using the public genome sequence databases
and confirmed the substitutions by sequencing the human and
chimpanzee genomic DNA samples. We found four major
substitutions which might be responsible for the hominoid-
specific truncation and human-specific non-stop ORF of
TMEM30C transcripts (Fig. 1). First, the major transcripts of
humans and chimpanzees had the 1-bp indel upstream of the poly
(A) signal site. Second, poly(A) signal at macaque intron 4 was
consensus AATAAA in humans and chimpanzees but GATAAA
in macaques, suggesting that the poly(A) signals in humans and

™

Bl cos

human genome: chr3qi2.1-q12.2  28.0kb D UTR
Y non-stop ORF
exen
species variant type #1 #2 #3 #4 #5 #8 #7 #8 N
1 (292 aa) AAAAAA
macaque D l l ' l . l
T i ‘TR B W
3a {no stop codon) § § AAAAAA
human
4a {113 aa) .] AAABAA
b {157 a AAAAAA
chimpanzee 3o{ al l ']
4b {113 aa) l:} ABARAA
macague . ..CTTT--CTTTTTTTTAAA...... GATARA. . . . .GCATCCAGQ GCTGTT. .. . .TCCCACAG GAACCA. ..
human L COTTTTTOTTITTTTTARA , ... .. FRTAAA. . . .. .GCATCCNE GOTETT.. . 1| . .. .TCCCACHE GRACCA. ..
chimpanzee , .  CTPTTTCTTTTTTTERAA. . ... . fhTasA. .. . .GCATCCAG GCTGTT. .. .. TCCCACHER GAACCA. ..

intron 4
poly{A} signal

inton4  exon5 intron 6 axon 7

acceptor site acceptor site

Fig. 1. Schematic presentation of the genomic structure of human and macaque TMEM30C. Black, white, shaded, and hatched boxes represent exons in coding regions
(CDSs), untranslated regions (UTRs), transmembrane (TM) regions, and non-stop open reading frames (ORFs), respectively. Stretches of A indicate poly(A) tail. As
indicated in the lower panel, poly(A) signals and splicing acceptor sites have human- and hominoid-specific substitutions, which are marked by shaded backgrounds.
Note that the 5’-end of human TMEM30C is not cloned but apparently transcribed.
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human {(exon 2-4)

macague {exon 2-7) {

TMEM30C

ACTB {f-actin}

TMEM30C

ACTE (B-aclin)

Fig. 2. Tissue distribution of human and macaque TMEM30C transcripts. Images of the RT-PCR gels show the amplification of TMEM30C and B-actin (control)
transcripts from the brain, testis, heart, spleen, pancreas, small intestine, and skin for the human and macaque and ovary for the human.

chimpanzees were stronger than those in macaques. Third, splice
acceptor site of exon 5 was substituted from AG to AC in humans
while the chimpanzee and macaque have AG. In the human SNP
database by HapMap project (Hinds et al., 2005), there was no
inference of polymorphisms at the acceptor site (i.e. C was fixed).
Fourth, splice acceptor site of exon 7 was AG in macaques but AA
in the hominoids.

3.3. Expression pattern of TMEM30C in primates

We performed RT-PCR using several human, macaque and
mouse organs to examine the expression pattern of mammalian
TMEM30C orthologs. As a result, in the three species of
mammals that we surveyed, TMEM30C was expressed exclu-
sively in the testes (Fig. 2 and Supplemental Fig. 1A). In addition,
a very faint amplification was found in the macaque brain.

3.4. Molecular evolution of TMEM30C in mammals

To determine the pattern of molecular evolution of TMEM30C,
we conducted a molecular phylogenetic analysis of mammalian

TMEM30C. Mouse, rat, bovine, dog, macaque, chimpanzee, and
human coding sequences of TMEM30C were obtained by DNA
sequencing and from public databases (see Methods section).
While the latter half of the human and chimpanzee TMEM30C
gene is not transcribed, it does not carry any null mutation such as
a frameshift or stop codon in the putative coding region. Aligned
regions (843 bp from the first ATG) were then used to construct a
phylogenetic tree using the neighbor-joining method. The
phylogenetic tree and substitution rate for each lineage are
presented in Fig. 3. The functional constraint on the gene was
inferred using the statistics w (dy/ds). @ is close to 0 when the
functional constraint on the gene is strong and approaches 1 when
the constraint is weak (i.e. pseudogene when w=1). The  for the
entire tree was relatively high (0.45) for TMEM30C, and w after
the divergence of humans and chimpanzees was extremely high
compared with the other mammalian lineages. Indeed, there are no
synonymous substitutions between human and chimpanzee
TMEM30C, but there are four non-synonymous substitutions.
Although w after the human—chimpanzee divergence exceeded 1,
it was not significantly deviated from 1 when examined using the
likelihood ratio test. Because of the few nucleotide substitutions

0.0049 (3.0} / 0.0000 (0.0)
Human

0.0123 (7.5} 7 0.0347 (8.0) l
0.0819 (50.2) / 0.1358 {31.2) Chimpanzee

0.1124 (68.9} / 0.2829 (65.0)

0.0016 {1.0) / 0.0000 (0.9)

e NaCagUe
0.0026 {1.6) / 0.0168 (3.9)

0.0232 {14.2) /0.0983 (22.8}
e mseensmemsesssnnse AL E

0.0317 (19.4) / 0.1485 (34.1)
Rat

0.0391 (24.0}/0.1943 (44.7)

0.0383 {23.5} / 0.0330 {7.6}

Doy

0.1038 (63.7) / 0.1400 (32.2)

0.02

Bovine

Fig. 3. A phylogenetic tree of mammalian TMEM30C. The tree was constructed based on the 843 bp nucleotide sequences from the initial ATG codon. Branch length
was estimated using Kimura’s 2 parameter method (Kimura, 1980). din/ds for each branch was estimated using the PAML (Yang, 1997) and is presented along the
branches. Numbers of substitutions are shown in parentheses.
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Fig. 4. Neighbor-joining tree of vertebrate TMEM?30 proteins. Yeast CDC50 protein sequence was used as an out-group. Bootstrap values (%) by 1000 iteration are
indicated upon each branch. DDBJ/EMBL/Genbank accession numbers are shown after each gene name. Gene name was omitted when the gene is a hypothetical

(unnamed) gene.

between humans and chimpanzees, we were not able to infer
whether the excess of non-synonymous substitutions was due to
positive selection or relaxation in functional constraint. However,
we suggest that the relaxation in functional constraint is a more
reasonable explanation because the majority of the coding regions
in the hominoids are not transcribed.

3.5. Evolutionary origin of TMEM30C

TMEM30C is one of three TMEM?30 paralogs in mammalian
genomes. In order to infer the original function of TMEM30C, we
surveyed patterns of gene expression and protein evolution in the
TMEM30 gene family. First, we performed RT-PCR for
TMEM304 and 30B in human tissues. TMEM304 and 30B in
mammals have wide ranges of expression patterns (brain, liver,
and testis) and only TMEM30C showed tissue specific expression
patterns (Supplemental Fig. 1B). Next, the public database was
searched for TMEM30 protein sequences of various vertebrate
species. We aligned the sequences and constructed a phylogenetic
tree. The tree indicated that TMEM30C arose before the
divergence of the teleost fish (Fig. 4). TMEM30B is an intronless
gene in mice and rats, and the gene in humans apparently carries
one intron insertion in the 3" UTR. Thus the gene is thought to
have originated by retrotransposition. Considering that yeast
Cdc50p has an indispensable function in polarized cell division,
ubiquitously expressed TMEM30A probably retains the original
function of CDCS50 proteins. Therefore, TMEM30C likely
originated with TMEM304 by gene duplication and later acquired
a testis-specific expression pattern. Interestingly, although all
mammals possess only one copy of TMEM304, Xenopus and

zebra fish have multiple copies of TMEM30A-like genes,
indicating the convergent expansion of TMEM304 genes in
amphibians and teleosts.

The function of the TMEM30C protein remains unclear. The
TMEM30C protein is probably involved in spermatogenesis in
mammals because yeast Cdc50p has been shown to be related to
cell division. In this report, we showed the complex transcrip-
tional divergence of TMEM30C in primates. Humans and
chimpanzees predominantly express non-coding (variant 3a)
and 1-TM type (variant 3b) of TMEM30C transcripts, respec-
tively. Because the testis is one of the organs that have the widest
variety of splicing isoforms (Yeo et al., 2004), other minor
transcripts may be hidden at a very low expression level.
Actually, we confirmed a weak expression of exon 5 in chim-
panzees but not in humans by RT-PCR (data not shown), which
might result from the human-specific acceptor site mutation at
the boundary of intron 4 and exon 5. However, using several sets
of primers, we were not able to identify the expression of exon 5
to 8 in humans and exon 6 to 8 in chimpanzees, suggesting that
the 2-TM type TMEM30C might become dispensable for
hominoids. As shown in Fig. 1, macaques express both 1-TM
(variant 1) and 2-TM (variant 2) type TMEM30C transcripts by
alternative splicing. We also found both types of transcripts in
mice, suggesting that the function of 1-TM type TMEM30C had
already existed before the divergence of mammals. Hence, this
phenomenon can be interpreted as a reduction in transcriptional
diversity after the divergence of hominoids. We should note,
however, that the loss of the 2-TM type TMEM30C transcript is
not the only factor that might alter the function of human
TMEM30C as hominoid 1-TM type TMEM30C also lost most of
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its extracellular region, possibly resulting in a substantially
modified function.

4. Conclusions

In this study, we identified the hominoid-specific truncated
transcripts of TMEM30C, which is specifically expressed in the
testis. From the aspect of species divergence at a transcriptional
level, this example is only the tip of the iceberg and further
effort is needed to survey the genetic divergence of species
more deeply.
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Identification of a Novel CXCL1-Like Chemokine Gene in
Macaques and Its Inactivation in Hominids

HISAYUKI NOMIYAMA,! KAORI OTSUKA-ONO,! RETSU MIURA,! NAOKI OSADA,> KEIJI TERAO,?
OSAMU YOSHIE,* and JUN KUSUDA?

ABSTRACT

Chemokines are a rapidly evolving cytokine gene family. Because of various genome rearrangements after di-
vergence of primates and rodents, humans and mice have different sets of chemokine genes, with humans hav-
ing members outnumbering those of mice. Here, we report the occurrence of lineage-specific chemokine gene
generation or inactivation events within primates. By using human chemokine sequences as queries, we iso-
lated a novel cynomolgus macaque CXC chemokine ¢cDNA. The encoded chemokine, termed CXCL1L (from
CXCL1-like) showed the highest similarity to human CXCL1. A highly homologous gene was also found in
the rhesus macaque genome. By comparing the genome organization of the major CXC chemokine clusters
among the primates, we found that one copy of the duplicated CXCL1 genes turned into a pseudogene in the
hominids, whereas the gene in macaques has been maintained as a functionally active CXCL1L. In addition,
cynomolgus macaque was found to contain an additional CXC chemeokine highly homologous to CXCL3,
termed CXCL3L (from CXCL3-like). These results demonstrate the birth-and-death process of a new gene

in association with gene duplication within the primates.

INTRODUCTION

YNOMOLGUS MACAQUE (Macaca fascicularis) and rhesus
macaque (Macaca mulatta) are closely related old world
monkeys commonly used in experimental and toxicologic stud-
ies for drug and vaccine development.!™* Although both ma-
caques are considered phylogenetically very close to humans,
possible genetic differences between macaques and humans that
may cause interspecies differences in drug responses and tox-
icity should be taken into account when the data obtained from
macaques are extrapolated to bumans. To unveil the genetic dif-
ferences in primates and also to help identify genes in the hu-
man genome, expressed sequence tag (EST) and genome se-
quencing projects of these macaques are underway.
Chemokines are a large family of cytokines that regulate in-
flammation, leukocyte trafficking, and immune cell develop-
ment.> There are at least 46 chemokine members in humans.
Based on the arrangement of the conserved cysteine residues,

chemokines are classified into four subfamilies. Two main sub-
families are CXC and CC chemokines, which have the first two
conserved cysteines separated by one amino acid or juxtaposed,
respectively. Chemokines can also be divided into two func-
tional subgroups. Inflammatory chemokines attract mainly
monocytes and neutrophils and mediate innate immunity,
whereas homeostatic chemokines are constitutively expressed
in organs, such as lymphoid tissues, and are involved in relo-
cation of lymphocytes and dendritic cells (DCs).

The inflammatory CXC and CC chemokines are known to
form a large gene cluster.” Human CXC and CC inflammatory
chemokine gene clusters reside on chromosomes 4 and 17, re-
spectively, and the respective gene clusters in mice are located
on chromosomes 5 and 11. Comparison of these gene cluster
organizations shows that the chemokine gene content in each
cluster is greatly different between human and mouse due to
lineage-specific gene duplication or deletion events or both af-
ter the divergence of primates and rodents.®? In contrast, the
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emergence of noncluster chemokines, most of which are
homeostatic chemokines, apparently predated the divergence of
primates and rodents.®°

To determine if gene rearrangements within the chemokine
clusters occurred even after the diversification of humans and
nonhuman primates, we searched the EST and genome data-
bases of nonhuman primates for novel chemokines.

MATERIALS AND METHODS

¢DNA cloning

Chemokine cDNAs were cloned by reverse transcriptase-poly-
merase chain reaction (RT-PCR). Total RNAs were prepared
from various tissues of cynomolgus macaque and reverse tran-
scribed. The ¢cDNAs were synthesized using PrimeSTAR HS
DNA polymerase (Takara Bio, Kyoto, Japan) and cloned with
Mighty Cloning kit (Takara Bio). The primer sequences were de-
signed based on the rhesus macaque genome sequences and were

1 10 20
| | I

33

CXCL1, 5-CTCCAGCTCCTCGCACAG and 5'-AGCCAC-
CAATGAGCTTCTTC; CXCLIL, 5'-AGTTCCCCTGCTCC-
TCTCAC and 5'-GCCAGTATTTCTGACCAACG; CXCL2,
5'-CCGAAACGCCTGCTGAG and 5'-CTTCAGGAACAGC-
CACCAAT; CXCL3 and CXCL3L, 5'-TCCCATCCTGCTGAG
and 5'-CCGCAGGAAGTGTCAATGT. The cDNAs used in the
c¢DNA cloning as templates are those of liver (CXCLI and
CXCL2), spleen (CXCLIL), and stomach (CXCL3 and
CXCL3L). The PCR conditions were 30 cycles at 98°C for 10
sec, 60°C for 5 sec, and 72°C for 1 min.

Tissue expression analysis of CXCLI and CXCLIL

The prepared ¢cDNAs were amplified with Platinum Taq
DNA polymerase (Invitrogen, Carlsbad, CA). The primer se-
quences were CXCLI1L, 5'-AGGGAATTCACCCCAAGAAC
and 5'-GCAAACTCACCTGTTCAGCA; glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), 5'-GCCAAGGTCATC-
CATGACAACTTTGG and 5'-GCCTGCTTCACCACCTTC-
TTGATGTC. The primers used for CXCL1 were as described.

30 40 50
| | |

hsCXCL1 maraalsaapsnprllrvallll-llvaagrraagASVATELRCRCLOTLOGIHPKN
ptCXCL1 ...aapsnprllrvallli-llvaagrraagASVATELRCRCLOTLOGIHPKN
mmCXCL1l maraalsaapsnprflgvallll-llvatgrraagASVVTEL LOTLOGIHPKN
mfCXCL1l maraalsaapsnprflgvallll-llvatgrraagASVVTEL CLOTLOGIHPKN
mmCXCL1L macaaphavpgpprllrvallllvllvatcrraagAPVVTELRCRCLOTLQGIHPKN
mfCXCL1L macaaphavpgpprllrvallllvllvatcrraagAPVVTELRCRCLOTLOGIHPKN
hsCXCL2 maratlsaapsnprllrvallll-llvaasrraagAPLATELR LOTLOGIHLKN
ptCXCL2 maratlstapsnprvlrvallll-llvaagrraagAPLATELR LQTLOQGIHLKN
mmCXCL2 maspalstapsnlrllrvallll-llvaasrraagAPLVTELR LOTLHGIHPKN
mfCXCL2 maspalstapsnlrllrvallll-llvaasrraagAPLVTELRCRCLOTLHGIHPKN
hsCXCL3 mahatlsaapsnprllrvallll-llvaasrraagASVVTELRCRCLQTLQGIHLKN
ptCXCL3 maratlstapsnprllrvallll-llvaagrraagASVVTELR LOQTLOGIHLKN
mmCXCL3 maraalsaapsnprllrvallll-llvatgrratgAPVATELRCDCLOTLQGIHPKN
mfCXCL3 maraalsaapsnprllrvallll-llvatgrratgAPVATELRCRCLOTLQGIHPKN
mfCXCL3L maraalsaapsnprllrvallll-llvasgqraagAPVATELRCRCLOQTLQGIHPKN
00 o
60 70 80 90 100 107
! | | | |
hsCXCL1 IQSVNVKSPGP QTEVIATLKNGRKAELNPASPIVKKIIEKMLNSDKSN
ptCXCL1I IQSVNVKSPGP. QTEVIATLKNG] (CL.NPASPIVKKIIEKMLNSDKSN
mmCXCL1 IQSVNVKAPGP ETEVIATLKNGQKACLNPASPMVQKIIKKMLNCDKSN
mEfCXCL]1 IQSVNVKAPGPH( FTEVIATLW@:jCLNPASPMVQKIIKKMLNCDKSN
mmCXCL1L IRSVNVKFPGP QTEVIAALKNGOKVCLNPTAPMVQKIMQOKMLNR
mfCXCL1L IRSVNVKFPGP QTEVIAALKNGQ ICLNPTAPMVQKIMQKMLNR
hsCXCL2 IQSVKVKSPGP QTEVIATLRNGQKACLNPASPMVKKIIEKMLKNGKSN
ptCXCL2 IQSVKVKSPGPHCAQTEVIATLKNGOKACLNPTSPMVKKIIEKMLKNGKSN
mmCXCL2 IQSVNVKAPGPHCAQTEVIATLKNGOKACLNPASPMVKKIIGKMLNNGKSN
mfCXCL2 IQSVNVKAPGPHCAQTEVIATLRKNGOKACLNPASPMVKKIIGKMLNNGKSN
hsCXCL3 IQSVNVRSPGP, QTEVIATLKNG] CLNPASPMVOKIIEKILNKGSTN
ptCXCL3 IQSVNVKSPGPHCAQTEVIATLKNG CLNPASPMVQOKIIEKILNKGSTN
mmCXCL3 IQSVIVKAPG:PHLAETEVIATLKNGQKAICLNPASPMVQKIIEKILNKGSTGLTGVK
mfCXCL3 IQSVIVKAPGP ETEVIATLKNGQKACLNPASPMVOKIIEKILNKGSTGLTGVK
mfCXCL3L IQSVIVKAPGP ETEVIATLKNGQKACLNPASPMVOKIIEKILNKGSTG

FIG. 1.

Comparison of amino acid sequences of chemokines CXCL1, CXCL1L, CXCL2, CXCL3, and CXCL3L from human,

chimpanzee, rhesus macaque, and cynomolgus macaque. Sequences other than those of cynomolgus macaque were taken from
Ensembl (www.ensembl.org/) or UCSC Genome Browser (genome.ucsc.edu/). The amino-terminal sequence of the chimpanzee
CXCL1 sequence is still unknown because of a gap in the genome sequence. Conserved four cysteine residues are boxed. ELR
(Glu-Leu-Arg) motif is indicated by dots under the cynomolgus macaque CXCL3L sequence. Signal sequences are shown as
lowercase letters. hs, human; pt, chimpanzee; mm, rhesus macaque; mf, cynomolgus macaque.
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FIG. 2. RT-PCR analyses of CXCL1L and CXCL1 mRNAs
in various cynomolgus macaque tissues. cDNAs were prepared
from various tissues and amplified by PCR. GAPDH was used
as an internal control.

The housekeeping gene GAPDH was used as an internal con-
trol. The PCR conditions were 35 cycles at 94°C for 30 sec,
55°C for 30 sec, and 72°C for 1 min. The product sizes were
170 bp (CXCLI1L), 398 bp (CXCL1), and 313 bp (GAPDH).

Computational methods

Signal sequences were predicted by SignalP (www.cbs.dtu.
dk/services/SignalP/). Dot-plot analysis was performed using
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PipMaker (pipmaker.bx.psu.edu/pipmaker/y with the all
matches option. For phylogenetic analysis, the chemokine
amino acid sequences were aligned with ClustalX (bips.u-
strasbg.fr/fr/Documentation/ClustalX/). The Neighbor-Joining
tree was constructed with PAUP* (paup.csit.fsu.edu/) using the
protein-Poisson distances, and only >50% bootstrap values are
shown at each node (1000 replications). CXCLI1P (human and
chimpanzee CXCL1 pseudogene, exons 1 plus 2 sequences) and
CXCL7P1 (PPBPL1, human, chimpanzee and rhesus macaque
CXCL7 pseudogene exon sequences) were also used in the tree
construction. The codon frames were inferred from the CXCL1
and CXCL7 genes.

RESULTS AND DISCUSSION

When human chemokine sequences were used as queries,
one novel chemokine sequence (clone QnpA-12174) was found
in the cynomolgus macaque EST database (Japan National
Institute of Biomedical Innovation JCRB Gene Bank,
genebank.nibio.go.jp/). Because the cDNA was a chimeric and
5’-truncated clone, the rhesus macaque genome database'®
(UCSC Genome Browser Database, genome.ucsc.edw/) was
searched with the sequence, and the corresponding gene was
found to be located in the inflammatory CXC chemokine gene
cluster on chromosome 5 (position 55,707,566-55,708,094, Jan-
uary 2006 assembly). Based on this gene sequence, a PCR primer

CXCL7P2

* CXCL2

CXCL1P
CXCL4
CXCL7
CXCLS
A CXCL3

0.4 Mb

‘ expressed gene

r;;%g pseudogene

@ repeat

FIG.3. Genome organization of CXC inflammatory chemokine gene clusters. Genome sequences taken from Ensembl or UCSC
were analyzed and are shown schematically. Black and gray arrows denote functionally active gene and pseudogene, respectively,
and arrowheads show the transcriptional orientation. Large arrows indicate duplicated regions.
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Rhesus macaque
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Human CXCL1P
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FIG. 4. Dot-plot analysis of the flanking sequences of the rhe-
sus macaque CXCLIL gene and the human CXCL1 pseudo-
gene (CXCL1P). The arrow with two heads shows a deletion
of about 3 kb in length seen only in the human genome. The
sizes of the genome sequences used were 16 kb for both species.

pair surrounding the coding sequence was prepared. A cDNA
clone was isolated by PCR from a ¢cDNA library prepared from
cynomolgus macaque spleen. The cDNA encoded a polypeptide
of 104 amino acid residues. As the encoded chemokine was
highly similar to human CXCL1, CXCL2, and CXCL3, we also
isolated cynomolgus macaque CXCL1, CXCL2, and CXCL3
c¢DNA clones from stomach or liver cDNA libraries for com-
parison (Fig. 1). The novel chemokine showed 80%, 76%, and
79% similarity to cynomolgus macaque CXCL1, CXCL2, and
CXCL3, respectively, and, therefore, was called CXCL.1L, from
CXCLI1-like. The corresponding rhesus macaque CXCL1L was
identical to the cynomolgus macaque CXCLIL at the amino acid
level but had one synonymous base substitution in the coding re-
gion. Interestingly, no orthologous gene for CXCL1L was found
in other species, including hominids.

We then examined the expression of CXCLI1L in various
cynomolgus macaque tissues by semiquantitative RT-PCR. We
also examined the expression of CXCL1 for comparison.
CXCLIL mRNA was found to be expressed at high levels in
spleen and to a lesser extent in brain, bone marrow, and pan-
creas (Fig. 2). In contrast, CXCL1 mRNA was expressed abun-
dantly in liver, and the expression level in spleen was less than
that in liver. Human CXCL1, CXCL2, and CXCL3 genes are
likely to be expressed at an extremely low level in spleen ac-
cording to the expression profiles (www.ncbi.nlm.nih.gov/
UniGene/), and cynomolgus macaque CXCLIL and CXCL1
may have a unique function in the lymphoid organs.

When we prepared the cynomolgus macaque CXCL3 cDNA
from stomach, a cDNA clone closely related to but slightly dif-
ferent from CXCL3 was also isolated. The cDNA encoded a

chemokine of 107 amino acid residues that we named CXCL3L
(from CXCL3-like) (Fig. 1). CXCL3L was just 5 amino acid
residues shorter than CXCL3. Furthermore, although CXCL3L
contained 13 base substitutions in the coding region, CXCL3L
and CXCL3 differed by only 3 amino acid residues in the sig-
nal sequence. No counterpart of the CXCL3L gene was found
in rhesus macaque or other primate species.

To obtain clues about the generation mechanism of the
CXCLIL gene in macaques, we compared the maps of the in-
flammatory CXC chemokine gene clusters of human, chim-
panzee, rhesus macaque, and mouse obtained from the websites
(Ensembl and UCSC) (Fig. 3). The genome sequence of
cynomolgus macaque is not available at present. In the primates,
a large genome segment including four CXC chemokine genes
was duplicated, forming an inverted repeat. Comparison of the
maps shows that rhesus macaque CXCLIL gene locus corre-
sponds to those of the CXCL1 pseudogene (CXCL1P) in the
human and chimpanzee genomes. The pseudogene in both
species contains exons 1 and 2 and the intron between them but
lacks the downstream sequence.!! To examine the genome or-
ganization at the nucleotide level, the sequences containing the
rhesus macaque CXCL1L and human CXCLI1P genes were
compared by dot-plot analysis (Fig. 4). Figure 4 clearly shows
that a deletion of approximately 3 kb in size is located 3’ down-
stream of the human CXCLIP gene. This result suggests that
the human CXCLI1P and rhesus macaque CXCL1L genes arose
from a common ancestor gene and that a deletion event in the
human genome made the gene inactive after the divergence of
hominids and macaques.

Next, a phylogenetic tree was constructed to see the evolu-
tionary relationship of the inflammatory CXC chemokines (Fig.
5). Protein coding sequences were used for the analysis, and
the peptide sequences deduced from the human and chimpanzee
CXCLIP sequences (exons 1 plus 2) were also included in the
analysis for comparison. The tree shows that the macaque
CXCLIL and human CXCLI1P are indeed closely related, form-
ing a unique branch, whereas the primate CXCL1, CXCL2, and
CXCL3 form another relatively independent branch, suggest-
ing the CXCLIL diverged from the common ancestor before
CXCL1, CXCL2, and CXCL3 were generated.

Duplication of genes is recognized as the driving force of
evolution, and multigene families evolve by a birth-and-death
process of duplicated genes.!? In the CXC chemokine gene clus-
ter, CXCL1 and duplicated CXCL1L in the inverted repeat are
both intact in macaques, whereas the latter gene became a
pseudogene in hominids. Likewise, the CXCL7 gene in one
copy of the repeat turned into a pseudogene CXCL7P1 in the
primates (Fig. 3). In addition, another gene duplication appears
to have occurred in cynomolgus macaque that generated the
CXCL3L gene only in cynomolgus macaque. Given that inac-
tivation of duplicated genes (CXCLIP and CXCL7P1) and
emergence of a new gene (CXCL3L) are identified in different
primate lineages, the birth-and-death process is still ongoing in
the chemokine gene cluster of primates.

As the database search has not identified novel chemokine
receptor genes in the macaque genome to date and macaque
CXCLIL shows a high sequence similarity to human CXCL1,
CXCL2, and CXCL3, the chemokine probably binds the
chemokine receptor CXCR2 and has chemotactic activity for
neutrophils. CXCLIL indeed contains the Glu-Leu-Arg (ELR)
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FIG. 5. Phylogenetic tree of CXC inflammatory chemokines

musCxcl15

. Circles at the nodes indicate divergence points between primates

and rodents, and triangles show the points where segmental duplications have occurred in the primate lineage. Chemokine se-

quences were taken from Ensembl, UCSC, or Cytokine Family

Database (cytokine.medic.kumamoto-u.ac.jp/). Mouse Cxcl15 was

used as an outgroup. hs, human; pt, chimpanzee; mm, rhesus macaque; mf, cynomolgus macaque; mus, mouse; m, rat.

motif preceding the first conserved cysteine residue that is es-
sential for receptor binding, neutrophil activation, and angio-
genic activity.!31* However, because gene duplication also al-
lows one copy of the duplicated genes to acquire a new
function,!? we cannot exclude the possibility that CXCLI1L
might bind other receptors. Expression of CXCL1L at high lev-

els in macaque spleen also suggests a new function in this lym-
phoid organ (Fig. 2). Recently, some chemokines were shown
to be ligands for both chemokine receptors and those not cate-
gorized as chemokine receptors.!>16 Thus, it will be interest-
ing to see if CXCLIL has receptors and functions differently
from CXCL1, CXCL2, and CXCL3.
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