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Abstract

Background: Although the impact of pathogens on the evolution of the mammalian immune system is still under
debate, proteins, which both regulate immune responses and serve as cellular receptors for pathogens should be
at the forefront of pathogen-driven host evolution. The CEA (carcinoembryonic antigen) gene family codes for
such proteins and indeed shows tremendous species-specific variation between human and rodents. Since little is
known about the CEA gene family in other lineages of placental mammals, we expected to gain new insights into
the evolution of the rapidly diverging CEA family by analyzing the CEA family of the dog.

Results: Here we describe the complete CEA gene family in the dog. We found that the gene coding for the
ITIM-bearing immunoregulatory molecule CEACAMI gave rise to a recent expansion of the canine CEA gene
family by gene duplication, similar to that previously found in humans and mice. However, while the murine and
human CEACAMs (carcinoembryonic antigen-related cell adhesion molecules) are predominantly secreted and
GPl-anchored, respectively, in the dog, most of the CEACAMs represent ITAM-bearing transmembrane proteins.
One of these proteins, CEACAM28, exhibits nearly complete sequence identity with the ligand-binding N domain
of CEACAMI, but antagonizing signaling motifs in the cytoplasmic tail. Comparison of nonsynonymous and
synonymous substitutions indicates that the CEACAM?28 N domain is under the strongest purifying selection of
all canine CEACAM | -related CEACAMs. In addition, CEACAM?28 shows a similar expression pattern in resting
immune cells and tissues as CEACAMI. However, upon activation CEACAM28 mRNA and CEACAM| mRNA
are differentially regulated.

Conclusion: Thus, CEACAMI| and CEACAM28 are the first paired immune receptors identified within the CEA
gene family, which are expressed on T cells and are most likely involved in the fine-tuning of T cell responses. The
direction of gene conversion accompanied by purifying selection and expression in immune cells suggests the
possibility that CEACAM?28 evolved in response to selective pressure imposed by species-specific pathogens.
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Background

The evolution of immunoglobulin superfamily (IgSF)
members is largely influenced by the nature of their lig-
ands. The extracellular part of IgSF members which are
predominantly expressed in the nervous system are well
conserved, while the extracellular domains of members
expressed by immune cells or cells involved in reproduc-
tion tend to diversify much more rapidly [1]. The CEA
gene family, which belongs to the IgSF, is a tandemly clus-
tered multigene family. Such gene families are subject to
rapid evolution due to ongoing gene duplication, deletion
and mutational events [2]. At present, the CEA family is
subdivided into two main subgroups: the CEA-related cell
adhesion molecule (CEACAM) and the pregnancy-spe-
cific glycoprotein (PSG) subgroups. The CEACAM sub-
group in humans consists of 12 members composed of a
single immunoglobulin variable (IgV)-like N-terminal
(N) domain followed by zero to six Ig constant (IgC)-like
domains of A and B subtypes and one member which con-
sists of two IgC-like domains and two IgV-like domains,
one at each end of the molecule. CEACAM1, CEACAM3,
CEACAM4, CEACAM18, CEACAM19, CEACAM20 and
CEACAM?21 are transmembrane molecules while CEA/
CEACAMS5, CEACAMG6, CEACAM7, and CEACAMS are
linked to the cell membrane via glycosylphosphatidyli-
nositol (GPI) anchors and CEACAM16 is most likely a
secreted molecule. For CEACAM1 (also known as CD66a,
BGP and C-CAM105) and the recently discovered
CEACAM16, CEACAM18, CEACAM19 and CEACAM?20,
but not for other family members have orthologs been
identified in rodents|[3]. In addition to these orthologs,
the transmembrane-bound CEACAM2 (in mice),
CEACAM17 (in mice and rats) and the secreted members
CEACAMY9, CEACAM10, CEACAM11 CEACAM12,
CEACAM13, CEACAM14, CEACAM15 (in mice and rats)
exist in rodents[3,4]. In mice, rats and cattle, at least two
CEACAM1 alleles each have been identified, which differ
considerably in their N domain sequences[5]. No such
allelic variation has been observed in humans. The PSG,
which are specifically expressed in the trophoblast, are the
most abundant fetal proteins in the maternal bloodstream
during late human pregnancy. The PSGs are thought to
play a pivotal role in the regulation of the maternal
immune response to the fetal semi-allograft[6]. The diver-
sity of the CEACAM/PSG family of proteins is further
enhanced by species-specific differential splicing of sev-
eral family members[7]. As expected from the variable
structure of the CEA family members, these molecules
have diverse functions. It is well established that various
CEA family members play crucial roles in cell-cell adhe-
sion, tumor development, angiogenesis, insulin metabo-
lism, reproduction and, as more recently realized, in
immunity[8]. CEACAM1 functions as a natural killer cell
inhibitory receptor[9,10], regulates T and B cell prolifera-
tion [11,12], induces dendritic cell maturation[13] and
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facilitates granulocyte and monocyte survival [14,15]. In
addition, CEACAM3, CEACAMG6 and CEACAMS were
found to be pivotal for the regulation of granulocyte acti-
vation in humans|[16]. While human CEACAM1 contains
two immunoreceptor tyrosine-based inhibitory motifs
(ITIM) in its cytoplasmic domain, one CEACAM1 ITIM is
replaced by an immunoreceptor tyrosine-based switch
motif (ITSM) in mice and rats. Human CEACAM3 and
possibly CEACAM4, CEACAM19 and CEACAM20 harbor
functional immunoreceptor tyrosine-based activation
motifs (ITAM) in their cytoplasmic tails [17,18]. In con-
trast, except for CEACAM19 and CEACAM20 no such
ITAM-containing CEA family members exist in rodents.
Remarkably, several pathogens namely, Neisseria sp., Hae-
mophilus  influenzae, and Moraxella catarrhalis in
humans[19-21] and mouse hepatitis virus (MHV) [22]
use CEACAMs to anchor themselves to or to invade host
cells. In addition, it has been suggested that bacterial path-
ogens can down-regulate immune functions by binding to
CEACAM1 on CD4+ T lymphocytes and signaling via the
CEACAM1 ITIM motif [23]. It was recently proposed that
the human granulocyte-specific CEACAM3 functions as a
specifically adapted single-chain ITAM-dependent phago-
cytic receptor involved in the clearance of CEACAM-bind-
ing bacteria by human granulocytes[24]. This indicates
that fixation of genes in the human genome coding for
ITAM-bearing CEACAMs can be the result of a selective
pressure mediated by CEACAM-binding pathogenic
microbes. In contrast, one of the two allelic variants of
murine CEACAM1 exhibits a significant lower virus recep-
tor activity suggesting that, in mice, mutations in the
CEACAM]1 gene rather than the fixation of an activating
virus receptor were acquired to evade pathogen attack. The
availability of a high-quality draft genome sequence of the
domestic dog (Canis familiaris) [25] provided the possibil-
ity to analyze the complete CEA gene family in a third
mammalian order. Here we show that in the dog multiple
ITAM-bearing CEACAM1-related CEACAMs evolved and
that CEACAM28 and CEACAM1 have undergone con-
certed evolution by gene conversion. Based on sequence
analyses and comparison of expression profiles we suggest
that CEACAM28 and CEACAM1 are paired activating and
inhibitory immune receptors involved in the regulation of
T cell responses. The possibility that sporadic recurrence
of selective pressure mediated by species-specific patho-
gens was the driving force for the evolution of multiple
ITAM-bearing CEACAM1-related CEACAMs in the dog is
discussed.

Results

Identification of the canine CEA gene family cluster

In an effort to identify all CEA gene family members in the
dog genome we employed the BLAST program to search
the GenBank and Ensemble databases (CanFam 1.0, July
2004) using cDNA nucleotide sequences from all known
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human and mouse CEA family members as query
sequences. The human and mouse CEA gene families are
located within the expanded leukocyte receptor complex
on chromosome 19q13 (Figure 1A) and chromosome 7,
respectively. This approach yielded the sequences of the
CEACAM1, CEACAM16, CEACAM18, CEACAM19 and
CEACAM?20 orthologs. Their predicted full length mRNA
sequences (Additional file 1) encode proteins with
domain organizations identical with their human and
murine  counterparts: CEACAM16  (N1-A-B-N2);
CEACAM18 (N-A-B-TM-Cyt); CEACAM19 (N-TM-Cyt);
CEACAM20 (truncated N-A1-B1-A2-B2-TM-Cyt)[3]. Like
their mouse and human counterparts, both CEACAM19
and CEACAM20 contain presumed ITAM consensus
sequences in their cytoplasmic domains. However, like in
mouse, no CEACAM19 cytoplasmic domain exon 1
present in human CEACAM19 was found [3]. As for
human CEACAM18, no cytoplasmic domain exon could
be identified due to its small size and lack of correspond-
ing EST sequences. In a second round of search we used
the BLAST program and cDNA nucleotide sequences from
the identified orthologous canine genes to screen the Gen-
Bank and Ensemble databases. This strategy was
employed in order to identify dog-specific genes which
have evolved after the separation of the dog and primate/
rodent lineage. This approach led to the identification of
7 additional CEACAM genes (CEACAM23-CEACAM?29)
using CEACAM1 nucleotide sequences as query
sequences. CEACAM23, CEACAM24, CEACAM?25,
CEACAM?29, CEACAM?28 and CEACAMI are arranged
between XRCCI1 and LIPE, while CEACAM26 and
CEACAM?27 are located between CD79A and TGFf1 on
the opposite strand (Figure 1). Surprisingly, no genes cor-
responding to the PSG genes were found. The murine Psg
genes are located between Hif3a and Pglyrpl spanning
nearly 1.8 Mbp. In dog, however, the distance between
HIF3A and PGLYRP1 comprises only 0.1 Mbp which rules
out the presence of a larger set of genes between these
marker genes. Similarly, there is not enough space
between XRCC1 and CEACAM23 (0.2 Mbp) to accommo-
date an expanded PSG gene family as found in humans at
the corresponding chromosomal locations location where
the distance is approximately 1 Mbp (Figure 1B). The
canine CEACAM gene loci on dog chromosome 1 exhibit
a similar arrangement to that found for the human CEA
gene family on chromosome 19 but it is partially different
from that of the murine CEA gene family on chromosome
7 (Figure 1B).

Identification of exons coding for the cytoplasmic domain
of CEACAM I -related CEACAMs

In order to identify the very short cytoplasmic exons of the
CEACAM 1-like genes which cannot be localized by direct
search strategies we first localized the transmembrane
exons of all CEACAM genes using transmembrane exon
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sequences of the human and mouse CEACAM genes as
query sequences. Surprisingly, the 6 predicted transmem-
brane domain exons of the CEACAMI-related canine
genes clustered with the sequences of the transmembrane
domain exons of human CEACAM3, CEACAM4 and
CEACAM21 which are connected to cytoplasmic domain
exons encoding a C-terminal ITAM motif (CEACAM3 and
CEACAM4) or a homologous truncated cytoplasmic
domain with a premature stop (CEACAM21). The
sequence of the transmembrane exon of canine
CEACAM1 clustered with transmembrane sequences from
murine Ceacam1 and Ceacam?2 and with a group of exons
coding for hydrophobic GPI signal peptides from human
CEACAM1, CEACAMS, CEACAMG, CEACAM?7,
CEACAMS (Figure 2A and data not shown). CEACAMS5-
CEACAMS8 GPI signal peptide exons are thought to have
evolved from the transmembrane exon of an ancestral
CEACAM1 by introduction of a stop codon [26].
CEACAM1/Ceacaml and Ceacam?2 encode cytoplasmic
domains which contain ITIM motifs. Taken together, this
indicates that TM and cytoplasmic domain exons are
exchanged together during evolution and predicts the
presence of ITAM signaling motifs rather than ITIM in the
cytoplasmic tails of the dog CEACAM23-CEACAM?25,
CEACAM28 and CEACAM29 molecules. Subsequently,
we screened about 2,000 bp of nucleotide sequence
downstream of the predicted canine transmembrane
domain exons for the presence of the short cytoplasmic
exons. Indeed, small cytoplasmic domain exons similar to
the ones found in human CEACAM3 and CEACAMA4
could be identified, which encode ITAM motifs close to
the C-terminal end (Figure 2B). Although homologous
cytoplasmic domain exons 1-3 are present in CEACAM29
the loss of the splice donor site in the cytoplasmic domain
exon 3 leads to read through into the adjacent intron and
truncation by a stop codon following after five codons.
CEACAM26 and CEACAM?27 probably represent pseudo-
genes due to multiple deletions in their extracellular (in
particular N exons) and cytoplasmic domain exons (Fig-
ure 3).

Relationship of the canine primordial CEACAM genes with
human and murine counterparts

To determine the degree of relatedness between the pri-
mordial canine CEACAM genes with the orthologous
genes in mice and man, the nucleotide and encoded
amino acid sequences of the leader, the IgV-type N
domain, the IgC-type A and B domains, the transmem-
brane domain and the cytoplasmic domain exons were
compared (Table 1). The degree of sequence identity
between corresponding extracellular Ig-type domains in
dog, humans and mice varies greatly at the amino acid
sequence level. The lowest value is observed for
CEACAM1 N domains (56% and 42% for human and
mouse, respectively), the highest for the CEACAM16 N2
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Figure |

Genomic arrangement of the human extended Leukocyte Receptor Complex and syntenic relationship of the
CEACAM and PSG loci in human, mouse and dog. (A) The location and size of the genomic regions on human chromo-
some 19ql3 containing genes for immune adaptor proteins, CEACAM/PSGs, SIGLEC proteins and the Leukocyte Receptor
Complex are indicated by colored bars. (B) Genomic organization of mouse, dog and human CEA gene family loci. Arrowheads
represent genes with their transcriptional orientation. CEACAM genes are shown in yellow, PSG genes in red, SIGLEC genes
in blue and marker genes in black. The scale indicated by dots is | Mbp unless interrupted by slanted lines. The following
Ensembl/NCBI releases were used: mouse, NCBIm36; dog, CanFam 1.0, WGS database; human, NCBI 36. Nucleotide number-
ing of the chromosomes starts at the centromere. Note the inverse orientation of the human chromosome 19 region. CC/Cc,

CEACAM/Ceacam; chr, chromosome.

domain (92 and 96% for human and mouse, respectively;
Table 1).

Cloning of full-length canine CEACAM I -related cDNAs
and identification of splice variants

Based on the genomic sequence information we designed
gene-specific primers for the amplification of full length
CEACAM 1-related cDNAs from total RNA, isolated either
from liver or spleen. In the published genomic dog
sequence, one nucleotide is missing from the A1 exon of
canine CEACAM1. Cloning and sequencing of full length
CEACAM1 clones from a mix-breed dog revealed a com-
plete 279 bp CEACAM1 A1 exon. In total, we could iden-

tify 6 different CEACAM1 splice variants. The largest clone
contains an open reading frame of 1563 bp coding for a
521 amino acid protein. Comparisons with CEACAM1
from other species identified the cloned canine CEA fam-
ily member unequivocally as CEACAM1. It is composed
of a leader sequence, four extracellular immunoglobulin-
like domains (N, Al, B and A2), a transmembrane
domain and a cytoplasmic domain (Figure 4). The cyto-
plasmic domain contains an N-terminal ITIM and a C-ter-
minal ITSM motif similar to that found in the long
CEACAM1 isoforms of mouse, rat and cattle. According to
the nomenclature system for the CEA family, the longest
canine CEACAM1 splice variant was designated
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Expansion of ITAM-bearing CEACAM |I-related CEA family members in dog. (A) Relationship of transmembrane
domain and hydrophobic GPI signal peptide-encoding exon sequences of human and canine CEA family members. The nucle-
otide sequences of the transmembrane domain exons and exons encoding the GPI signal peptides of human CEA family mem-
bers were aligned and the results displayed as rooted dendrogram. Three groups can be discriminated: the transmembrane
domain sequences of the orthologous genes (CEACAMI8, CEACAMI19 and CEACAM?20) form pairs, CEACAM3, CEACAM4
and CEACAM21 sequences are clustered together with the dog CEACAM | -related sequences (red box) and the GPI signal
sequences are most closely related to the CEACAMI transmembrane exon sequence (blue box). All transmembrane domain
exons boxed red are followed by exons encoding cytoplasmic domains with an ITAM except for CEACAM21| and CEACAM29.
Their cytoplasmic domains terminate prematurely due to a stop codon at the end of cytoplasmic domain exon 2 and loss of the
splice donor site in cytoplasmic domain exon 3 with subsequent read-through into the following intron, respectively. (B)
Amino acid sequence alignment of cytoplasmic domains (encoded by the cytoplasmic domain exons Cyt|-Cyt4) from dog
CEACAM | -related proteins. The ITAM consensus sequence is indicated below and the intron phases above the sequences.
Note the typical split by a phase 0 intron of the first YxxL motif of the ITAM motifs. Hsa, Homo sapiens; Cfa, Canis familiaris.
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Figure 3

Exon arrangement of canine CEACAM | -related genes. The exon types are indicated by differently colored boxes. 5'-
and 3'-UTR are shown as gray, IgV-like domain exons as red, IgC-like domain exons as blue and transmembrane domain exons
as black boxes. The exons encoding the cytoplasmic domain with an ITIM or an ITAM motif are shown in red and blue, respec-
tively. The size of the 3'-UTR is inferred from the position of the first putative polyadenylation signal sequence (AATAAA) after
the stop codon. The presence of deletions/insertions in exons causing reading frame shifts or mutational corrupted splice
donor and acceptor consensus sequences are indicated by an asterisk. No leader exon could be identified for CEACAM23
because of a sequence gap (indicated by brackets) in the publicly available genomic sequences. The genes are arranged in the

order and orientation as found on dog chromosome |I.

CEACAM1-4L (GenBank accession no. DQ975208). The
mRNA encoding the splice variant with the short cytoplas-
mic tail CEACAMI1-4S (GenBank accession no.
DQ975209) differs from CEACAMI1-4L mRNA by the
absence of the 53 bp nucleotide cytoplasmic domain
exonl that leads to a frame shift and to the use of a TGA
stop codon in cytoplasmic domain exon 2 as found for
CEACAM]1 of other species. Splice variants without the A1l
and the B domain designated CEACAM1-2L (GenBank
accession no. DQ975210) and CEACAM1-2S (GenBank
accession no. DQ975211) also exist as well as two splice
variants without IgC-like domains [CEACAM1-1L (Gen-
Bank accession no. DQ975212) and CEACAM1-1S (Gen-
Bank accession no. DQ975213)]. Furthermore, we have

cloned the most abundant full length CEACAM?23,
CEACAM24, CEACAM25, and CEACAM?28 cDNAs. The
CEACAM23 ¢DNA (GenBank accession no. EF137906)
corresponds to the longest mRNA splice variant predicted
from the genomic sequence of the boxer breed and exhib-
its an identical nucleotide sequence. CEACAM?23 encodes
four extracellular Ig-like domains, a transmembrane
domain and a cytoplasmic tail which harbors a typical
ITAM motif (N-A1-B-A2-TM-Cyt1-Cyt4; Figure 4). The
major CEACAM?24 cDNA encodes a protein with an N and
a transmembrane domain (GenBank accession no.

EF137907). The cytoplasmic domain does not contain the

expected ITAM motif due to the presence of the unspliced
intron between the predicted cytoplasmic domain exons 3
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Table I: Relationship between dog CEA family members and human and mouse orthologs

ortholog L NI Al BI A2 B2 N2 ™ Cyt
CEACAMI human 64 (47)  73(56) 79(68) 83 (76) 75 (60) 63(48) 79 (61)
mouse 57(47)  62(42) 74(64) 80 (66) 71 (58) 67 (64) 78 (65)
CEACAMI6 human 86(83) 88(89) 89(91) 88(9) 91 (92)
mouse 83(58) 83(88) 83(87) 8l (89) 88 (96)
CEACAMIS human 76 (58)  77(60)  72(57) 73 (62) 69 (52)
mouse 46 (47) 71 (66)  65(55) 68 (60) 51 (35)
CEACAMI?9 human 83 (66) 82 (78) 8l (69) 78 (65)
mouse 51(41) 75 (68) 76 (59) 75 (59)
CEACAM20 human 86(76) 79(57) 78(62) 79(68)  76(65) 77 (70) 72(56) 65 (4l)
mouse 5923)  65(35) 69 (53) 71 (54)  T2(64) 72 (66) 66 (51) 56 (40)

The nucleotide and amino acid sequences of leader (L), IgV-like domain (NI, N2), IgC-like domain (Al, A2, BI, B2), transmembrane domain (TM)
and combined cytoplasmic domain exons (Cyt) were compared pairwise using the ClustalVWV software (Weight Matrix BLOSOM). The degree of

identity is indicated in % (amino acid sequence identity in brackets).

and 4. The cloned CEACAM?25 splice variants also code
for proteins with only one N domain followed by a trans-
membrane domain. Three out of four clones encode cyto-
plasmic domains which contain the predicted ITAM motif
(GenBank accession no. EF137908). In one clone, the
absence of the 53 nucleotide cytoplasmic domain exon 1
leads to a frame shift and the usage of an alternative stop
codon located in cytoplasmic domain exon3 (GenBank
accession no. EF137909). Using supposedly CEACAM?28-
specific primers, two products were amplified which differ
in their length by 276 bp. Cloning and sequencing
revealed that the CEACAM28 gene codes for a protein
with one N domain, two A domains, a transmembrane
domain and a cytoplasmic tail which contain an ITAM
motif (GenBank accession no. EF137910). The sequence
of the cDNAs cloned from the smaller PCR product was
different from all genomic sequences published either for
the boxer or the poodle breed and, therefore, was named
CEACAMS30. The differences are more or less randomly
distributed within the whole coding region which consists
of an N, A, transmembrane and cytoplasmic domain
region. Two CEACAM30 splice variants were identified,
both containing an ITAM motif in the cytoplasmic tail.
They differ, however, in the usage of alternative splice
acceptor sites of the cytoplasmic domain exon 1 (Gen-
Bank accession nos. EF137911 and EF137912) (Figure 4).

Relationship of CEACAM I-like genes and CEACAMI

To analyze the evolutionary relationship of the newly dis-
covered CEACAM genes, multiple nucleotide sequence
alignments of Ig domain exons of human and dog
CEACAM genes were performed and phylogenetic trees
constructed. As expected, the N domain sequences of the
orthologous genes (CEACAM16, CEACAM18-
CEACAM20) clustered pairwise, while all new canine N
domain exon sequences (CEACAM23-CEACAM30) clus-
tered with that from dog CEACAM1 (Figure 5A). Simi-
larly, the primate-specific CEACAM1-related N domain
nucleotide sequences (CEACAM3-CEACAMS) clustered

with the human CEACAM1 N domain exon sequence
except for CEACAM21 N. The close relationship between
the new dog CEACAM genes and dog CEACAM1 could
also be demonstrated when the A and B domain exon
nucleotide sequences were compared (Figure 5B). Nine of
the 17 IgC-like domains of the new CEACAM1-related
canine molecules are of the CEACAM1 A2 type and five
each were of the CEACAM1 Al and B type (Figure
5B).CEACAM23 appears to be the only CEACAM1-related
gene which contains all extracellular domain exons
present in CEACAM]1, in particular three IgC-like domain
exons (A1, A2 and B). All other members of this subgroup
either lack one of these exons or contain exons corrupted
by nonsense, frame shift or splice site mutations leading
to smaller predicted proteins (Figure 3, 4). Assuming that
the N domain is the most relevant domain for ligand
interaction, the ligand specificity of CEACAM28 seems to
be most closely related to that of CEACAM1. The N
domain amino acid sequence of CEACAM238 differs from
that of CEACAM1 in only two positions. These amino acid
changes do not affect the center of the CFG face, a topo-
logical N domain region of CEACAM members essential
for ligand and pathogen interactions (Figure 6A,B). Inter-
estingly, CEACAM28 lies next to CEACAMI1 in the
CEACAM1 gene cluster which hints to an evolutionary
recent duplication event (Figure 1B). CEACAM?25 is the
most distant CEACAMI relative within the group of
CEACAM]1-related genes, sharing only 66% of its N
domain exon encoded amino acid sequence (Figure 5A,
6A; Table 2). Most of the amino acid sequence differences
cluster to the CFG face of the N domains, indicating a pos-
itive selection for ligand diversification. To test this possi-
bility, we calculated the ratio of nonsynonymous (Ka) to
synonymous (Ks) nucleotide substitution rates on the
branches of an N exon phylogenetic tree. The lowest Ka/
Ks ratio (0.1) is observed for CEACAM?28. This indicates
that the CEACAM28 N domain is under purifying selec-
tion. For all other canine CEACAM1-related CEACAMs,
the N domain amino acid changes appear to evolve neu-
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Domain organization of dog CEACAM | -related pro-
tein splice variants. The domain organization has been
predicted by data mining based on genomic databases and
was confirmed by RT-PCR amplification, cDNA cloning and
sequencing. The number of Ig-related domains and the pres-
ence of either a long (L) or short cytoplasmic domain (S) are
indicated above the schematic representation of the pro-
teins. Potential signal consensus motifs in the cytoplasmic
domains are indicated as red (ITIM), yellow (ITSM) and blue
dots (ITAM). Potential N-glycosylation sites are indicated by
lollipops, disulfide bridges by SS.
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trally or to be positively selected for during evolution
since the corresponding Ka/Ks values are close to 1 or
higher (Figure 6C).

ITAM-bearing CEACAM I -related genes are expressed by
cells of the immune system

To identify the CEACAM gene expression pattern and
splice variants, their nucleotide sequences were aligned,
and regions of the transmembrane domain-encoding
exons with sequence differences were selected to design
primers that are specific for each of the CEACAM1-related
cDNAs except for CEACAM28 and CEACAM30 which
were amplified with a common primer pair (Table 3). The
primers were used to amplify cDNAs from individual
CEACAM by RT-PCR from RNA isolated from liver, bone
marrow, spleen, purified peripheral blood mononuclear
cells (PBMC), and granulocytes (Figure 7). Except
CEACAM?29, all analyzed CEACAMI-related genes,

(CEACAM1, CEACAM23, CEACAM24, CEACAM25,
CEACAM28, and CEACAM30) were found to be expressed
in spleen. CEACAM1, CEACAM24, CEACAM25,

CEACAM28 and CEACAM30 transcripts were detected in
bone marrow and CEACAM1, CEACAM24, CEACAM28
and CEACAM30 mRNAs in PBMC. Granulocytes express
in addition to different CEACAM1 splice variants (prefer-
entially with the long cytoplasmic tail) all the ITAM-bear-
ing molecules except CEACAM?23. In liver, the presence of
mainly CEACAM1 and CEACAM23 transcripts could be
demonstrated. CEACAM26 and CEACAM27 are not
expected to be expressed because the sequences of essen-
tial exons appear to be corrupted (see above).

Expression of CEACAMI and CEACAM28 by T cells upon
activation

To further analyze the expression of CEACAM1-related
CEACAMSs by immune cells, we isolated T cells from
PBMC by MACS sorting using CD4- and CD8-specific
mADbs. This procedure resulted in a purity of the T cell pop-
ulations of >97%, as determined by flow cytometry (data
not shown). Activation of T cells by the various stimuli
was controlled by analysis of blast formation using flow
cytometry (Figure 8A). RT-PCR analysis demonstrated
that resting T cells express CEACAM1, CEACAM28 and
CEACAM30 mRNA simultaneously. In addition, expres-
sion of these CEACAMs was also found in T cell-depleted
PBMC, which are mainly composed of Bcells (Figure 8B).
Stimulation of PBMC with anti-CD3 mAb or IL-2 had
only a minor effect on CEACAM1 expression in T cell-
depleted PBMC (data not shown) and T cells. In contrast,
the content of CEACAM28 mRNA seem to be reduced in
T cells upon activation (Figure 8B). In unstimulated T cells
the CEACAM1/CEACAM28 cDNA ratio was < 3 whereas
the ratio was > 7 and > 11 in T cells stimulated with IL-2
and anti-CD3 mAb, respectively (Figure 8C). The content
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Table 2: Relationship of dog CEACAMI -related family members

AN CEACAMI CEACAM23 CEACAM24 CEACAM25 CEACAM28 CEACAM29 CEACAM30
CEACAMI 90 90 79 98 93 95
CEACAM23 83 96 80 89 89 88
CEACAM24 85 94 80 90 89 89
CEACAM25 66 71 71 78 79 78
CEACAM28 98 8l 84 64 93 96
CEACAM29 89 83 84 66 87 95
CEACAM30 93 82 84 65 93 90

The amino acid (A; below the diagonal) and nucleotide sequences (N; above the diagonal) of IgV-like domain exons were compared pairwise using
the ClustalW software (Weight Matrix BLOSOM). The degree of identity is indicated in %.

A —: Cfa_CEACAM20_N B CEACAM16_A1
Hsa_CEACAM20_N CEACAM20_A2
Hsa_CEACAM21_N | CEACAM20_A1
| Hsa CEACAM3_N e CEACAM28_A3
Hsa_CEACAM6_N = _|_—r— CEACAM29_A2
Hsa CEACAMS5_N -] CEACAM27_A2 ©
| Hsa CEACAM1_N < [ CEACAM23_A2 s
Hsa CEACAM7 N © CEACAM24_A1 P
Hsa_CEACAMS N g CEACAM1_A2
Hsa CEACAM4 N £ CEACAM28_A2
Cfa_CEACAM25_N CEACAMS0_A
— Cfa_CEACAM27 N | CEiEf\;’;g“:;m
—] Cfa CEACAM23 N = =
Cfa_CEACAM24 N X | ‘é';AA‘éAA':\":ZZ—':‘
Cfa_CEACAM26 N O — ©
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Cfa CEACAM2O N 8 CEACAM!_ A1 Z
Cfa CEACAMIN 8| — || I <
Cfa_CEACAM28_N | CEACAM18_A
] Cfa_CEACAM30_N CEACANT B
—— Cfa_CEACAM16_N1 CEAGAMZ26._B
| ] L Hsa CEACAM16_N1 CEACAM23_B
—— Cfa_CEACAM16_N2 CEACAMZ5. B
L Hsa_CEACAM16_N2 CEACAM27 B &
r————— Cfa_CEACAM18_N CEACAM16_B ;
L Hsa CEACAMIS N — CEACAM20_B2
[———— Cfa_CEACAM19_N CEACAM18_B
L Hsa CEACAM19_N 2 CEACAM20_B1

Figure 5

Relationships of dog CEA gene family members. N domain exon nucleotide sequences from all CEACAM members of
the human and dog CEA gene families (A) or dog CEACAM exons encoding IgC-like domains (B) were aligned and the results
depicted as rooted dendrograms. Human and dog N domain exon sequences from CEACAM | -related genes are shown in blue
and red, the ones from other CEACAM genes in black. The CEACAMI-like gene IgC type domain B, Al and A2 type nucle-
otide sequences are depicted in magenta, dark and light green, respectively. Sequences from presumed pseudogenes are
marked by shading. Note that the primordial N exon sequences are most closely related with their respective orthologous
counterpart sequences (except for the primate-specific CEACAM21), while the human and canine CEACAM | -related N exon
sequences cluster with that of members of the same species. Interestingly, CEACAM28 contains two CEACAMI A2 type
domains (Al, A2) which has not yet been observed for other CEA family members.
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CEACAM25 QVTVESVPPNAAEGKDVLLRVLNLPGDLLGYAWFRGKSVEINNRIVSYWNTQVITPGHAHSGRETAYPNGSLLFQNITLKDTGYYTLQIITNDVQVEQVRGQLRVE

CEACAM28

N

Figure 6

CEACAM29

—— CEACAM24_N
1
% DI ceacAm23 N
3
0.4
w; [ CEACAM29 N
2
0% CEACAM25 N
—16
=—— CEACAM1_N
4
o4 ;6 01 CEACAM28_N
0.9
CEACAM30_N

Relationships of the N-domains of dog CEA gene family members. (A) The mature N domain amino acid sequences
of the dog CEACAM | -related CEA family members were aligned using the ClustalWV program provided at the NPS server.
Identical amino acids are shown in red, conservatively exchanged amino acids in blue and green and non-conservative changes
in black. (B) The amino acid sequence positions which differ between CEACAMI and the CEACAM | -related N domains
(shown in red) are mapped to 3-D ribbon models calculated using the Geno3D-release 2 program. The models are shown with
the CFG sheet in front (left model) and facing to the left (right model). (C) The ratios of non-synonymous and synonymous
mutation in the N domain exons (small black numbers at the branches of the dendrogram) are close to one or higher (except
for the nearly identical CEACAMI| and CEACAM28 sequences). This indicates selective pressure for divergence of N domain
sequences during evolution. Hsa, Homo sapiens; Cfa, Canis familiaris.

of CEACAM30 mRNA remained unaltered in T cells upon
stimulation (Figure 8B).

CEACAMI| and CEACAM28 are paired immune receptors
created by gene conversion

The near identity of the N domains between CEACAM1
and CEACAM238 is most likely due to a recent gene con-
version event. Indeed, we could identify a 2,332 bp
genomic region in CEACAM1 which shows 99% identity
with the corresponding region of CEACAM28. The high
similarity of this segment starts at position -984 of the 5'-
flanking region and ends at position 114 of the intron
between the Ndomain and the A1 domain exons (Figure

9A). Upstream of this segment, the sequence similarity
between homologous regions of CEACAM28 and
CEACAM1 (~1,200 bp) drops to 80%. The downstream
homologous region of ~1,700 bp demarcated by a SINE
element in CEACAM28 exhibits a similarity of 92%. The
occurrence of such a regionally restricted gene conversion
event is also supported by the high degree of amino acid
sequence similarity of the leader (100%) and N domain
(98%). The Al and A2 domains of CEACAM28 encoded
outside of the conserved genomic region share only 88%
and 86% of their amino acid sequence with that of the
homologous CEACAM1 A2 domain (Figure 9B). These
data suggests that the similarity between CEACAM1 and
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Table 3: Gene-specific oligonucleotides for cloning and expression analyses of dog CEA family members

gene oligonucleotide name  oligonucleotide sequence location of primers (exon) size of PCR product (bp)*

CEACAMI fCEACAMI-5i-f 5'-CGGCAGCTGCTCTCACC 5'-UTR 1624
fCEACAMI -3i-r 5'-CCAGCAGGACAGGTTGCAT 3-UTR
CEACAMI cf-5i 5'-GTCATGAAGCTTCGGCAGCTGCTCTCACC 5'-UTR 1648
CEACAM I cf-3i 5'-GTCAGTTCTAGACCAGCAGGACAGGTTGCAT 3-UTR
fCEACAMITM-f 5-AGTTCTGGCCTTCCACCTG TM domain 270
fCEACAMIC3-r 5'-GGATGAGGAGGCTGAAGTTG Cyt3
fCEACAMIN-f 5'-CATCACCCTGAACGACACTG N domain 1183
fCEACAMIC3-r 5'-GGATGAGGAGGCTGAAGTTG Cyt3

CEACAM23 cfaCC23-N-fo 5'-TCCAGAACATCACCCTGAGC N domain 1008
cfaCC23-T-re 5'-GACACCCCAGGGAAGCTG TM domain
fCEACAMI-5i-f 5'-CGGCAGCTGCTCTCACC 5'-UTR 1616
cfaCC23-3-re 5'-GAGCAGTACCATGGGGAAAC 3-UTR

CEACAM24 cfaCC24-N-fo 5'-GTAGTAGACACACGAGTAATTGT N domain 258
cfaCC24-T-re 5'-CACAAGCGCTACTCCAATCA TM domain
fCEACAM I -5i-f 5'-CGGCAGCTGCTCTCACC 5-UTR 1069
cfaCC24-3-re 5'-GAGGGTTCCAGGGTGAAACT 3-UTR

CEACAM25 cfaCC25-N-fo 5'-AATCTGCCTGGGGATCTTCT N domain 352
cfaCC25-T-re 5'-AATACGCCAGGGTAGCCATG TM domain
fCEACAMI-5i-f 5'-CGGCAGCTGCTCTCACC 5'-UTR 807
cfaCC25-3-re 5'-GGAAGGAGGGTTCCAAGGT 3-UTR

CEACAM28 (CEACAM30)**  cfaCC28-N-fo 5'-TTTGAAACTGCACTAATACGG N domain 703 (427)
cfaCC28-T-re 5-TTGTGTGGAGCAGGAGACA TM domain
fCEACAMI-5i-f 5'-CGGCAGCTGCTCTCACC 5'-UTR 1374 (1095)
cfaCC28-3-re 5'-GGAAGGAGAAGTGTCATGAGGT 3-UTR

CEACAM29 cfaCC29-N-fo 5'-ACATCACCGTGAATAATGCC N domain 447
cfaCC29-T-re 5'-CGAGTGCTAGTTCGAGCAGA TM domain
fCEACAMI-5i-f 5'-CGGCAGCTGCTCTCACC 5'-UTR 844
cfaCC29-3-re 5'-CAGAAGGTTACAGGGGCTCA 3-UTR

* Size of largest cloned or predicted (CEACAM29) splice variant is shown

* CEACAM30 cDNA were also detected using the CEACAM28 primers (size of PCR products in brackets)

Cyt, cytoplasmic domain; TM, transmembrane domain; UTR, untranslated region
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Expression pattern of dog CEACAM I -related genes.
CEACAM | -related transcripts were identified by RT-PCR
using gene-specific primers which are located in the N
domain and transmembrane exons. For the detection of
CEACAMI transcripts, primers in the N domain and cyto-
plasmic domain exon 3 were used. The products were sepa-
rated by agarose gel electrophoresis in the presence of
ethidium bromide and visualized by UV illumination. One-kb
and 100-bp DNA fragment ladders were used as markers.
The possible domain organization of the proteins encoded by
the splice variants (number of Ig domains) is indicated in the
right margin. Sequence determination of the CEACAM28
PCR products revealed simultaneous detection of
CEACAM28 and CEACAM30 cDNA:s (till then unknown). C,
CEACAM.

the CEACAM28 ancestor was ~92% before the gene con-
version event occurred.

Discussion

Recent molecular studies have established strong evidence
for four primary, superordinal mammalian clades: Afroth-
eria, Xenarthra, Euarchontoglires and Laurasiatheria

http://www.biomedcentral.com/1471-2148/7/196

[27,28]. The CEA gene family is well known in primates
(humans) and rodents (mice and rats). However, both
orders belong to the same principal lineage of placental
mammals, the Euarchontoglires. Since carnivores belong
to the Laurasiatheria clade, we expected to gain new
insights into the evolution of the rapidly diverging CEA
family by analysis of the CEA family of the dog. First of all,
identification of CEACAMI1, CEACAM16, CEACAMI1S,
CEACAM19 and CEACAM20 orthologs in the dog
genome at corresponding chromosomal locations,
strongly indicates that the CEA gene family of the com-
mon ancestor of Euarchontoglires and Laurasiatheria con-
sisted of at least five genes. It remains to be seen whether
species which represent older mammalian lineages like
Afrotheria, marsupials and monotremes contain the same
set of primordial genes. Furthermore, the findings of this
work supports our previous hypothesis that CEACAM3-
CEACAMS8, CEACAM21 and CEACAM9Y-CEACAMIS,
CEACAM17, none of which is present in the dog genome
(Figure 2A and data not shown), represent primate and
rodent-specific genes, respectively [3]. The ancestral mem-
bers of the CEA gene family are located in three different
loci (Figure 1). While CEACAMI16, CEACAMI19 and
CEACAM20 are close together (CEACAMIG6 and
CEACAM]19 are next to each other), CEACAM1 is sepa-
rated from this locus by more than 1 Mbp and
CEACAM18 is displaced into the SIGLEC gene cluster in
humans, mice and dogs.

Out of these ancestral genes, probably only CEACAM1
ancestors gave rise to massive gene expansions in a order-
specific manner [3]. The CEACAM]I-related genes form
compact clusters next to CEACAM1 and near the CD79A
gene. In rodents even a third locus (around the Hif3a
gene) has been encroached by amplified CEACAMI-
related genes. With analysis of the CEA family in a third
order (carnivores), the inversion event observed for the
chromosomal region flanked by Cd79a and Lipe can now
be decided to have happened in the rodent rather than in
the primate lineage, since the order of genes in this locus
is conserved between humans and dogs (Figure 1).

CEACAM 1 -related genes can be subdivided into the PSG
and the CEACAM subgroup genes. The birth of the ances-
tral PSG has been estimated to have occurred some 90 Myr
ago [29], approximately the time of rodent-primate diver-
gence[30]. The rapid, independent expansion of the
human and mouse PSG gene families occurred through
further gene duplication and exon shuffling events [31-
33]. Surprisingly, we did not find any PSG gene in the dog
genome indicating that the PSG function exerted in pri-
mates and rodents is dispensable for the dog, possibly
because dogs have an endotheliochorial placenta type
which is different from the hemochorial placentae of pri-
mates and rodents[34]. Semi-allogeneic fetal trophoblast
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Figure 8

Expression of the paired receptors CEACAMI| and CEACAM28 in stimulated T cells. RNA was isolated from puri-
fied lymphocyte populations. CEACAMI| and CEACAM28 transcripts were identified by RT-PCR. Gene-specific primers
located in the N domain and transmembrane exons were used for CEACAMI ¢cDNA amplification. The primers for
CEACAM28 cDNA detection coamplified CEACAM30 cDNA due the close relatedness of the two genes. For comparison,
GAPDH cDNA (226 bp) was amplified from the same cDNA samples. (A) Activation of T cells was controlled by determining
blast formation by flow cytometry. Blast formation characterized by cell enlargement is demonstrated by an increase of the for-
ward scatter of the T cells (encircled cell populations) (B) The products were separated by agarose gel electrophoresis in the
presence of ethidium bromide and visualized by UV illumination. The amount of cDNA was quantified by endpoint determina-
tion with the Quantity |® software. Note the increase of the CEACAMI/CEACAM28 cDNA ratio after stimulation of T cells
with IL-2 and CD3 (C).
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CEACAMI and CEACAM28 genomic regions
involved in gene conversion. The 2332 bp genomic
region of CEACAMI which covers nearly | kb of the 5'-flank-
ing region (5'-FR), the leader exon (L), intron | (Intl), the N
domain exon (N) and part of intron 2 (Int Il) is highly con-
served in CEACAM28 (99%) and, therefore, probably partici-
pated in a recent gene conversion event. The homologous
sequences upstream and downstream from the conserved
region are less conserved (80% and 92%, respectively) (A).
This can also be deduced from the degree of conservation of
the amino acid sequences encoded by the leader, N and A
domains which is much less outside of the gene conversion
region. Note that CEACAM28 contains two A2 type
domains (B).

cells are less invasive and concomitantly less prone to
encounter the maternal immune system in endothelio-
chorial placentae in comparison to the hemochorial pla-
centae where the trophoblast cells are bathed in maternal
blood[35]. Therefore, PSG could be involved in the regu-
lation of trophoblast invasion and/or modulation of the
maternal immune system as has been suggest
before[3,36]. Alternatively, the function of the PSG could
have been taken over by an unrelated gene family due to
functional convergence at the molecular level, similar to
that found for natural killer (NK) cell receptors, where
killer cell immunoglobulin-like receptors (KIR) and C-
type lectin-like receptors (Ly49) are used in primates and
rodents, respectively.

In contrast to the PSG, the CEACAM subgroup of canine
CEACAM1-related genes underwent a recent expansion
similar to that found in primates and rodents. In general,
IgSF members which are expressed by leucocytes are
diverging rapidly within their extracellular domains. This

http://www.biomedcentral.com/1471-2148/7/196

results in an average amino acid identity of about 54%
between human and mouse orthologs [1]. The conserva-
tion of the CEACAM1 N domain, most relevant for path-
ogen and cell-cell interactions [37], lies within this range,
with an amino acid identity of 56% (dog versus human)
and 42% (dog versus mouse). This is consistent with the
notion that CEACAM1 plays a key role in various func-
tions of the immune system[8]. In contrast, between
mouse and human CEACAM16, CEACAMI18 and
CEACAM19 orthologs, the N domain amino acid identi-
ties are higher ranging from 60% to 91%, which argues for
non-immunological functions, especially for CEACAM16,
which exhibits an overall amino acid sequence identity of
about 90% (Table 1).

The dog CEACAM1-related genes are arranged head to
tail, like the KIR genes in the human KIR locus[38,39].
Such an arrangement was found to facilitate unequal
crossing over leading to gene expansion and generation of
multigene families [40]. Furthermore, the KIR gene family
is subject to birth-and-death evolution, domain shuffling
and mutational changes [41]. Our analyses indicate that
the CEA gene family evolved similarly. One characteristic
for this kind of evolution is the presence of multiple pseu-
dogenes, which also exist within the canine CEACAM1-
like gene locus (CEACAM26, CEACAM27).

This type of evolution also facilitates a mechanism for
qualitatively changing a receptor's signaling potential. A
number of type I transmembrane IgSF members including
CEACAMSs and KIRs are composed of an amino-terminal
extracellular "environmental sensor" and a carboxy-termi-
nal cytoplasmic tail which can contain either inhibitory
(ITIM) or activating motifs (ITAM or a positively charged
amino acid in the transmembrane region permitting cou-
pling with activating adaptors such as DAP12[42]). Une-
qual crossing-over at such gene loci encompassing the
corresponding exons could result, in a single step, in genes
encoding receptors with a drastically changed signaling
potential by combining the same extracellular domain
with a cytoplasmic tail of opposite function. This allows
rapid adaptation to environmental changes and the crea-
tion of so-called paired immune receptors. An example for
such a mechanism is found for the KIR gene KIR3DL/S,
where either an inhibitory variant or an activating variant
encoding KIR gene is found in different human individu-
als at the same locus[43]. In addition, a change in the
receptor's signaling potential which may be the result of
an arms race between pathogens and the host immune
system has been reported recently for mice. The murine
cytomegalovirus (MCMV) induces in infected cells expres-
sion of the virus-encoded GPIl-anchored m157 protein,
which binds to the activating, DAP12-associating killer
receptor Ly49H in MCMV-resistant mice leading to
NKcell-mediated cytotoxicity. MCMV-susceptible mouse
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strains do not have Ly49H but the extracellularly very sim-
ilar ITIM-bearing Ly491 protein which has inhibitory killer
cell receptor activity. Binding of m157 to LY49I in such
mice may inhibit NK cell cytotoxicity thus rendering the
mice susceptible to MCMV infection[44]. It was suggested
that the activating receptor gene was derived from the
gene encoding the inhibitory receptor to counteract a
virus that exploits the inhibitory receptor during infection
and that this mechanism may apply to many other activat-
ing receptors that have inhibitory counterparts[45,46].
However, recently it was shown for the human SIGLEC5
and SIGLEC14 genes that the direction of gene conversion
that generates paired immune receptors is not always the
same. This indicates that also other needs drive the evolu-
tion of paired receptors like the fine tuning of immune
responses [45]. Host-pathogen interactions involving
both proteins with ITIM or ITAM signaling motifs have
also been reported for humans. The primate-specific
CEACAM 1-related protein CEACAM3 which contains an
N domain closely related to that of CEACAM1 (88%
amino acid sequence identity) and a cytoplasmic tail with
an ITAM is exclusively expressed in granulocytes. Due to
its close relatedness with the ITIM-bearing gonococcal
receptor CEACAM1 it can act as decoy receptor for Neisse-
rial pathogens and is able to induce clearance of gonococ-
cal infections by granulocytes. Mutational analyses
demonstrated that the cytoplasmic ITAM is instrumental
for this process [24].

To our knowledge, CEACAM1 and CEACAM28 represent
the first paired coexpressed immune receptors which con-
tain antagonizing ITIM and ITAM (and not just a trans-
membrane domain with a positively charged amino acid
which serves as a docking site for ITAM-containing adap-
tor molecules, like DAP12) in their respective cytoplasmic
tails. CEACAM28 was probably formed from a
CEACAM?29 ancestor by a recent gene conversion encom-
passing the leader and the N exon from CEACAM1. The
latter exon encodes the region most instrumental for lig-
and and pathogen binding in CEACAM molecules. Sev-
eral findings, presented here, argue for a role of
CEACAM28 as a CEACAM1 decoy receptor in the dog.
First, the direction of the gene conversion was most likely
from the inhibitory receptor to the activating receptor, sec-
ond, the Ka/Ks ratio of the N domain exons of these fam-
ily members is indicative for a purifying selection,
whereby the specificity of the putative CEACAM1 ligand is
probably conserved for CEACAM?28, third, the amino acid
changes observed for the CEACAM28 N domain most
likely have no effect on the structure of that part of the N
domain shown to be the pathogen binding site in human
and mouse CEACAMI1 and fourth, is expressed by
immune cells (T, probably B and/or NK cells and granulo-
cytes), a prerequisite for a defense function against a puta-
tive pathogen. Based on a highly similar amino acid
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sequence and expression pattern CEACAM30 can be envi-
sioned to also function, like CEACAM?28, as a decoy recep-
tor.

However, this hypothesis raises questions about the driv-
ing force behind the fixation of the other ITAM-bearing
CEACAM 1-related genes in the dog. Most likely, selective
pressure by pathogens changes with time. In times where
the selective pressure exerted by pathogens on a receptor
system is low, Darwinian selection will act and change the
specificity of a receptor now possibly recognizing an
endogenous ligand. Once the receptor has gained a new
function it also can change the signaling properties which
may explain why older i.e. more diverged ITAM-bearing
receptors e.g. like CEACAM24 and CEACAM?29 have lost
the ITAM or have gained new splice variants which do not
contain an ITAM.

Conclusion

Taken together, the presence of multiple CEACAMI-
related dog CEACAMSs with ITAMs could reflect a repeated
arms race between species-specific pathogens and the dog
immune system. Fixation and expression by effector cells
of ITAM-containing CEACAMs would result from either
bacterial pathogens binding to CEACAMI1 or viruses
which induce the expression of CEACAM1 ligands by
infected cells as found for MCMV. This putatively patho-
gen-driven evolution of the CEA gene family led to the
development of the CEACAM1/CEACAM28 receptor pair
which could also be involved in the fine tuning of T cell
responses.

Methods

Cells and tissues

Different canine tissue samples were collected from
healthy mix-bread dogs and flash-frozen in liquid nitro-
gen. Peripheral blood mononuclear cells (PBMCs) and
granulocytes were isolated from blood of healthy mix-
bread or beagle dogs by density-gradient centrifugation
through Ficoll-Paque (GE Healthcare, Freiburg, Ger-
many). Granulocytes located on top of erythrocytes were
harvested and remaining erythrocytes were lysed (ammo-
nium chloride buffer).

Stimulation of PBMC with PHA (2 pg/ml for 72 hr), CD3
(CA17-2A12;[47]) (0,5 pg/ml for 96 hr) and human IL-2
(200 U/ml for 7 days) was performed at a concentration
of 5 x 105 cells/ml in RPMI-1640 supplemented with 10%
fetal calf serum (FCS "Gold"; PAA Laboratories, Coelbe,
Germany), 2 mM L-glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin, non-essential amino acids and 1 mM
sodium pyruvate (GIBCO/Invitrogen, Karlsruhe, Ger-
many). T cells were isolated from either stimulated or
unstimulated PBMC by positive MACS sorting following
the manufacturer's instructions (Miltenyi Biotec, Ber-
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gisch-Gladbach, Germany). Stimulated and unstimulated
PBMC were incubated with mouse anti-canine CD4
(CA13-1) and rat anti-canine CD8 mAbs (Dog 10-8)[48]
and subsequently with bead-coupled anti-mouse Fc mAb
which also reacts with rat IgG.

Flow cytometric analyses

For surface staining, cells were suspended in PBS/0.3%
(w/v) BSA supplemented with 0.1% (w/v) sodium azide.
Cells were incubated with 0.5 pg/106 cells of the relevant
mADb for 30 min at 4°C. Cells were washed twice and ana-
lyzed with a FACScan (BD Biosciences, Mountain View,
CA). Dead cells were excluded by propidium iodide stain-
ing. The following reagents and mAbs from Serotec were
used: FITC-conjugated anti-CD3, FITC-conjugated anti-
CD4 and PE-conjugated anti-CD8a..

Reverse transcription-polymerase chain reaction analysis
Total RNA extraction was performed using either the TRI-
zol”reagent (Invitrogen Life Technologies, Karlsruhe, Ger-
many) or the RNeasy Kit (Qiagen, Hilden, Germany)
according to the manufactures' protocols. One pg of total
RNA was used for cDNA synthesis by reverse transcription
(RT) in a total volume of 20 pl using either the Reverse
Transcription System® (Promega, Mannheim, Germany)
or the First-Strand cDNA Synthesis® Kit (MBI Fermentas,
St. Leon-Rot, Germany). The RT product (1 pl) was ampli-
fied by polymerase chain reaction (PCR) with Taq
polymerase (Qiagen). After an initial denaturation step at
95°C for 45 s, 35 PCR cycles (denaturation: 95°C, 30 s;
annealing: 60°C, 1 min; extension: 72°C, 1.5 min) and a
final extension step at 72°C for 15 min were performed.
The primers were designed using the Primer3 software.
Gene-specific primers were selected that exhibited > 2
mismatches at the 3'-end of the oligonucleotide to all
other members of the canine CEACAM family, except for
CEACAM28 and CEACAM30 (see below). The primers
were validated by eye using multiple nucleotide sequence
alignments of the aforementioned CEA family members.
The primer sequence and the predicted sizes of the ampli-
fied products are summarized in Table 3. Canine GAPDH
cDNA was amplified using GAPDH.dogforward 5'-
GCCAAAAGGGTCATCATCTC and GAPDH.dog reverse
5'-GCCCATCCACAGTCITCT primers at a annealing tem-
perature of 56°C and 30 cycles. Eight ul of each PCR were
analyzed by electrophoresis on a 1.8 % agarose gel and
visualized by ethidium bromide staining. The amount of
cDNA was quantified by endpoint determination with the
Quantity 1° software (Bio-Rad Laboratories, Munich, Ger-
many).

Cloning and sequence determination of dog CEACAMI
and related cDNAs

Based on published genomic sequences and comparison
with human CEACAM1 the 5'- and the 3'-untranslated
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regions of canine CEACAM1 were predicted and used to
design primers for amplification of full length cDNA
(CEACAMI1cf-51 and CEACAMI1cf-3i; Table 3). These
primers introduced HindIII and Xbal restriction sites at the
5'-and 3'-ends of the PCR products, respectively. PCR was
performed with ¢cDNA from dog liver using Pfu DNA
polymerase according to the protocol supplied by the
manufacturer. After electrophoretic separation, 6 distinct
ethidium bromide-stained DNA fragments were excised
from the agarose gel and purified using the Perfectprep®
Gel Cleanup Kit (Eppendorf, Hamburg, Germany). The
full length cDNAs were digested with HindIIl and Xbal
and cloned into the pRc/CMYV expression vector. Plasmid
DNA isolated from 12 clones were analyzed by PCR and
sequencing. Full length <DNAs of CEACAM?23,
CEACAM24, CEACAM?25, CEACAM28 and CEACAM30
were cloned using the TOPO TA Cloning® Kit (Invitrogen
Life Technologies). PCR was performed with cDNA from
dog spleen using Taq polymerase (Qiagen) and the
CfCEACAM1-5i-f forward primer for all CEACAMs com-
bined with gene-specific reverse primers from the 3'-
untranslated regions (UTR; Table 3).

Biocomputing

Sequence similarity searches were performed using the
NCBI BLAST tools [49] and Ensembl BLAST/SSAHA
search programs[50]. For the identification of CEACAM
genes not yet annotated in the dog genome, sequences
from human and mouse CEACAM and PSG cDNAs were
run against the WGS databases or whole genome
sequences. Multiple sequence alignments were performed
and phylogenetic trees were constructed with Clus-
talW][51] using default parameters.

The three dimensional structures of CEACAM N domains
were modeled using the Geno3D-release 2 software based
on the published crystal structure of the murine
CEACAM1 N-A2 fragment|37,52]. Leader and transmem-
brane domains were identified with the aid of programs
SignalP and TMHMM, respectively. The NetPhos 2.0
server was used to produce neural network predictions for
serine, threonine and tyrosine phosphorylation sites in
the cytoplasmic domains of canine CEACAMs|53]. Com-
parison of the number of nonsynonymous substitutions
per nonsynonymous site (Ka) with the number of synon-
ymous substitutions per synonymous site (Ks) was per-
formed with the Ka/Ks Calculation Tool [54]. The
substitution rate ratio Ka/Ks measures the molecular
selective pressure. If Ka/Ks = 1, the amino acid changes are
neutral and will be fixed at the same rate as silent muta-
tions. If Ka/Ks < 1, the amino acid changes are deleterious
and purifying selection will reduce the fixation rate. If Ka/
Ks > 1, the amino acid changes are evolutionarily advan-
tageous and positive selection will increase the fixation
rate.
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sion molecule;

Cyt- Cytoplasmic domain;

GPI- Glycosylphosphatidylinositol;

TM- Transmembrane domain.

Authors' contributions

RK conceived the study and did most of the biocomput-
ing, TP cloned all cDNAs and performed RT-PCR analysis,
SH collected and prepared mRNAs from tissues and cells,
BBS and WZ participated in biocomputing and writing the
manuscript. All authors participated in the design of the
study, and they all read and approved the final version.

Additional material

Additional file 1

Full length cDNA sequences of canine CEACAM16, CEACAM18,
CEACAM19, CEACAM20. The data provided represent the predicted
c¢DNA sequences of canine CEACAM16, CEACAM18, CEACAM19,
CEACAM?20.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2148-7-196-S1.doc]

Acknowledgements

The expert technical assistance of Anja Hennig is gratefully acknowledged.
This work was supported by grants from the Clinical Cooperation Group
(Immune Therapy of Urological Tumors).

References

Barclay AN: Membrane proteins with immunoglobulin-like
domains--a master superfamily of interaction molecules.
Semin Immunol 2003, 15:215-223.

Grimwood ], Gordon LA, Olsen A, Terry A, Schmutz ], Lamerdin J,
Hellsten U, Goodstein D, Couronne O, Tran-Gyamfi M, Aerts A,
Altherr M, Ashworth L, Bajorek E, Black S, Branscomb E, Caenepeel
S, Carrano A, Caoile C, Chan YM, Christensen M, Cleland CA, Cope-
land A, Dalin E, Dehal P, Denys M, Detter JC, Escobar |, Flowers D,
Fotopulos D, Garcia C, Georgescu AM, Glavina T, Gomez M,
Gonzales E, Groza M, Hammon N, Hawkins T, Haydu L, Ho I, Huang
W, Israni S, Jett ], Kadner K, Kimball H, Kobayashi A, Larionov V,
Leem SH, Lopez F, Lou Y, Lowry S, Malfatti S, Martinez D, McCready
P, Medina C, Morgan J, Nelson K, Nolan M, Ovcharenko |, Pitluck S,
Pollard M, Popkie AP, Predki P, Quan G, Ramirez L, Rash S, Retterer
J, Rodriguez A, Rogers S, Salamov A, Salazar A, She X, Smith D, Slezak
T, Solovyev V, Thayer N, Tice H, Tsai M, Ustaszewska A, Vo N, Wag-
ner M, Wheeler J, Wu K, Xie G, Yang J, Dubchak I, Furey TS, DeJong
P, Dickson M, Gordon D, Eichler EE, Pennacchio LA, Richardson P,
Stubbs L, Rokhsar DS, Myers RM, Rubin EM, Lucas SM: The DNA
sequence and biology of human chromosome 19. Nature 2004,
428:529-535.

Zebhauser R, Kammerer R, Eisenried A, McLellan A, Moore T, Zim-
mermann W: Identification of a novel group of evolutionarily

10.

20.

21.

22.

http://www.biomedcentral.com/1471-2148/7/196

conserved members within the rapidly diverging murine Cea
family. Genomics 2005, 86:566-580.

Beauchemin N, Draber P, Dveksler G, Gold P, Gray-Owen S, Grunert
F, Hammarstrom S, Holmes KV, Karlsson A, Kuroki M, Lin SH, Lucka
L, Najjar SM, Neumaier M, Obrink B, Shively JE, Skubitz KM, Stanners
CP, Thomas P, Thompson JA, Virji M, von Kleist S, Wagener C, Watt
S, Zimmermann W: Redefined nomenclature for members of
the carcinoembryonic antigen family. Exp Cell Res 1999,
252:243-249.

Kammerer R, Popp T, Singer BB, Schlender ], Zimmermann W: Iden-
tification of allelic variants of the bovine immune regulatory
molecule CEACAMI implies a pathogen-driven evolution.
Gene 2004, 339:99-109.

McLellan AS, Zimmermann W, Moore T: Conservation of preg-
nancy-specific glycoprotein (PSG) N domains following inde-
pendent expansions of the gene families in rodents and
primates. BMC Evol Biol 2005, 5:39.

CEA Homepage. 2007.

Gray-Owen SD, Blumberg RS: CEACAMI: contact-dependent
control of immunity. Nat Rev Immunol 2006, 6:433-446.

Markel G, Lieberman N, Katz G, Arnon Tl, Lotem M, Drize O, Blum-
berg RS, Bar-Haim E, Mader R, Eisenbach L, Mandelboim O: CDé6a
interactions between human melanoma and NK cells: a
novel class | MHC-independent inhibitory mechanism of
cytotoxicity. | Immunol 2002, 168:2803-2810.

Moller M), Kammerer R, Grunert F, von Kleist S: Biliary glycopro-
tein (BGP) expression on T cells and on a natural-killer-cell
sub-population. Int | Cancer 1996, 65:740-745.

Greicius G, Severinson E, Beauchemin N, Obrink B, Singer BB:
CEACAMI is a potent regulator of B cell receptor complex-
induced activation. | Leukoc Biol 2003, 74:126-134.

Kammerer R, Hahn S, Singer BB, Luo JS, von Kleist S: Biliary glyco-
protein (CDé66a), a cell adhesion molecule of the immu-
noglobulin superfamily, on human lymphocytes: structure,
expression and involvement in T cell activation. Eur | Immunol
1998, 28:3664-3674.

Kammerer R, Stober D, Singer BB, Obrink B, Reimann J: Carci-
noembryonic antigen-related cell adhesion molecule | on
murine dendritic cells is a potent regulator of T cell stimula-
tion. J Immunol 2001, 166:6537-6544.

Singer BB, Klaile E, Scheffrahn I, Muller MM, Kammerer R, Reutter W,
Obrink B, Lucka L: CEACAMI (CDé66a) mediates delay of
spontaneous and Fas ligand-induced apoptosis in granulo-
cytes. Eur | Immunol 2005, 35:1949-1959.

Yu Q, Chow EM, Wong H, Gu J, Mandelboim O, Gray-Owen SD,
Ostrowski MA: CEACAMI (CDé66a) promotes human mono-
cyte survival via a phosphatidylinositol 3-kinase- and AKT-
dependent pathway. | Biol Chem 2006, 281:39179-39193.

Skubitz KM, Campbell KD, Skubitz AP: CD66a, CD66b, CD6éc,
and CDé66d each independently stimulate neutrophils. | Leu-
koc Biol 1996, 60:106-117.

Chen T, Bolland S, Chen |, Parker ], Pantelic M, Grunert F, Zimmer-
mann W: The CGMIla (CEACAM3/CDé66d)-mediated phago-
cytic pathway of Neisseria gonorrhoeae expressing opacity
proteins is also the pathway to cell death. | Biol Chem 2001,
276:17413-17419.

McCaw SE, Schneider J, Liao EH, Zimmermann W, Gray-Owen SD:
Immunoreceptor tyrosine-based activation motif phosphor-
ylation during engulfment of Neisseria gonorrhoeae by the
neutrophil-restricced CEACAM3 (CD66d) receptor. Mol
Microbiol 2003, 49:623-637.

Chen T, Grunert F, Medina-Marino A, Gotschlich EC: Several car-
cinoembryonic antigens (CD66) serve as receptors for gono-
coccal opacity proteins. | Exp Med 1997, 185:1557-1564.

Hill D), Virji M: A novel cell-binding mechanism of Moraxella
catarrhalis ubiquitous surface protein UspA: specific target-
ing of the N-domain of carcinoembryonic antigen-related
cell adhesion molecules by UspAl. Mol Microbiol 2003,
48:117-129.

Virji M, Evans D, Griffith J, Hill D, Serino L, Hadfield A, Watt SM: Car-
cinoembryonic antigens are targeted by diverse strains of
typable and non-typable Haemophilus influenzae. Mol Micro-
biol 2000, 36:784-795.

Dveksler GS, Pensiero MN, Cardellichio CB, Williams RK, Jiang GS,
Holmes KV, Dieffenbach CW: Cloning of the mouse hepatitis

Page 17 of 18

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2148-7-196-S1.doc
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14690046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14690046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15057824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15057824
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16139472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16139472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16139472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11501563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11501563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15363850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15363850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15987510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15987510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15987510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16724098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16724098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11884449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11884449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11884449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8631584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8631584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8631584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9842909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9842909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9842909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11359805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11359805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11359805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15909305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15909305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15909305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17071610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17071610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17071610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8699114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8699114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12864848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12864848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12864848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9151893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12657049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12657049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12657049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10844667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10844667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10844667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1719235

BMC Evolutionary Biology 2007, 7:196

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

virus (MHYV) receptor: expression in human and hamster cell
lines confers susceptibility to MHV. | Virol 1991, 65:6881-6891.
Boulton IC, Gray-Owen SD: Neisserial binding to CEACAMI
arrests the activation and proliferation of CD4+ T lym-
phocytes. Nat Immunol 2002, 3:229-236.

Schmitter T, Agerer F, Peterson L, Munzner P, Hauck CR: Granulo-
cyte CEACAMS3 is a phagocytic receptor of the innate
immune system that mediates recognition and elimination
of human-specific pathogens. | Exp Med 2004, 199:35-46.
Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB,
Kamal M, Clamp M, Chang JL, Kulbokas EJ Ill, Zody MC, Mauceli E,
Xie X, Breen M, Wayne RK, Ostrander EA, Ponting CP, Galibert F,
Smith DR, DeJong PJ, Kirkness E, Alvarez P, Biagi T, Brockman W,
Butler |, Chin CW, Cook A, Cuff J, Daly MJ, DeCaprio D, Gnerre S,
Grabherr M, Kellis M, Kleber M, Bardeleben C, Goodstadt L, Heger
A, Hitte C, Kim L, Koepfli KP, Parker HG, Pollinger JP, Searle SM, Sut-
ter NB, Thomas R, Webber C, Baldwin |, Abebe A, Abouelleil A,
Aftuck L, Ait-Zahra M, Aldredge T, Allen N, An P, Anderson S, Anto-
ine C, Arachchi H, Aslam A, Ayotte L, Bachantsang P, Barry A, Bayul
T, Benamara M, Berlin A, Bessette D, Blitshteyn B, Bloom T, Blye J,
Boguslavskiy L, Bonnet C, Boukhgalter B, Brown A, Cahill P, Calixte
N, Camarata J, Cheshatsang Y, Chu J, Citroen M, Collymore A,
Cooke P, Dawoe T, Daza R, Decktor K, DeGray S, Dhargay N, Doo-
ley K, Dooley K, Dorje P, Dorjee K, Dorris L, Duffey N, Dupes A,
Egbiremolen O, Elong R, Falk J, Farina A, Faro S, Ferguson D, Ferreira
P, Fisher S, FitzGerald M, Foley K, Foley C, Franke A, Friedrich D,
Gage D, Garber M, Gearin G, Giannoukos G, Goode T, Goyette A,
Graham J, Grandbois E, Gyaltsen K, Hafez N, Hagopian D, Hagos B,
Hall J, Healy C, Hegarty R, Honan T, Horn A, Houde N, Hughes L,
Hunnicutt L, Husby M, Jester B, Jones C, Kamat A, Kanga B, Kells C,
Khazanovich D, Kieu AC, Kisner P, Kumar M, Lance K, Landers T,
Lara M, Lee W, Leger JP, Lennon N, Leuper L, LeVine S, Liu J, Liu X,
Lokyitsang Y, Lokyitsang T, Lui A, Macdonald J, Major J, Marabella R,
Maru K, Matthews C, McDonough S, Mehta T, Meldrim |, Melnikov A,
Meneus L, Mihalev A, Mihova T, Miller K, Mittelman R, Mlenga V, Mul-
rain L, Munson G, Navidi A, Naylor J, Nguyen T, Nguyen N, Nguyen
C, Nguyen T, Nicol R, Norbu N, Norbu C, Novod N, Nyima T,
Olandt P, O'Neill B, O'Neill K, Osman S, Oyono L, Patti C, Perrin D,
Phunkhang P, Pierre F, Priest M, Rachupka A, Raghuraman S, Rameau
R, Ray V, Raymond C, Rege F, Rise C, Rogers |, Rogov P, Sahalie J, Set-
tipalli S, Sharpe T, Shea T, Sheehan M, Sherpa N, Shi ], Shih D, Sloan
J, Smith C, Sparrow T, Stalker J, Stange-Thomann N, Stavropoulos S,
Stone C, Stone S, Sykes S, Tchuinga P, Tenzing P, Tesfaye S, Thoulut-
sang D, Thoulutsang Y, Topham K, Topping I, Tsamla T, Vassiliev H,
Venkataraman V, Vo A, Wangchuk T, Wangdi T, Weiand M, Wilkin-
son J, Wilson A, Yadav S, Yang S, Yang X, Young G, Yu Q, Zainoun J,
Zembek L, Zimmer A, Lander ES: Genome sequence, compara-
tive analysis and haplotype structure of the domestic dog.
Nature 2005, 438:803-819.

Naghibalhossaini F, Stanners CP: Minimal mutations are required
to effect a radical change in function in CEA family members
of the Ig superfamily. | Cell Sci 2004, 117:761-769.

Madsen O, Scally M, Douady CJ, Kao D], DeBry RW, Adkins R,
Amrine HM, Stanhope M|, de Jong WW, Springer MS: Parallel adap-
tive radiations in two major clades of placental mammals.
Nature 2001, 409:610-614.

Murphy W], Eizirik E, Johnson WE, Zhang YP, Ryder OA, O'Brien S):
Molecular phylogenetics and the origins of placental mam-
mals. Nature 2001, 409:614-618.

Rudert F, Zimmermann W, Thompson JA: Intra- and interspecies
analyses of the carcinoembryonic antigen (CEA) gene family
reveal independent evolution in primates and rodents. | Mol
Evol 1989, 29:126-134.

Nei M, Xu P, Glazko G: Estimation of divergence times from
multiprotein sequences for a few mammalian species and
several distantly related organisms. Proc Natl Acad Sci U S A
2001, 98:2497-2502.

Ball M, McLellan A, Collins B, Coadwell ], Stewart F, Moore T: An
abundant placental transcript containing an IAP-LTR is
allelic to mouse pregnancy-specific glycoprotein 23 (Psg23):
cloning and genetic analysis. Gene 2004, 325:103-113.

McLellan AS, Fischer B, Dveksler G, Hori T, Wynne F, Ball M, Oku-
mura K, Moore T, Zimmermann W: Structure and evolution of
the mouse pregnancy-specific glycoprotein (Psg) gene locus.
BMC Genomics 2005, 6:4.

33.

34.
35.
36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.
50.
51,
52.

53.

54.

http://www.biomedcentral.com/1471-2148/7/196

Zimmermann W: The nature and expression of the rodent
CEA families: evolutionary considerations. In Cell adhesion and
communication mediated by the CEA family Edited by: Stanners CP.
Amsterdam, Harwood Academic Publishers; 1998:31-55.

Carter AM, Enders AC: Comparative aspects of trophoblast
development and placentation. Reprod Biol Endocrinol 2004, 2:46.
Moffett A, Loke C: Immunology of placentation in eutherian
mammals. Nat Rev Immunol 2006, 6:584-594.

Ha CT, Waterhouse R, Wessells ], Wu JA, Dveksler GS: Binding of
pregnancy-specific glycoprotein 17 to CD9 on macrophages
induces secretion of IL-10, IL-6, PGE2, and TGF-betal. | Leu-
koc Biol 2005, 77:948-957.

Tan K, Zelus BD, Meijers R, Liu JH, Bergelson JM, Duke N, Zhang R,
Joachimiak A, Holmes KV, Wang JH: Crystal structure of murine
sCEACAMI a[l,4]: a coronavirus receptor in the CEA fam-
ily. EMBO | 2002, 21:2076-2086.

Borges L, Hsu ML, Fanger N, Kubin M, Cosman D: A family of
human lymphoid and myeloid Ig-like receptors, some of
which bind to MHC class |1 molecules. | Immunol 1997,
159:5192-5196.

Wagtmann N, Rojo S, Eichler E, Mohrenweiser H, Long EO: A new
human gene complex encoding the killer cell inhibitory
receptors and related monocyte/macrophage receptors.
Curr Biol 1997, 7:615-618.

Martin MP, Bashirova A, Traherne ], Trowsdale J, Carrington M: Cut-
ting edge: expansion of the KIR locus by unequal crossing
over. | Immunol 2003, 171:2192-2195.

Nei M, Rooney AP: Concerted and birth-and-death evolution
of multigene families. Annu Rev Genet 2005, 39:121-152.

Lanier LL, Bakker AB: The ITAM-bearing transmembrane
adaptor DAPI2 in lymphoid and myeloid cell function. Immu-
nol Today 2000, 21:611-614.

Uhrberg M, Valiante NM, Shum BP, Shilling HG, Lienert-Weidenbach
K, Corliss B, Tyan D, Lanier LL, Parham P: Human diversity in
killer cell inhibitory receptor genes. Immunity 1997, 7:753-763.
Arase H, Mocarski ES, Campbell AE, Hill AB, Lanier LL: Direct rec-
ognition of cytomegalovirus by activating and inhibitory NK
cell receptors. Science 2002, 296:1323-1326.

Angata T, Hayakawa T, Yamanaka M, Varki A, Nakamura M: Discov-
ery of Siglec-14, a novel sialic acid receptor undergoing con-
certed evolution with Siglec-5 in primates. FASEB | 2006,
20:1964-1973.

Lanier LL: Face off--the interplay between activating and
inhibitory immune receptors. Curr Opin Immunol 2001,
13:326-331.

Moore P, Rossitto P: Developement of monoclonal antibodies
to canine T cell receptor complex (TCR/CD3) and their uti-
lization in the diagnosis of T cell neoplasia. Vet Pathol 1993,
30:457-457.

Weber M, Lange C, Gunther W, Franz M, Kremmer E, Kolb Hj:
Minor histocompatibility antigens on canine hemopoietic
progenitor cells. | Immunol 2003, 170:5861-5868.

NCBI 2007 [http://www.ncbi.nlm.nih.gov/BLAST].

Ensembl 2007 [http://www.ensembl.org/Multi/blastview].
GenomeNet 2007 [http://clustalw.genome.ad.jp].

Combet C, Jambon M, Deleage G, Geourjon C: Geno3D: auto-
matic comparative molecular modelling of protein. Bioinfor-
matics 2002, 18:213-214.

Blom N, Gammeltoft S, Brunak S: Sequence and structure-based
prediction of eukaryotic protein phosphorylation sites. | Mol
Biol 1999, 294:1351-1362.

FUGE bioinformatics platform 2007 [http://www.bioinfo.no/
tools/kaks].

Page 18 of 18

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1719235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1719235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14707113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14707113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14707113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16341006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16341006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14734654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14734654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14734654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11214318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11214318
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11214319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11214319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11214319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2509715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2509715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2509715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11226267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11226267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11226267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14697515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14697515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14697515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15647114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15647114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15236656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15236656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16868549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16868549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15772125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15772125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15772125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11980704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11980704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11980704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9259559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9259559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12928362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12928362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12928362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16285855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16285855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11114420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11114420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9430221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9430221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11950999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11950999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11950999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17012248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17012248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17012248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11406364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11406364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12794111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12794111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12794111
http://www.ncbi.nlm.nih.gov/BLAST
http://www.ensembl.org/Multi/blastview
http://clustalw.genome.ad.jp
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11836238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11836238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600390
http://www.bioinfo.no/tools/kaks
http://www.bioinfo.no/tools/kaks

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Identification of the canine CEA gene family cluster
	Identification of exons coding for the cytoplasmic domain of CEACAM1-related CEACAMs
	Relationship of the canine primordial CEACAM genes with human and murine counterparts
	Cloning of full-length canine CEACAM1-related cDNAs and identification of splice variants
	Relationship of CEACAM1-like genes and CEACAM1
	ITAM-bearing CEACAM1-related genes are expressed by cells of the immune system
	Expression of CEACAM1 and CEACAM28 by T cells upon activation
	CEACAM1 and CEACAM28 are paired immune receptors created by gene conversion

	Discussion
	Conclusion
	Methods
	Cells and tissues
	Flow cytometric analyses
	Reverse transcription-polymerase chain reaction analysis
	Cloning and sequence determination of dog CEACAM1 and related cDNAs
	Biocomputing

	Abbreviations
	Authors' contributions
	Additional material
	Acknowledgements
	References

