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Abstract. The carcinoembryonic antigen (CEA) is a
human tumor marker whose gene belongs to a family
with more than 20 members. This gene family codes
for a group of proteins with in vitro cell adhesion prop-
erties and for a group of abundantly expressed preg-
nancy-specific glycoproteins (PSG) with unknown
functions. As a basis for in vivo functional studies, we
have started to analyze the murine CEA gene family
and have identified five new members (Cea-2 to Cea-
6). cDNA clones were isolated for Cea-2, Cea-3, and
Cea-6. The deduced amino acid sequences of Cea-2
and Cea-6 indicate three IgV-like (N), followed by one
IgC-like (A) domain (N'1-N2-N3-A). We have also par-
tially characterized the Cea-2 gene and two additional
ones, Cea-4 and Cea-5. Cea-2 and Cea~ are separated
by only 16 kb, suggesting a close linkage of murine
CEA-related genes, as found for the human CEA gene
family. Cea-5 was located to the proximal region of
mouse Chromosome (Chr) 7, which is syntenic to part
of human Chr 19, containing the human CEA gene
family cluster. Cea-2, Cea-3, and a Cea-4-like gene are
differentially transcribed in the placenta during preg-
nancy, but not in other organs tested. This expression
pattern strongly suggests that they represent counter-
parts of the human PSG subgroup members, despite
the presence of multiple IgV-like domains, a feature
not found for human PSGs. The more distantly related
Cea-5 seems to be ubiquitously expressed. The puta-
tive promoter region of Cea-2 lacks typical TATA- or
CAAT-boxes, but contains other conserved motifs
that could play a role in the initiation of transcription.

The nucleotide sequence data reported in this paper have been sub-
mitted to GenBank and have been assigned accession numbers
M83337-M83348.
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Introduction

Carcinoembryonic antigen (CEA), which is widely
used as a tumor marker (Shively and Beatty 1985), the
closely related nonspecific crossreacting antigen
(NCA), and biliary glycoproteins (BGP), as well as
their rodent counterparts (mmCGM?2 and C-CAM
105), have recently been shown to function in vitro as
homo- and heterophilic cell adhesion molecules (re-
viewed in Thompson et al. 1991). The mRNAs encod-
ing these antigens show distinct and rather restricted
expression patterns, being predominantly found in co-
lonic mucosa and adenocarcinomas (CEA, NCA),
liver (BGP), and cells of the myeloid lineage [NCA,
CGM6 (Zimmermann et al. 1987, 1988; Hinoda et al.
1990)]. The human CEA-related antigens are encoded
by a gene family with ~20 members (reviewed in
Thompson et al. 1991), which represents a branch of
the immunoglobulin gene superfamily (Williams and
Barclay 1988). The CEA gene family, which is clus-
tered on the long arm of Chr 19 (Thompson et al.
1992), can be subdivided into the CEA subgroup, con-
taining the genes for the classical crossreacting anti-
gens and the pregnancy-specific glycoprotein (PSG)
subgroup (Watanabe and Chou 1988). The PSGs com-
prise a group of very closely related proteins of un-
known function encoded by at least 11 genes (Khan et
al. 1992). In contrast to the CEA-related proteins,
which are membrane-bound, they appear to be se-
creted because most of them lack hydrophobic C-ter-
minal domains suitable for membrane anchorage.
PSGs are produced in large amounts by the syncytio-
trophoblast and represent the major group of placental
proteins in the serum of women at term pregnancy
(Lin et al. 1974). As tumors of trophoblastic origin also
produce PSGs, these proteins have been used as mark-
ers to monitor the treatment of choriocarcinoma pa-
tients (Sakuragi 1982).

Recently, putative PSG genes have also been iden-
tified in the rat (Kodelja et al. 1989; Rebstock et al.
1990). However, they show relatively low sequence
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similarity to the human CEA gene family. Further-
more, the deduced domain organization of a rat PSG-
related antigen (rmCGMT1) has been found to be com-
pletely different from its human counterparts. Several
immunoglobulin variable-like (IgV) domains are fol-
lowed by one immunoglobulin constant-like (IgC) do-
main (Rebstock et al. 1990), whereas one IgV and two
or three IgC domains are present in human PSGs
(Thompson et al. 1991). These observations, together
with detailed ‘‘silent site’’ mutation analyses, imply
that the CEA gene families have evolved indepen-
dently in rodents and primates (Rudert et al. 1989). For
these reasons, a direct assignment of individual mem-
bers or subgroups of the rodent CEA gene family to
their human counterparts simply by sequence compar-
isons has not been possible. On the other hand, tran-
scripts of the reCGM1 gene have been found so far
only in the placenta. Therefore, rnCGM]I and closely
related genes (rmCGM3 and rnCGM4) most probably
represent PSG homologs (Kodelja et al. 1989; Reb-
stock et al. 1990).

As a basis for evolutionary and in vivo functional
studies, we have isolated PSG/CEA-related genes and
cDNAs from the genetically well-characterized spe-
cies mouse and determined the chromosomal localiza-
tion of one gene.

Materials and methods

Isolation and sequencing of mouse genomic and
cDNA clones

A cosmid library from BALB/c liver DNA (Steinmetz et al. 1985)
and Agt11 library constructed from RNA of a day-13 mouse placenta
(Jackson et al. 1986) were plated and screened according to standard
procedures (Sambrook et al. 1989). For the cosmid library the fol-
lowing mixture of [**P]labeled genomic and cDNA probes was used:
The 289-bp HindIIl/BamHI fragment from ArnCGM2-1 (Rudert et
al. 1989), the 661-bp Pvull/Ps¢I fragment from ArnCGM3-1, as well
as the 748-bp Sstl/BamHI fragment from ArnCGM4/5-1 (Kodelja et
al. 1989) and the EcoRI cDNA inserts of ArnCGM1la and ArnCGM1b
(Rebstock et al. 1990). The cDNA library was screened with the 296
bp Xmnl/EcoRI fragment from ArnCGM1-1 (Rudert et al. 1989). The
filters were washed at low stringency in 2 X SSPE, 0.1% SDS at
60°C (1 X SSPE: 180 mMm NaCl, 10 mm sodium phosphate pH 7.4, 1
mm EDTA). For isolation of full-length ¢cDNA clones the anchored
polymerase chain reaction (PCR) was used. Two pg of total RNA
from day-13 placenta was reverse transcribed with avian myeloblas-
tosis virus reverse transcriptase (Promega) with an oligo(dT)-
containing oligonucleotide (5'-GGAATTCGTCGACAAGC-
TT(T),,G/C/A-3") as a primer. This primer can hybridize at the ends
of all polyadenylated mRNAs because of the redundancy at its 3'-
end (Leibrock et al. 1989), and it contains EcoRI, Sall and HindIII
recogrition sites for subcloning. CEA-related cDNAs were ampli-
fied by 30 cycles (denaturation: 1 min, 94°C; annealing: 15 s, 50°C;
extension: 3 min, 72°C) in a Thermocycler 60 (bio-med) after addi-
tion of either 5'-primer FRI1 (pos: 73-89, Fig. 1C) from the 5'-
untranslated region, or FR2 (pos: 556-572, Fig. 1C) from the N1-
domain of Cea-2 cDNA and Taq polymerase (Promega) according to
Sambrook and co-workers (1989). Sequencing was performed on
single- or double-stranded templates with Sequenase (United States
Biochemicals) or T7 DNA polymerase (Pharmacia) with internal or
universal oligonucleotide primers. The program ‘Clustal”’ from PC-
GENE (Genofit), which is based on average linkage cluster analysis
(Higgins and Sharp 1988), was used to construct the dendrograms.
Specific primer selection for PCR was aided by the program
“Primer’’ (Lucas et al. 1991). Ks values were determined with the
program LWL85 (Li et al. 1985).
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Mapping of cosmid clones

Restriction endonuclease sites on lorist B cosmids were mapped by
partial digestion after conversion into phosmids, as described pre-
vicusly (Hohn 1983; Little and Cross 1985). Exon positions were
determined by sequencing and PCR (as above), using primers from
different exons of Cea-2. The distances between and positions of the
exons were inferred from the size of the amplified genomic DNA
fragments in combination with known internal restriction endonu-
clease sites. Linearized cosmid DNA (1 pg) was used as template
with 5’-oligonucleotides FR24 (N2-domain, pos: 791-807), FR28
(N3-domain, pos: 1050-1066), and 3'-oligonucleotides FR25 (3'-
untranslated region, pos: 1932-1948), FR27 (3'-untranslated region,
pos. 1746-1762), FR29 (A-domain, pos: 1603-1619) in the following
combinations: FR24/FR29, FR28/FR25, FR28/FR27, and FR28/
FR29.

RNA isolation and Northern blot analyses

Placentae, fetuses, and adult tissues from STU mice (Schéifer, 1979)
were pulverized in liquid nitrogen, and total RNA was extracted
according to Chomczynski and Sacchi (1987). RNA blot hybridiza-
tions were performed as described (Maniatis et al. 1982).

Determination of the transcriptional start sites of the
Cea-2 gene by S1 nuclease analyses

The 1.45-kb HindIll/EcoR] fragment from cosE7, which contains
the first exon of Cea-2, was subcloned into the M13mp19 vector and
used as template for probe synthesis. Synthesis of a complementary
strand by Taq polymerase was primed with the [*?PJoligonucleotide
10C-L (pos: 84-107 in Cea-3 sequence). The resulting double-
stranded DNA was digested with Hpall, and the 435 nc single-
stranded fragment was purified on a denaturing polyacrylamide gel
(Schrewe et al. 1990). Hybridization to 50 pg of total RNA from
day-13 placenta and S1 analysis were performed as described by
Maniatis and colleagues (1982). The size of the protected single-
stranded DNA fragments was determined on a denaturing polyacryl-
amide gel with sequencing reaction products of the above M13 tem-
plate and the 10C-L oligonucleotide as a primer.

Chromosomal localization

The chromosomal localization of Cea-5 was determined by segrega-
tion analyses in a panel of 334 [(C3H/HeJ-gld/gld X Mus spretus)F,
X C3H/HeJ-gld/gld] interspecific backcross mice. The breeding and
isolation of genomic DNA from these mice has been described pre-
viously (Seldin et al. 1988). The segregation of restriction fragment
length variants (RFLVs) was examined in 10 pg genomic DNA sam-
ples, which were digested with Tagl, electrophoresed in 0.9% aga-
rose gels, transferred to Nytran membranes (Schleicher & Schuell),
hybridized at 65°C (Seldin et al. 1988), and washed at 65°C in 0.2
SSC. Gene linkage was determined by segregation analysis {Green
1981). Gene order was established by minimizing the number of
double recombinants between genes within a linkage group and con-
firmed by maximum likelihood analysis (Bishop 1985).

Results

Isolation and analysis of mouse PSG-related
cDNA clones

Analysis of RNA from different adult and fetal mouse
tissues with N-terminal domain exon-containing geno-
mic fragments from rat PSG-related genes rnCGM]I,
rnCGM3, and rnCGM4 (Kodelja et al. 1989; Rebstock
et al. 1990) revealed related transcripts in the placenta
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Fig. 1. Structure of cDNA (A) and genomic DNA fragments (B) of
members of the murine CEA gene family and their nucleotide se-
quence (C). Deduced protein domains and exons are depicted as
blocks, whereby homologous regions are indicated by the same
shading. The sequence divergence in the 3'-untranslated regions of
Cea-2 and Cea-6 mRNAs is indicated by a change of the fill-in pat-
tern. The coding regions are composed of a leader peptide (L), N or
IgV-like domains (N1-N3), interspersed leader fragments (L2, L'3),
and an IgC-like domain of the A-type (A). 5’ = 5'-noncoding region;
C = cysteine in A domains. The vertical arrows indicate polyade-
nylation signal sequences. The arrowhead marks a possible cloning
artefact in the Cea-3 cDNA clone, upstream of which no sequence
homology to any of the so far analyzed CEA gene family members
is found. Transcriptional start sites and domain borders are indi-
cated by arrows. The 5'-untranslated region of Cea-2 ¢cDNA has
been completed with genomic sequences. The 5'-start of the longest
Cea-2 ¢cDNA is marked by an arrowhead. The oligonucleotide used

(data not shown). On the basis of these results, we
screened a mouse day 13-placenta cDNA library
(Jackson et al. 1986) with the rnCGM1 probe. Out of
10° recombinant phages, the DNA of 81 hybridized.
The ¢DNA inserts from two of these clones (A\-Cea-2
and \-Cea-3) were sequenced (Fig. 1A, Fig. 1C). When
compared with the deduced domain organization of
the rat PSG analog rnCGM1 (Rebstock et al. 1990),
ACea-2 contains nearly the whole of the first IgV-like
domain (N1) and part of the second (N2), whereas
ACea-3 also covers sequences of the 5'-noncoding re-
gion and the leader (Fig. 1A). In order to gain the
complete sequence for Cea-2 mRNA, the anchored
PCR method was applied (see Materials and methods).
The resulting DNA fragments of about 1.9 kb and 1.5
kb were subcloned and sequenced (Fig. 1A). In addi-
tion to the expected full-length and partial Cea-2
c¢DNA clones (pCea-2a,b), a full-length clone from a
third, closely related gene (Cea-6) was obtained. In the
latter cDNA a single nucleotide is missing in the leader
domain. Since this deletion was found in two indepen-
dently isolated Cea-6 cDNA clones, a PCR amplifica-
tion or cloning artefact can be ruled out. Therefore,
Cea-6 is probably a pseudogene or a nonfunctional
allele. In the following comparisons, the deletion was
neglected. The Cea-2 cDNA has a length of 2044 bp
and covers a 72-bp 5'-untranslated region, an open
reading frame of 1425 bp, corresponding to 475 amino
acids (M, = 52,912; M, minus leader = 49,292), and a
3'-noncoding sequence of 427 bp including a degener-
ate polyadenylation signal 15 nucleotides upstream of
the poly(A) tail (Fig. 1C). The deduced protein con-
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as 5'-primer for synthesis of full length cDNAs by PCR is under-
lined. Since this sequence was derived from a genomic clone of
Cea-2, it possibly does not reflect the authentic Cea-6 sequence in
this region. The recognition sequences for potential N-glycosylation
are shaded gray. Three asterisks mark the stop codons. Three dia-
monds have been inserted into the amino acid, and a dash into the
nucleotide sequence of Cea-6, to indicate the one base pair deletion
(see text). A nucleotide difference found in an independent Cea-6
¢DNA clone is shown above the nucleotide sequence. Polyadeny-
lation signal sequences are indicated by broken lines. The RGD-
related motifs are underlined by a bar. A purine-rich sequence di-
rectly upstream of the transcriptional start sites in Cea-2 is under-
lined. The multiple putative initiation codons in Cea-5 are shown in
bold print, the in frame stop codons are underlined. The approxi-
mate size of nonsequenced regions in the genomic DNA are shown
in brackets and are taken into account for the numbering system. N,
unknown nucleotide.

sists of a leader peptide, three related IgV-like do-
mains (N1-N3) with 53-66% similarity at the nucle-
otide and 40-51% at the amino acid level and an IgC-
related domain of the A-type. The N domains are
separated by leader fragments (L'2, L'3) with one or
two cysteine residues. Seven N-glycosylation sites are
present, all of which are located in the IgV-like do-
mains. On the assumption of an increase of the molec-
ular weight of 4000 per site by addition of carbohy-
drate chains (Neumaier et al. 1988), the relative mo-
lecular mass of the mature proteins can be predicted to
be about 77,000. Cea-6 mRNA is very similar up to 40
nucleotides downstream of the stop codon; thereafter
the two sequences diverge completely. When the
Cea-6 nucleotide sequence is compared with the 3'-
untranslated region of rnCGMI mRNA, continuous
homology is found with 69% of the nucleotides being
identical. As the A domain exon in the Cea-2 gene is
contiguous with the 3'-noncoding region (see below) in
Cea-6 and rnCGMI mRNAs, splice events probably
occurred in the vicinity of the stop codon. The lack of
sequences matching the splice donor consensus se-
quence (Cech 1983) in the corresponding region of
Cea-2 pre-mRNA could explain why splicing is not
observed for the Cea-2 gene in this region. The 3'-
untranslated region of Cea-6 contains two polyadeny-
lation consensus sequences. The putative Cea-6 pro-
tein shows an identical domain organization as found
for Cea-2. Eight putative glycosylation sites exist,
which would lead to a predicted M, of 81,000 of the
glycosylated protein. It has 60% of its amino acids in
common with the Cea-2 protein.



F. Rudert et al.: Mouse CEA gene family 265

C

Cea-2 cDNA

1
121

24

iy

36

Py

48

puty

601

72

pore

841

96

-

1081

1201

1321

1441

1561

1681
1801
1921
2041

. . . . . . N . . . . .
GGTAGCACTGAGAGTGGAAGTGAGTGAGCAGTGCTGTGGTCACAGACCCCACCACCCACAGCCTATAGGATTCTGTGAAGTGTTCCTGCCTGAGAGAAAACT CAGCTCAGAAGGAGGAAG
L

. . . . . . - r‘b - - - - -
GACAGCAGAGGCCAGGTGCCTTGCAGGAGCTGAAGGTCTCCTCAGAGAAAGGCCAGTACAGTGAGAAGAGATATGGAGGTGTCCTCTGAGCTTCTCAGCAATGGGTGTACCCCCTGGCAA
MetGluvalSerSerGluLeuLeuSerAsnGlyCysThrProTrpGln

- l—b"1
AGGGTTCTGCTCACAGCCTCCCTCTTATCCTGCTGCCTCCTGCCCACCACTGCCAGAGTCACTGTGGAATTCTTACCTCCCCAAGTGGTTGAAGGAGAAAATGTTCTTCTACGCGTTGAT
ArgValLeuLeuThrAlaSerLeulLeuSerCysCysleuleuProThrThrAlaArgval ThrvalGluPheleuProProGlnvalValGluGlyGluAsnValleuleuArgValAsp

AATCTGCCA&AGAATCTTC*AGGTTTTGTéTGGTACAAA&GGGTGGCAA&TATGAAGCT%GGAATTGCACTGTATTCACTGCAATATAATGTAAGTGTGACAGGGCTTAAGCACAGCGGT
AsnLeuProGluAsnLeuLeuGlyPheValTrpTerysGlyValAlaSerMetLysLeuGlyIleAlaLeuTyrSerLeuGlnTyr alThrGlylLeulysHisSerGly

AGAGAGACACTGCACAG
ArgGluThrLeuHisArg

CTCGGAGGACACAGGATATTACACCCTTCGAACCGTAAGTCAACGTGGAGAACTGGTATCAGATACATCCATA
erGluAspThrGlyTererhrLeuArgThrValSerGlnArgGlzGluLeuValSerAspThrSerIle
- O melec

TTCCTTCAGGTGTACTCCTCTCTTTTCATCTGTGAGCGTCCTACTACCCTTGTACCTCCCACTATTGAATTAGTGCCGGCCAGCGTTGCTGAAGGAGGAAGTGTTCTTTTCCTTGTTCAC
PheLeuGlnValTyrSerSerLeuPhelleCysGluArgProThrThrieuvalProProThrileGluLeuvalProAlaServalAlaGluGlyGlyServalleuPheleuvalHis

AATCTACCAGAGTATCTTATATCACTTACCTGGTACAAAGGAGCAGT TGTGTTTAACAAGCTTGAGAT TGCCCGATACAGAACAGCCAAGAAT TCAAGTGTGCTTGGCCCTGCCCACAGE
AsnteuProGluTyrLeul leSerLeuThrTrpTyrLysGlyAlavalValPheAsnLysLeuGlul leAlaArgTyrArgThrAlalys, alLeuGlyProAlaHisSer

-ATGGAAAGA&ACCGGATTC%ACACCCTACéAACTCTGAA%AGATATCCGAGAATAGAATTAGCACACATT
rpLysAspThrGlyPheTyrThrLeuArgThrieuAsnArgTyrProArgl leGluleuAlalis]le

GGTAGAGAAACGGTGTTCAGC)
GlyArgGluThrValPheSer]

TGCTGCTCCAG
euLeuLeuGln

. '—’ . . . [—D . . . . . -
TACCTTCAGGTGGACACCTCCCTTTCCTCGTGCTGTCACCCTCTTGACTCTCCCCAGCTCAGTATCGATCCATTGCCACCGCATGCTGCTGAAGGGGGAAGGGTTCTTCTCCAGGTCCAT
TyrLeuGlnValAspThrSerLeuSerSerCysCysHisProlLeuAspSerProGlnLeuSerIleAspProLeuProProlisAlaAlaGluGlyGlyArgValleuleuGlnvalHis

AATCTGCCAGAAGATGTGCAAACCTTTTCCTGGTACAAAGGCGTGTATAGCACTATATTATTTCAAATTGCAAAATATAGCATAGCAACGAAGTCCATCATCATGGGCTATGCACGGAGT
AsnLeuProGluAspValGLnThrPheSerTrpTyrLysGlyValTyrSerThrileLeuPheGlnileAlaLysTyrSerlteAlaThrLysSerIlel leMetGlyTyrAlaArgSer

CCTGCTGCTCCAGGATGTCACTGAGAAAGACT CTGGTGTGTACACACTAATAACAACAGACAGCAATATGGGAGTTGAAACAGCGCATGTG
euleuLeuGlnAspValThrGluLysAspSerGlyValTyrThrieul leThrThrAspSerAsnMetGlyValGluThrAlaHisval

AGAAGAGAGACAGTGTATACC
ArgArgGluThrValTyrThr}

. [—P - - - . . . . - -
CAAGTCAACGTCCACAAGCTTGCCACACAGCCCGTCATAAAAGCCACAGACAGCACAGTACGAGTACAGGGCTCAGTGATCTTCACTTGCTTCTCAGACAACACTGGGGTCTCCATCCGT
GlnvalAsnvalHisLystLeuAlaThrGlnProvalllelysAlaThrAspSerThrvalArgvalGlnGlyServalllePheThrCysPheSerAspAsnThrGlyValSerlleArg

TGGCTCTTCAACAATCAGCGTCTGCAGCT CACAGAGAGGAT GACCCTGTCCCCGTCARAGT GCCAACTCTGGATACGTACT GTGAGGAAGGAGGAT GCTGGAGAGTACCAATGTGAGGCE
TrpLeuPheAsnAsnGinArgleuGlnLeuThrGluArgMetThrLeuSerProSerLysCysGlnLeuTrplleArgThrvalArglysGluAspAlaGlyGluTyrGinCysGluAla

TTCAACCCA&TCAGCTCAAAGACCAGTCT&CCAGTCATCCTGGCTGTGATGATCGAGTGACCCATCCTCTCATGCTATAGCAGGGCGGGGCATTTCTGTATTGAGATGTCCACACCTACC
PheAsnProValSerSerLysThrSerLeuProvalllelLeuAlavalMetIleGlu***

CACCCCTGC&AGTTATAGA%TTCCATTCAiTCGCATGGC&ATTTGGCCA%CTCTCCCATECCTCCCCACACCTGATCCT&AACCCCTCCATTTTCTCCCACATCCCCTC%CCTACCCAG%
TCCATTCCTCCATCTGCCTiTTACTACTAiTTTTCCCCTiCTACATGAGATTCAAGCATCCTCCCTCGG&CTTCCAACT%GTTTAACTTTTTTGTATCTGTGTAGTGTAGTGTGTGTAT&
TTGTATTTTATGGCTAATA%CCAGTTATAAGTGAGTATA%ACCATGCATéCCATTTTGGAACCTGGTTAéCTCACTCAG&ATGATACTC%CAAGTTCTAiCCAAATTAAiGATGCCTTCA

AATC

Cea-3 cDNA

1

121

241

361

481

601

. . . . . L . . . . . .
GCCTTGCAGGAGCTGAAGGTGTTCTCCTCAGAGAAAGGCCAATATAGTGAGAAGAGATATGGAGTTGTCATCTGAACTTTTCAGCAACGGGTGTACCTCCTGGCAGAGGGTTCTCCTCAC
MetGluLeuSerSerGluLeuPheSerAsnGlyCysThrSerTrpGlnArgvalleuleuThr
. N .
AGCCTCCCTCTTAACCTGCTGGCTCCTGCCCACCACTGCCAGAGTCACCATTGAATCTTTACCACCCCAAGTGTATGAAGGAGAAAATGTTCTTCTACGTGTTGACAATATGCCAGAGAA
AlaSerLeulLeuThrCysTrplLeuleuProThrThrAlaArgvalThrileGluSerLeuProProGlnVal TyrGluGlyGluAsnvalleuleuArgVal AspAsnMetProGluAsn

GGCAGAGAGATATT
GlyArgGlulleleu

TCTTCTAGTGTTTGGCTGGTACAGAGGAA+GACAAATTTéTGGCAAGCAATTGCACAGCATTGGCTGTA&TACTATAGTéTAATGGTGAAGGGGCTG
LeuLeuvValPheGlyTrpTyrArgGlyMetThrAsnteuTrpGlnAlalleAlaGinHisTrpLeuTyrTyrTyrSerValMetValLysGlyLe

ATACATCAACGGGTCCCTGTGGATCCAAAATGT CACACAAGAGGACACAGGATATTACACTTTTCAAACCATAAGTAAACGAGGAGAAATAGTATCAAATACATCCCTGTACTTGCACGT
LnGLuAspThrGlyTyrTyrThrPheGLnThrl leSerLysArgGlyGlullevalSer euTyrLeulisVal
— N — N2. I
GTACTCCTCTCTTTTCATCTGTGTGCGTCCTACTACCCTTATATCTCCGACTATTGAATTAGTGCCAGCCAGCGTTGCTGCAGGGGGAAGCATTCTTCTCCTTGTTCACAATATTCCAAA
TyrSerSerLeuPhelleCysValArgProThrThrLeulleSerProThrIleGluLeuvalProAlaSerValAlaAlaGlyGlySerlleleuleuLeuvalHisAsnl leProlys

GTATCTTCAATCGCTTTTCTGGTACAAAGGGCTGATTGCATTTAACAAG&TTGAGATTG&TCGATACAGAACAGCCAAGAATTC
TyrLeuGlnSerLeuPheTrpTyrLysGlyLeul leAlaPheAsnLysValGlulleAlaArgTyrArgThrAlalysAsn

Isolation and analysis of mouse by hybridization at low stringency with a mixture of
CEA/PSG-related genes probes from rat CEA/PSG-related genes rnCGM1, 2,

3 and 4; Kodelja et al. 1989) and a ¢cDNA (rnCGMI;

In parallel to the isolation of PSG-related cDNAs, we Rebstock et al. 1990). Seventy-five out of 3 x 10°
screened a mouse cosmid library for CEA/PSG-related  clones analyzed hybridized. Six of these clones gave a
genes. First, a pool of candidate clones was identified strong signal with the N1 exon probe from rnCGM1,
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Cea-6 cDNA

ey

12

-

24

-

36

puty

48

pary

60

pere

72

vy

84

—_

96

=

1081

1201

1321

1441

1561
1681
1801

CTGTGAAGTGTTCCTGCCTGAGAGAACACTCAGATCAGAAGAAGGAAGGACAGCARATGCTGGTGCTGTGTTGEACGGEAAGT TCTTCTTCTCAAAGAGAGGACAGTACAGT GAGAAGAS
T

r—b'. - . - . - . . . - - N1 .
AGATGGAGGTGTCCTTGGTGCTTCTCTACCA-GGGTGTACACCCTGGCAGGGTCTTCTGCTCACAGCTTTTCTTTTAACCTCTTGGTTCCTGCCCACCACTGTCC{;ETCACCATTGAAT
MetGluvalSerLeuValleuleuTyreeeGlyCysThrProTrpGLnGlylLeuLeuleuThrAlaPheleuLeuThrSerTrpPheLeuProThrThrvalGlnvalThrleGluleu

TAGTGCCACCACAAGTGGCTGAAGGAGAAAATGTCCTTATTATTGTTTACAGTCTGCCA&AGGATCTTAEAGCCATAGC&TGGTTCAAA&GKGTGACAAATATGAACCT&GGAATTGCA%
ValProProGlnValAlaGluGtyGluAsnValleul lel leValTyrSerLeuProGluAspLeuThrAlalleAlaTrpPhelysGlyValThrAsnMetAsnLeuGlyl leAlaleu

TGTATGCACTGGCCTCTAACATCAGTGTGAAAGGGCCCGAACACAGTGGTAGAGAGACAGTGTTCAGCAATGGATCCCTGTTGCTTCACAATGTCACCCAGAAGGACACAGGATTCTATA
TyrAlalLeuAlaSer] alLysGlyProGluHisSerGlyArgGluThrValPheSer eulLeul.euli LnLysAspThrGlyPheTyrThr
'—>L2 . - I—PNZ
CTATACGGACCTTAAATAGACATGGAAAAATTGTATCCACAACATCCATATACCTCCACGTGTACACCTTCTTCTGGACTTGTGGACCTCTTTCCCCCTCTGCCCATCTCACTATTGAAT
IleArgThrlLeuAsnArgH IsGl‘LyslleValSerThrThrSerIleTereuH1sValTerhrPhePheTrpThrCysGlyProLeuSerProSerAlaHtsLeuThr!leGluSer

CAGTGCCACCCAAAGTTGCCGAAGGGGGAAGTGTTCTTCTAGTTGTTCACAATCTCCAGGGGAATCTTCGATCCCTTTTCTGGTACAAAGGGATGATTGTGTCCAGGAACCTTGAGGTTG
ValProProLysValAlaGluGlyGlySerValLeuLeuValValH1sAsnLeuGlnGlyAsnLeuArgSerLeuPheTrpTerysGlyMetIleValSerArgAsnLeuGluValAla

CAAGACACATAATAGACACAAA
ArgHisllelleAspTh

GTGCATGGGCCTTTACACAGTGGTAGAGAGACAATATACAGC
alHisGlyProLeuHisSerGlyArgGluThrileTyrSer

GGAAGGACAGTGGATTAT
rplLysAspSerGlylLeuTyr
. . . . — L3 . — N3 .
ACACCCTACGAACTCTAAGTACAGATATGAAAACAGAATTAGCACATGTACAACTCCAGGTGGACGCTTECCTTTCTCCGTGCTGTAATCCCCTTACCTCTTCTCAGCTCATGATTGAAC
ThrieuArgThrieuSerThrAspMetLysThrGluLeuAlalisValGlnLeuGlnvalAspAlaSerLeuSerProCysCysAsnProteuthrSerSerGlinLeuMet]leGluPro

CAGTGCCAC&CTATGCTGT%GAAGGAGAAAGTGTTCTTTiCATGGTTCA;AACCTGCCAAAAGATCTTCAAACCTTTTC&TGGTACAAA}CAGTGTATGéGGCTGAGATATTAAAAATCA
ValProArgTyrAlavalGluGlyGluServalLeuPheMetValHisAsnLeuProlLysAsplLeuGlnThrPheSerTrpTyrLysServalTyrGlyAlaGlul teleutysIleThr

CAGAATACAGCAGAGCCATGAGTTCCACCACACGTGGAAGT GAACT CAAAAGAAGAGAGCGTGTGTACACCAATGGATTCCTCCTGCTCCAGAGT GCCACT GAGAARGATGCAGGAATGT
GluTyrSerArgAlaMetSerSerThrThrArgGlySerGluLeuLysArgArgGluArgValTerhrAsnGlyPheLeuLeuLeuGlnSerAlaThrGluLysAspAlaGlyMetTyr

GT&ACAATACAGA
ValThrlleGlnSer

r—’
ACATACTAGAAACTTTAAGCAGAGATTTCAAAATTGAAAAAGCACAGGTGCAATTATATGTAAACAAGCCTATATCACAGCCCTTCATTCGAGTCACCA
IleLeuGluThrLeuSerArgAspPheLyslleGluLysAlaGlnValGlnLeuTeralAsnLysProlleSerGlnProPheIleArgValThr_

GCTCTGAGGTCCTCACCTGCCTCTCAGCTGACACTGGAATCTTCATCCGTTGGATCTTCAATAACCAGAGTCTGCAGCTTACAGAGAGGATGACACTATCCCCAACAAAGTGCCAACTCA
SerGluvallLeuThrCysLeuSerAlaAspThrGlyl'lePhel leArgTrpl LePheAsn) LeuGlnLeuThrGluArgMetThrleuSerProThrLysCysGinLeuSer

GCATAGATCCTGTCAGGAAGGAGGATGCTGGAGAGTACCAATGTGAGGTCTCCAACCCAGTCGGTTCACAGACCAGTCTCCCAGTCAGCCTGGCTGTGACAAATGAGTGACACTTCCTTT
1leAspProvalArglysGluAspAlaGlyGluTyrGlnCysGluValSerAsnProValGlySerGinThrSerLeuProvalSerteuAlaVal ThrAsnGlur**

CATCCTATAAAGGAGTGGGOGCATTTCTTTATTGATAAGGTACAAAAT GGAGTAAAGT TATGGT GAAAATTGTCAGTTACCACTCAGGTACAGCCACCATTGTGAGTCATGTCTGTAATG

CTGGGATAATTGTGTATATAAGGACAGACCAGGACCTAAAATGAGACT CTGTCTCCAAAGGAARACAGACATCAATGTAATAAACAGAAATACAARGGCATCAAGGATTTAAGTTGTGGE

whereas one clone (cosC3) hybridized with the N-ter-
minal domain exon probe from raCGM2. This gene is
a more distantly related member of the rat CEA gene
family. cosC3 and two of the clones, positive with the
rnCGMI probe (cosE7, cosGl1), were characterized
in detail. The genomic DNA inserts of cosE7 and
cosG11 were found to overlap extensively, covering a
51-kb genomic region (Fig. 2). DNA fragments con-
taining exons 1 and 2 were identified by hybridization,
then subcloned and partially sequenced (Fig. 1B,C).
These analyses revealed the presence of two tandemly
arranged genes in the overlapping cosmids cosE7 and
cosG11. One gene coded for Cea-2; the second, lo-
cated 16 kb downstream, was a new member of the
CEA gene family (Cea~4) and closely related to. Cea-2
(Fig. 2). Their second exons have 84% of their nucle-
otide and 72% of their amino acid sequences in com-
mon. The close relationship of both genes is also ob-
served in the region 5" of the translational start and the
first intron, where similarities of 95% and 92% respec-
tively are found. The complete exon organization of
Cea-2 was determined. The first exon encodes the 5'-
untranslated region and two-thirds of the leader pep-
tide. The following three exons each code for the last
third of the leader or leader-like sequences (L'2, L'3),
respectively, and for individual N domains. The IgC-
like domain and the 3'-untranslated region found in the

TCAAATATA%AGCCAGTCA%CAGAATACA%GGCAATCCAATTTTGAGAGCCCCCAAACTTTGAGTCTGCTGTTTAAATGTTGCAGCGTT%GAATAGAAA%AAATGCTCCiGTCATATACC

Cea-2 cDNA clones are encoded by the last exon. The
whole Cea-2 transcription unit covers a region of 7.5
kb. Cosmid cosC3 covers 34.5 kb of genomic DNA
that contains another new member of the murine CEA
gene family (Cea-5). Although Cea-5 shows, as far as
determined, the same overall genomic organization, it
is more distantly related to Cea-2 and Cea-4. This is
exemplified by the larger first intron and the different
arrangement of the restriction endonuclease sites. Fur-
thermore, its exon 2 sequence reveals only 55% simi-
larity of its nucleotides and 40% of its amino acids with
the corresponding sequences of Cea-2. However, it
shows a similarity of 93% and 92% at the nucleotide
and amino acid level, respectively, with the rat CEA-
related gene rnCGM2. The rates of synonymous sub-
stitutions in the N domain exons of rnCGM2 and
Cea-5 (Ks = 0.211 = 0.06) indicate that these genes
diverged ~16 x 10° years ago, close to the time of
rat/mouse speciation (Bulmer et al. 1991), so they
probably represent orthologous genes. The transla-
tional start of the putative Cea-5 protein is ambiguous
because of the presence of four potential in-frame
ATG start codons (Fig. 1C). The first two are soon
followed by in-frame stop codons and, therefore, are
irrelevant for initiation of translation of the putative
Cea-5 precursor. The fourth ATG codon (pos. 172-
174) displays a sequence context closest to the trans-
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GATCAGGGCAGGTCATATTTGTGGTGTTGAACNCCCCNNCTGTAGCCCTAGGCAT GAGACT TCAGTTCTCCCTGAGAACT CCAGGAAGTTCAGCAACT CATGTTGCTCACTCAACACTAG
GAACATTGTTTCCTTGAGCTAGGAGACCTTGTCTAGGAGTCTGCTTTCCATTCCTGTNCCCACTAACCTTGATTTCCCTTCCTAGACCTTGTTCTGTCTCTTGTGTCTGAGAAGACCCLT
CTCTTTCTGGAGAACCTGARAGTCTCCTCCCCACTGGCATCTCCCATAGTACAAGACAGGAT TGCTGAT GGGGAAT CACCCAGAAAAGGGCAGAGCTGACCCAGGAAGACCAGCGAGAAC
TGTGCTCAGCCAACACACAGCACAGCCAACTCATAAGGCT GCAAGGTCCATGGGCACACAGGT CACCTCTTCCCTAACACCAAGAACATGAAAT TCCTCACCCAGCTGTTCCCGGGECTC
TGTCTTGGGTCAGGATCTTGACTGGTGACAT TAGTGACAGAGGGTTTATCTTCATCCCCCAATCATCACATAACT GGTCCCTTCCAAACCTCACAGACATCTGTGCTACCCTCCTGCTGE
GGAATCCACCTTCCCAGAGCACT GAGGACACAGGGCAGACTGGEGTGCTCAGCCGGGTCTGTGTGTCACAGAGACACGTAGGAAAGTTGGAGGCTCCCTCTTTGATGCTGACAGCCTCATG

TCCAGGAGT&AGCAGATGAéAGCCCTTAGATGAGTTGTTéTTTGAGGGCATGTCGATGC;TATCAGCCT%GTTGCTCAA&GTCTTGTTGéAGAAGAAACATAAAGAGAGAAAATGTGAGA

n—r—l—b . . . - - . . . . . .

TACAGGGTAGCACTGAGAGTGGAAGTGAGTGAGCAGTGCTGTGGTCACAGACCCCACCACCCACAGCCTATAGGATTCTGTGAAGTGTTCCTGCCTGAGAGAAAACTCAGCTCAGAAGGA

. . - - . . - [—D L . . . -

GGAAGGACAGCAGAGGCCAGGTGCCTTGCAGGAGCTGAAGGTCTCCTCAGAGAAAGGCCAGTACAGTGAGAAGAGATATGGAGGTGTCCTETGAGCTTCTCAGCAATGGGTGTACCACCT
MetGluValSerSerGluLeuleuSerAsnGlyCysThrThrirp

GGCAAAGGG%TCTACTCACAGGTAAGTGT;CC#GCTATC{GATTGTGTGfGGGAAGGGAARCTCAGAAG;CCAAAGTATTCTGTAGAGGAGATGTCTAGAGAAGCCTTTGATTTCTGTYT
GlnArgValLeulLeuThrA

GTAGTCATGGAGCAGAAGGTGCAGTGAGGGACAGAGGCTCAGCAGCAGGACCCTCAGAGCAGACAGGAGE T GAGGAGGAAAAGAAGAGCET CAGCT GTCCCTGT TCAAAGTTAGTCACAT
TGGCTGCCATGGTCTGAAGGCCAATGTTCCTAACCATGACAGGGTGACTCTCCAAGTAGAAATTAAACCTGGGAATGCCAGAGAGATGGCTCAGTGTGTGGAGACATGCCAGTCTGAATT
CATTCCTCAGCTCTCACAGGGCAGATGGAGATACAGGCTCCTGCACGAT CTTCTCTGCCE TCCACACAGGTGT TATGCACCCACAATGTGCATAGT GAGACAGGAGCCTTCCCAAACTTG
TGCATCCAATACAGAATTATGGAATCACACTTGAACATAATGATTGCCAT TTGTTCCAAACCTGGGACTATATAGATAAATCCATGGAGATATCCTTCCTTCCTTCCTTCCTTCCTTECT
TCCTTCCTTTCCTTTGATTTCTTCCCTTCCTTT---(0.32 kb)---ATTCCTCAGAGAGGAAATCATACCCACTGAAGCTCTGAGGGLGTGAGGGCACGATGCTCACETCTATTATGE
TCAAACCCT%ACCCACAGG&CTAAGCTGAéGGATGCTCAEACCTGCTCA&GATTGGTGG&TTCTCTCTTiTCCCTTCTAéCCiCCCTCTTATéCTGCTGCCT&CTGCCCAC&;ET:gCAG
laSerLeuLeuSerCysCysLeuLguProThrThrAlaArg

AGTCACTGTGGAATTCTTACCTCCCCAAGTGGTTGAAGGAGAAAATGTTCTTCTACGCGTTGATAATCTGCCAGAGAATCTTCTAGGTTTTGTGTGGTA&AAAGGGGTGGCAAGTATGAA
ValThrvalGluPheleuProProGlnvalvalGluGlyGluAsnValleuleuArgval AspAsnLeuProGluAsnLeuleuGlyPheVat TrpTyrLysGlyvalAlaSerMetLys

GCTTGGAATTGCACTGTATTCACTGCAATATAATGTAAGTGTGACAGGGCTTAAGCACAGCGGTAGAGAGACACTGCACAGAAATGGGTCCCTGTGGATCCAAAATGTCACCTCGGAGGA
LeuGlyIleAlaleuTyrSerLeuGLnTyr) yalThrGlyLeuLysH1sSerGlyArgGluThrLeuH1sAr

CACAGGATATTACACCCTTCGAACCGTAAGTCAACGTGGAGAACTGGTATCAGATACATCCATATTCCTTCAGGTGTACTGTAAGTAATTCTTT---(0.5 kb)~--CCTCAGCTGAGCT
ThrGlyTyrTyrThrLeuArgThrvalSerGinArgGlyGluLeuValSerAspThrSer] lePheteuGlnvalTyrs
L2/
ATGACACAGCTGCTCAGACACAGGCGCCATCTTAGTCAAAAGAAGAAAAATCCTAATATTGATGGATCTCTCTTCCCTTTTAGCCTCTCTTTTCATCTGTGAGCGTCCTACTACCCTTGT
erSerLeuPhelleCysGluArgProThrThrieuval
> N2 .
ACCTCCCACTATTGAATTAGTGCCGGCCAGCGTTGCTGAAGGAGGAAGTGTTCTTTTCCTTGTTCACAATCTACCAGAGTATCTTATATCACTTACCTGGTACAAAGGAGCAGTTGTGTT
ProProThrileGluLeuvalProAlaSerValAlaGluGlyGlySerValleuPheLeuValHisAsnLeuProGluTyrLeul leSerLeuThrTrpTyrLysGlyAlavalValPhe

TAACAAGCTTGAGATTGCCCGATACAGAACAGCCAAGAATTC
AsnlysLeuGlul leAlaArgTyrArgThrAlalysAsn

lational start consensus (Kozak 1989). Usage of the
third initiation codon (pos. 157-159), although obvi-
ously less favorable because of the lack of a purine at
position —3, would lead to a leader peptide of 34
amino acids, a size that is predicted for all CEA-
related precursor proteins characterized so far.

Classification of rodent CEA/PSG-related genes

The derived amino acid sequences from the second
exons of the newly characterized and previously de-
scribed members of the murine and rat CEA families
were compared and displayed as a dendrogram (Fig.
3A). These exons were chosen because they encode
domains of the same type (IgV-like) in all known ro-
dent and human CEA family members. The rodent
CEA-related genes can be subdivided into three
groups. The first contains the murine genes mmCGM1
and mmCGM?2 and the rat gene ectoATPase (subgroup
1). The tightly coupled mouse genes Cea-2 and Cea~4,
as well as Cea-3 and Cea-6, can be grouped together
with the rat genes rnCGMI, rnCGM3, and rnCGM4

(subgroup 2). Cea-5 and rnCGM2 represent the third
group (subgroup 3). Nucleotide sequence comparisons
show mean similarities of 78%, 78%, and 93% within
subgroups 1, 2, and 3, respectively, and between sub-
groups, from 54% to 61%. Multi-alignment of the
amino acid sequences encoded by exon 2 of human
and rodent CEA-related proteins demonstrated that
none of the rodent subgroups can be assigned to any of
the human CEA family subgroup, which form separate
branches in the dendrogram (Fig. 3A). Sequence anal-
yses of all N domains of rodent subgroup 2 members
revealed that they can be subdivided into two main
groups: the first consists of all N1 domains, while the
second contains the remaining ones (Fig. 3B). Within
the latter group, N domains with the same position
number are most similar. This is also true for the five
N domains of rnCGM!1 if one takes the recent dupli-
cation of N2 and N3 into consideration (Rebstock et
al. 1990). In order to identify regions that are possibly
important for the function of members of the rodent
subgroup 2, their N domain amino acid sequences
were compared for conserved motifs present in only
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Cea-4

1
121
241
361
481
601
721

841

961
1081
1201
1321
1441

2011

2131

2251

GGATCCTGAAATTTCCCTCCCTCTTGGAATCTCCCAAGGGGAAGACAGGACTCT TGCTGAAGAATCACCCAGACAAAGGGCATAGGT GACCCAGGAGGACCAGAGAGCAGT TGGGCTCAG
CAAACACACAGCCCAATTAACCCATAATGCTGGAAGGTTGCCTGGAAATAGTCCATAGGAGAGGAGCCCACCGTCCTTTCTAGGACACACAGGT CACCTAT TCCCCAACACCAAGAACAT
GAAACTCCTCACACAGCTGCTCCCGGECCTCTGTCTTGGGTAGGATCTTGGCTGGTGGCATTAGTGATAAARGGTTTATCTTCATATCCAGTCATCAGACAACTGGTCCCTTCCAACCTT
CACAGACATCTGTCACCTTCCTGCTGGGAAATCCCACCTTCCCAGAGCACT GAGGACACAGGCCAGACTGGETGCTTAGCTGGGTCTGTGTGTCTCAGGGACACATAGGARAGATAGAGG
CTCCCTTTTTGATGCTGACAGACTCATGTCCAGGAGTCAGCAGATGTCAGCCCTTGGATGAGTTGTTGTTCTCGGAGGGCATGT TGATGCTTATCAGCCTTGTTGCTCAAGGTCTTGTTG
GAGAAGAAACATAAARAGAGAAAAT GTGAGARACATGCAGGGCAACACTGAGAGT GGAAGT GACTGAGCAGT GCT GTGGACACAGACCCCACCACTCACAGCCCATAGGATTCTGGGAAG
TGCTCCTGc&TGAGAGAACRCTCAGCTCAE;AAGGAGGAAE;GACAGCAGAEGCCAGGTccénGCAGGAGETGMGGTTTf:crCAGAGAAI\GGCCAGTACI\GTGAGAAGAéAré;Eg;lL\GSfl

e uva

GTCCTCTGAGCTTCTCAGCAATGGGTGGACCTCCTGGCAGAGGGTTCTGCTCACAGGTAAGTGTTCCAGCTATCTGATT&TGTGTGGGAAGGGAAACTCCGAAGCCCAAAGTCTTCTGAA
SerSerGluleuleuSerAsnGlyTrpThrSerTrpGlnArgValleuLeuThrA

GAGGAGATGTCTAGAGAAGCCTTTGATTTCTGTTTGTAGT CATGGAGCAGAAGGTGCAGT GAGGGACAGAGGC TCAGCAGCAGGACCCTCAGAGCAGACAGGAGC T GAGGAGGGARAGAR
GAGCCTCAAGCTGTCCCTGTTCARAGTTAGTCACATTGGCT GCCATGGTCAGAAGGCCAATGT TCCTAACCATGACAGGGTGATTCTCCAAGTAGAAAT TAAACCT GGGAAAGCCAGGGA
GACGGCTCAGTGTGTGGAGACATGCCAGTCTGAATTCCATTCCTCAGET CTCACAGGGCAGATGGAGATACAGGCT CCTGCAGGATCTTCTCTGCCCTCCATACAGGTATGTGCTATGCA
CCCACAATGTGCACAGTGAGACATGAATCTTCCCAAACTTGTGCATCCAATACAGAAT TATGAAAT CACACT TGAAAGTAATGATTACCATTTGTTCCAAACCT GGGACTATATAGATAA
ATCCATGGAGATATCCTTCCTTCCTTCCTTCTTTCCTTCCTT-- (0,45 Kb)--GCGCTCAGATGTGCTTCCCTTCCCTCTAGCCTCCCTCTTAACCTGCTGGTTCCTGCCGATCACTG
laSerLeuleuThrCysTrpPhelLeuProlleThrAla
N1 . . ; . } ; } ] ) . . )
CCCGAGTCACCATCGAATCCGTACCACCCAAATTGGT CGAAGGAGAAAATGTTCT TCTACGAGT GEACAATCT GCCAGAGRATCT TCEAGT CTTTGCCTGGTACAGAGGGGTARTARAAT
GlyvalThrileGluServalProProLyslLeuvalGluGlyGluAsnVallLeuLeuArgvalAspAsnLeuProGluAsnLeuArgvalPheAlaTrpTyrArgGlyvalllelysPhe

TTAAGCTTGGAATTGCACTGTATTCACTGGACTATAACACAAGT GTGACAGGACCTGAGCACAGT GGTAGAGAGACAT TGCACAGCAACGGGT CCCTGTGGATCCAAAGTGCCACCTGEG
LysLeuGlylleAlalLeuTyrSerteuAspTy! alThrGlyProGlulisSerGlyArgGluThrLeuHisSer, euTrplleGinSerAlaThrargGlu

CATGTTCCTTCAGGT&TACTGTAAG%AATTCTTTG%GA
etPhelLeuGlnvalTyr

AAGACACAGGATATTACACéTTTCAAACCATAAGTAAAAATGGAAAAGTéGTATC
AspThrGlyTyrTyrThrPheGLnThrIleSerLysAsnGlylLysValvalSer

Cea-5

]
121

241
1861

1981

2001

2121

ACAGACCTCEAGCAAGAAGAGTTGACGCAEATCACAGATCATAGCCTTGéGCAGATTCCCTGCACACAGCCCATGAGAC%CTGGGAGATGCCCCTGGGGIAAGGACAGGAGAAAIAAGAG

. - - [ . - - . - - - -
GGAAGGATCCACAGGGCAGACACCAGGACAGCACACATGGGAGCAGAGACCATGGAGTCCCCTTCTCTGTTTCTCTGCAAAGGGCTCCTGCTCACAGGT GAGGCCAGCCCTGGAGTGGTG
MetGlyAlaGluThrMetGluSerProSerLeuPhelLeuCysLysGlyleuLeuleuThrA

TGGGGAGGATGCTCTGACAGGAAGGBACTCT GGCAGGACCCTCTGCT TCAGET TGAGAGGGEAGGACACGEAGGGACCCAGGCTGCTCAGGTGBATECTCT -~ (1.5 kb)---GATAT

. . . . - r’ "1 . . - . - -

TTATAGGATTTTCTCTCCTAGCCTTCCTCTTAACCTGCTGGAATGCACCCGECGCT GCCGAGCTCACTATTGAATTAGTGCCACCCAT GGTTGCCGAAGGCGGAAACTCCGTTCTGTTTG
laPheleuLeuThrCysTrpAsnAlaProAlaAlaAlaGluLeuThrIleGluLeuValProProMetValAlaGluGlyGlyAsnSerValleuPheval

TGCATGAAA%GCCACTGAA&GTCCAGGCG%TTTACTGGTACAAACAGAGAGATTCGACGAAGAGCTACGAAGTCGCACGGTACTTAACACCCACGAACCAAAGTTCGAAGATGCCTCAGC_
HisGluMetProLeuAsnValGLlnAlaPheTyrTrpTyrLysGlnArgAspSerThriysSerTyrGluvalAlaArgTyrLeuThrProTh SerLysMetProGlnHis

ACAGTGATAéGAAAACCGTATTCTACAGT&GATCCCTGC*GATCAGAAA&GTCACCAAG&CTGACAGTGGAGTCTATACETTACTAACA%TTAACACGGAAATGGAAAGCGAATTAACAC
SerAspArgLysThrvalPheTyrSerGlySerLeuleul leAr sAlaAspSerGlyValTyrThrLeuLeuThrPheAsnThrGluMetGluSerGluLeuThriis

ATGTGCATC%GGAAGTGCA&GGTAAGTGGTTGCGTGACCTCTGGGTGCTGGGGGGCGG
ValHislLeuGluvalGln

one of the two main N domain groups. The most prom-
inent motif specific for the N1 domains is located near
the carboxy-terminal end (Fig. 1C) within a region of
low sequence conservation between subgroups. The
motif consists of a positively charged amino acid (Arg,
His), followed by a glycine and a positively or nega-
tively charged amino acid (Lys, Glu). A similar motif
is present at the same position in nearly all members of
the PSG subgroup. The sequence motif in human
PSGs is mostly ArgGlyAsp (LysGlyAsp in PSGI;
Khan and Hammarstrém, 1990).

Expression of CEA/PSG-related genes

In order to achieve assignment of mouse CEA/PSG-
related genes to their human counterparts, we com-

pared expression patterns, assuming that mRNAs of
analogous genes have a similar tissue distribution.
Northern blot analyses were carried out under strin-
gent conditions with total RNA from placenta (days
11, 13, 16, 17, and 18 of gestation) and from colon,
uterus, ovary, liver, kidney, and fibroblasts of adult
mice, with the cDNA insert of ACea-2 as a probe (Fig.
1A). We found a 2.1-kb transcript only in placentae
from day-13 of gestation onwards (Fig. 4, lanes 2 and
10, and data not shown). An mRNA of the same size
was also detected with a Cea-3 cDNA probe in RNA of
day-13, but not in day-11 mouse placenta (Fig. 4, lanes
3, 4, 11, and 12). At low stringency, weak cross-
hybridization with a 3.3 kb mRNA species was detect-
able in day-11 and day-13 placental RNA with both
probes (Fig. 4, lanes 1-4). A Cea-4 genomic probe hy-
bridized under low stringency conditions with a 3.3-kb
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Fig. 2. Restriction map of Cea-2, Cea-4, and Cea-5. The following
restriction endonuclease sites were used to map the genomic DNA
inserts of cosmid clones Gi1, E7, and C3: BamHI (B), EcoRI (E),
HindIIl (H), SstI (S). For G11 and E7 only the EcoRI sites con-
firmed by sequencing and subcloning have been included. Triangles

mRNA species strongly in day-11 and weakly in day-
13 placental RNA. Strong cross-hybridization with the
2.1-kb mRNA species in total RNA of day-13 placenta
was observed (Fig. 4, lanes 5 and 6). Under stringent
conditions, all hybridization signals with this probe
disappeared (Fig. 4, lanes 13 and 14). Therefore, the
3.3-kb mRNA is probably derived from a gene closely
related to Cea-4. As a control for RNA loading, iden-
tical samples were separated on the same gel and hy-
bridized with a human B-actin probe (Fig. 4, lanes 7, 8,
15, and 16). The 2-kb BamHI DNA fragment of the
Cea-5 gene covering the first and part of the second
exon (Fig. 1B and 2) hybridized at low stringency (2%
SSPE, 55°C) with a 3.4-kb mRNA in total RNA from
NIH/3T3 mouse fibroblasts and whole day-11 and day-
13 embryos (data not shown).

Sequence comparisons of putative promoter regions
of the CEA gene family

S1 nuclease analyses revealed a cluster of transcrip-
tion initiation sites at positions — 187, —190, —191,
and — 192 relative to the start codon of Cea-2 (data not
shown). No classical TATA or CAAT promoter se-
quence motifs (Cordon et al. 1980) could be detected at
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Fig. 3. Relationship of human and rodent CEA families. The amino
acid sequences encoded by the indicated N domain exons were
compared and displayed as dendrograms. The length of the branches
reflect inversely the approximate degree of similarity between the

of the same shading indicate the borders of genomic DNA fragments
of individual cosmids. Boxes represent exons; coding regions are
shown as filled in, untranslated regions as open boxes. For abbre-
viations see legend to Fig. 1.

the expected positions. However, a purine-rich region
was noted directly upstream of the transcription initi-
ation sites (Fig. 1C). To identify common promoter or
regulatory elements, we compared the regions up-
stream of the translational start of all human, rat, and
mouse CEA gene family members where the transcrip-
tion start sites have been determined (Fig. 5). Despite
low overall sequence conservation in the regions com-
pared, a conserved 50-nucleotide stretch is visible sur-
rounding the transcriptional starts of CEA, NCA,
PSGI, and PSGS5. In Cea-2 and rnCGMI, however,
the conserved region is located in the middle of the
5'-untranslated region. The 3'-half of this stretch is
formed by an especially well-conserved, purine-rich
sequence. In the vicinity of the transcriptional start
sites, repeated sequence motifs (‘‘transcriptional start
motifs’’ TSM1 and TSM2) with two consensus
sequences are found: the heptanucleotide sequence
PyTGAGAPu (TSM1), which is present three times
in the conserved region, and a related hexanucleotide
PuCAGAPu (TSM2), where apparently preferential
initiation of transcription of CEA and NCA is ob-
served. Within or close to TSM1, initiation of tran-
scription takes place in PSGI, PSGS, Cea-2, as well as
in rnCGM1, which are all expressed in the placenta.
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compared sequences. C, Cea-; M, mmCGM; R, rnCGM (except for
R__ATP; rat ectoATPase); N, amino acid sequence encoded by the
N exons. Sequence sources are summarized in Thompson and col-
leagues (1991).
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Fig. 4. Developmental expression of Cea-2 and Cea-3 mRNAs in
mouse placenta. Fifteen pg of total RNA from day-11 and day-13
placenta were size separated in formaldehyde/agarose gels, trans-
ferred to charged nylon membranes, hybridized with the 1.1-kb ge-
nomic EcoRI DNA fragment of Cea-4, the 0.8 kb EcoRl/BamHI
fragment of ACea-3 (including 0.4 kb of the artefactually added
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DNA), and the cDNA insert of ACea-2, respectively (see Fig. 1A),
and washed under the indicated conditions. The integrity and
amount of RNA were checked by hybridization with a human B-ac-
tin probe of identical RN A samples, separated on the same gels. The
sizes of marker RNAs (GIBCO-BRL) are indicated at the right mar-
gins; p.c., post coitum.
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Fig. 5. Comparison of 5’-untranslated and upstream regions of
members of the human and rodent CEA gene families. Dots indicate
identical nucleotides; dashes, deletions that have been introduced
for optimal alignment. Transcriptional start sites are marked by ar-
rows, whereby main sites are shown in bold. The conserved se-
quence is boxed. Inverted arrows symbolize short inverted repeats.
The conserved sequence motifs in the vicinity of the transcriptional
start sites are shown in bold and are underlined with arrowheads

(TSM1) and small boxes (TSM2), respectively. Sequences deviating
from the consensus motifs are underlined with fewer arrowheads
and larger boxes, respectively. The numbers indicate the size of the
compared sequences upstream of the translational start (under-
lined). References for sequences and transcriptional start sites:
rnCGMI (Rebstock et al. 1990), PSGI (Thompson et al. 1990; Wa-
tanabe and Chou 1988), PSG5 (Thompson et al. 1990), CEA and
NCA (Schrewe et al. 1990).
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Chromosomal localization of Cea-5

The Cea-5 probe was hybridized to DNA from the
homozygous parent generation, C3H/HeJ-gld/gld X
Mus spretus, and the heterozygous F, generation,
C3H/Hel-gld/gld X Mus spretus. A unique Mus spre-
tus 3.65 kb Tagl RFLV was identified (Fig. 6A). To
examine the segregation of the RFLV, Tagl-digested
DNA from 334 [(C3H/HeJ-gld/gld X Mus spretus)F,
x C3H/HelJ-gld/gld] interspecific backcross progeny
was analyzed. The Cea-5 RFLYV segregated with genes
previously mapped to the proximal region of mouse
Chr 7 (Saunders and Seldin 1990a,b; Fig. 6B). Mini-
mization of crossover frequency of these loci resulted

A Cea-5
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Fig. 6. Chromosomal localization of Cea-5. (A) Southern blot iden-
tification of a unique M. spretus RFLV for Cea-5. A [**P]-labeled
2-kb BamHI DNA fragment from cosmid C3 covering the genomic
region of Cea-5 with exon 1 and part of exon 2 was used as a probe.
The arrowhead signifies the unique fragment present in DNA from
(C3H/Hel-gld/gld x M. spretus)F, (SC) but not present in homozy-
gous C3H/HeJ—-gld/gld (CC) mice. Tagl was the informative restric-
tion endonuclease. The position and size (in kb) of marker fragments
are shown on the right. (B) Analysis of interspecific backcross hap-
lotypes. Haplotype distribution for mouse Chr 7 loci located within
the syntenic human Chr 19q13.1-13.4 segment. For these loci, 334
backcross progeny were examined. Each column represents a chro-
mosomal haplotype identified in the backcross progeny that was
inherited from the (C3H/HelJ-glid/gld x M. spretus)F, parent. The
number of backcross mice with each observed haplotype is indi-
cated at the bottom of each column. Solid bars represent M. spretus-
like RFLVs, and gray bars represent C3H/HeJ—gld/gld-like RFLVs.
The cluster®* designation includes (I) Apoe, Atpla3, Ckmm,
DI19819h, and Ercc-2 and (I1) Cypla, Cyp2b, Rip, and Tgfb in which
no crossovers were observed.

27N

in the following gene order (xstandard deviation):
(centromere)-Pkcg-0.6 = 0.42 cM~Cea-5-0.9 + (.52
cM-[Apoe, Atpa-2, Ckmm, DI9S19H, Ercc-2].

Discussion

Here we report on five new members of the murine
CEA gene family Cea-2, Cea-3, Cea<4, Cea-5, and
Cea-6 (formerly named mmCGM5, mmCGMé,
mmGMC7, mmCGMS, and mmCGM9; Thompson et
al. 1991). Sequence comparisons with all known mem-
bers of the murine and rat CEA gene families indicate
that, as in humans, subgroups exist. None of these
subgroups or individual genes, however, can be as-
signed to a human counterpart. This is probably owing
to a rapid evolution of the CEA-related genes after
separation of the primate and rodent orders (Rudert et
al. 1989).

Rodent subgroup 1 contains the murine genes
mmCGM1 and mmCGM?2 (McCuaig et al. 1992; Tur-
bide et al. 1991) and the rat gene coding for ecto-
ATPase (Lin and Guidotti 1989), which was recently
shown to be identical to C-CAM 105 (Aurivillius et al.
1990). This subgroup probably corresponds to the hu-
man CEA subgroup, since both encode mainly mem-
brane-anchored proteins with a similar domain organi-
zation and expression pattern. Like BGP, rat ecto-
ATPase/C-CAM 105 is found mainly in the epithelia of
bile ducts (Svenberg 1976; Odin et al. 1988). Similarly,
mmCGMI and mmCGM?2 transcripts have been de-
tected in relatively large amounts in mouse liver (Tur-
bide et al. 1991). Members of rodent subgroup 2 show
a very different domain organization to their human
counterparts and rodent subgroup 1 members. Instead
of containing one IgV-like domain as found for all hu-
man CEA-related proteins, they are composed of three
(Cea-2, Cea-6; Fig. 1A) or five (rmCGM1) such do-
mains and one IgC domain (Rebstock et al. 1990). The
existence of truncated leader sequences with cysteines
between the IgV-like domains may have structural
consequences (for example, for dimerization or forma-
tion of intramolecular disulfide bonds). Rodent sub-
group 2 members lack any hydrophobic region and,
therefore, seem to be secreted. Furthermore, as they
are exclusively expressed in placenta, they most prob-
ably represent analogs of the human PSG subgroup.
One may assume that human and rodent PSGs share a
common function. As the N1 domain is the only do-
main of identical type (IgV-like) and position (first do-
main) common to rodent and human PSGs, it probably
plays a major role in determining their function. This is
supported by the finding that rodent PSG N1 domains
form a separate group (Fig. 3B). The sequence motif
present only in the rodent PSG N1 and human PSG N
domains is indicative of a potential function. The
tripeptide sequence ArgGlyAsp (RGD in one-letter
code) found in human PSGs is known to be responsible
for the interaction of some extracellular matrix pro-
teins with cell surface receptors of the integrin family
(Ruoslahti and Pierschbacher 1987). Although this se-
quence is not strictly conserved in mouse and rat N1
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domains, it shares a common spatial and charge pat-
tern with the RGD motif. The fact that a variable num-
ber of Ig-like domains (3, 4, and 6, respectively) exist
in different PSG members indicates that the length of
these molecules is not necessarily relevant for func-
tion. It may even be that no murine PSG exists with
five IgV-like domains as found in the rat, because
computer-assisted analysis of the sequences (Li et al.
1985; Rebstock et al. 1990) reveals that the rnCGM1
N2/N3 domain duplication took place approximately
10 x 10° years ago, at a time after mouse/rat speciation
(12 x 10° years ago; Bulmer et al. 1991). On the other
hand, single PSGs may have specialized functions. Al-
though the PSG genes of mice, rats, and humans seem
in general to be coordinately expressed in placenta
{Kodelja et al. 1989; Thompson et al. 1990), individual
members, like the Cea-4-like gene, might function only
at a certain time during development. In this context it
is interesting to note that Cea-4 so far is the only ro-
dent PSG member that lacks the RGD-related motif.
The third subgroup consists of Cea-5 and rnCGM2,
which show a remarkably high degree of similarity and
are probably homologs. Sequence conservation is
probably due to selective pressure since, although de-
termination of Ks values reveals that separation of this
gene pair (16 X 10° years) took place before the dupli-
cation of the N2 and N3 domains in the rat PSG
rnCGMI (10 x 10° years; Rebstock et al. 1990), the
amino acid sequence conservation is more pronounced
between the N domains of Cea-5 and rnCGM2 (93%
vs. 76%). As rodent subgroups 1 and 2 are counter-
parts of the human CEA and PSG subgroups, respec-
tively, members of rodent subgroup 3 may be analo-
gous to human CGM7, which is the most distantly re-
lated member of the human CEA subgroup.
Determination of their expression patterns in both spe-
cies should help clarify this.

Like all human (Schrewe et al. 1990; Thompson et
al. 1990) and rodent (Rebstock et al. 1990) CEA-
related genes, Cea-2 lacks typical promoter consensus
sequences. As the conserved motifs found often cor-
relate with transcriptional starts, they may represent
recognition sites for transactivating factors. Indeed,
the transcriptional start sites of the placentally ex-
pressed PSG and rodent subgroup 2 genes often coin-
cide with the motif TSM1, whereas for CEA and NCA
TSM2 is found. Moreover, gel retardation experiments
showed that an apparently ubiquitously expressed nu-
clear factor(s) can bind to oligonucleotides, the se-
quences of which have been derived from the con-
served region of Cea-2 shown in Fig. 5 (resuits to be
published elsewhere).

The localization of a murine CEA gene family
member (Cea-5) to the proximal region of mouse Chr 7
is of interest because it was recently reported that the
presumed CEA subgroup member mmCGM?2 is also
located on this chromosome (Robbins et al. 1991).
Similarly, using a human CEA ¢cDNA probe, Siracusa
et al. (1991) colocalized a CEA-related gene with O#f-2
to the proximal region of mouse Chr 7. The human
CEA gene family is clustered on the long arm of hu-
man Chr 19 (Thompson et al., 1992), in a region
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(19q13.1-13.2) that is syntenic to the proximal part of
mouse Chr 7 (Saunders and Seldin, 1990a). In consid-
eration of this finding, together with the fact that Cea-2
and Cea~4 are closely linked, it may be expected that
all members of the murine CEA gene family are clus-
tered in this chromosome region.
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