Mammalian Genome 3: 262-273, 1992

enome
9 springer-VeflagNewYorkInc. 1992

Characterization of murine carcinoembryonic antigen gene
family members
Fritz Rudert, 1'* Ann M. Saunders, 2 Sabine Rebstock, ~ John A. Thompson, 1 and Wolfgang Zimmermann 1
lInstitut ffir Immunbiologie, Universit/it Freiburg, Stefan-Meier-Strasse 8, D-7800 Freiburg, FRG; 2Division of Neurology, Duke
University Medical Center, Durham, North Carolina 27710, USA
Received November 21, 1991; accepted March 23, 1992

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 properties and for a group of abundantly expressed pregnancy-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 Cea6). eDNA 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 (N1-N2-N3-A). We have also partially characterized the Cea-2 gene and two additional
ones, Cea-4 and Cea-5. Cea-2 and Cea-4 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-4-1ike gene are
differentially transcribed in the placenta during pregnancy, but not in other organs tested. This expression
pattern strongly suggests that they represent counterparts 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 putative 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.
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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 (mmCGM2 and C-CAM
105), have recently been shown to function in vitro as
homo- and heterophilic cell adhesion molecules (reviewed in Thompson et al. 1991). The mRNAs encoding these antigens show distinct and rather restricted
expression patterns, being predominantly found in coIonic 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 - 2 0 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 clustered on the long arm of Chr 19 (Thompson et al.
1992), can be subdivided into the CEA subgroup, containing the genes for the classical crossreacting antigens and the pregnancy-specific glycoprotein (PSG)
subgroup (Watanabe and Chou 1988). The PSGs comprise a group of very closely related proteins of unknown 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 secreted because most of them lack hydrophobic C-terminal domains suitable for membrane anchorage.
PSGs are produced in large amounts by the syncytiotrophoblast 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 markers to monitor the treatment of choriocarcinoma patients (Sakuragi 1982).
Recently, putative PSG genes have also been identiffed 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. Furthermore, the deduced domain organization of a rat PSGrelated antigen (rnCGM1) has been found to be completely different from its human counterparts. Several
immunoglobulin variable-like (IgV) domains are followed by one immunoglobulin constant-like (IgC) domain (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 independently in rodents and primates (Rudert et al. 1989). For
these reasons, a direct assignment of individual members or subgroups of the rodent CEA gene family to
their human counterparts simply by sequence comparisons has not been possible. On the other hand, transcripts of the rnCGM1 gene have been found so far
only in the placenta. Therefore, rnCGM1 and closely
related genes (rnCGM3 and rnCGM4) most probably
represent PSG homologs (Kodelja et al. 1989; Rebstock 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 species mouse and determined the chromosomal localization 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 hgt 11 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 following mixture of [32p]labeled genomic and cDNA probes was used:
The 289-bp HindIII/BamHI fragment from XrnCGM2-1 (Rudert et
al. 1989), the 661-bp PvuII/PstI fragment from XrnCGM3-1, as well
as the 748-bp SstI/BamHI fragment from XrnCGM4/5-1 (Kodelja et
al. 1989) and the EcoRI cDNA inserts of XrnCGMla and XrnCGMlb
(Rebstock et al. 1990). The cDNA library was screened with the 296
bp XmnI/EcoRI fragment from XrnCGMI-I (Rudert et al. 1989). The
filters were washed at low stringency in 2 x SSPE, 0.1% SDS at
60~ (1 x SSPE: 180 mM NaCI, 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 ~g of total RNA
from day-13 placenta was reverse transcribed with avian myeloblastosis virus reverse transcriptase (Promega) with an oligo(dT)containing oligonucleotide ( 5 ' - G G A A T T C G T C G A C A A G C TT(T)lzG/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, SalI and HindIII
recognition sites for subcloning. CEA-related cDNAs were amplified by 30 cycles (denaturation: 1 min, 94~ annealing: 15 s, 50~
extension: 3 min, 72~ in a Thermocycler 60 (bio-med) after addition of either Y-primer FR1 (pos: 73-89, Fig. 1C) from the 5'untranslated region, or FR2 (pos: 556-572, Fig. 1C) from the N1domain 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 (Phannacia) with internal or
universal oligonucleotide primers. The program "Clustal" from PCGENE (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 previously (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 endonuclease sites. Linearized cosmid DNA (1 txg) 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 (Sch/ifer, 1979)
were pulverized in liquid nitrogen, and total RNA was extracted
according to Chomczynski and Sacchi (1987). RNA blot hybridizations 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 HindIII/EcoRl fragment from cosE7, which contains
the first exon of Cea-2, was subcloned into the M13mpl 9 vector and
used as template for probe synthesis. Synthesis of a complementary
strand by Taq polymerase was primed with the [32p]oligonucleotide
10C-L (pos: 84-107 in Cea-3 sequence). The resulting doublestranded DNA was digested with HpaII, and the 435 nc singlestranded fragment was purified on a denaturing polyacrylamide gel
(Schrewe et al. 1990). Hybridization to 50 Ixg of total RNA from
day-13 placenta and S1 analysis were performed as described by
Maniatis and colleagues (1982). The size of the protected singlestranded DNA fragments was determined on a denaturing polyacrylamide gel with sequencing reaction products of the above M13 template and the 10C-L oligonucleotide as a primer.

Chromosomal localization
The chromosomal localization of Cea-5 was determined by segregation analyses in a panel of 334 [(C3H/HeJ-gld/gld x Mus spretus)Fl
x C3H/HeJ-gld/gld] interspecific backcross mice. The breeding and
isolation of genomic DNA from these mice has been described previously (Seldin et al. 1988). The segregation of restriction fragment
length variants (RFLVs) was examined in 10 Ixg genomic DNA samples, which were digested with TaqI, electrophoresed in 0.9% agarose gels, transferred to Nytran membranes (Schleicher & Schuell),
hybridized at 65~ (Seldin et al. 1988), and washed at 65~ 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 confirmed by maximum likelihood analysis (Bishop 1985).

Results

Isolation and analysis of mouse PSG-related
c D N A clones

Analysis of RNA from different adult and fetal mouse
tissues with N-terminal domain exon-containing genomic fragments from rat PSG-related genes rnCGM1,
rnCGM3, and rnCGM4 (Kodelja et al. 1989; Rebstock
et al. 1990) revealed related transcripts in the placenta
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Fig. l. Structure of cDNA (A) and genomic DNA fragments (B) of
members of the murine CEA gene family and their nucleotide sequence (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 pattern. The coding regions are composed of a leader peptide (L), N or
IgV-like domains (N1-N3), interspersed leader fragments (L'2, 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 polyadenylation 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 indicated 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

as 5'-primer for synthesis of full length cDNAs by PCR is underlined. 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 diamonds 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
cDNA clone is shown above the nucleotide sequence. Polyadenylation signal sequences are indicated by broken lines. The RGDrelated motifs are underlined by a bar. A purine-rich sequence directly upstream of the transcriptional start sites in Cea-2 is underlined. The multiple putative initiation codons in Cea-5 are shown in
bold print, the in frame stop codons are underlined. The approximate size of nonsequenced regions in the genomic DNA are shown
in brackets and are taken into account for the numbering system. N,
unknown nucleotide.

(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
106 recombinant phages, the DNA of 81 hybridized.
The cDNA inserts from two of these clones (k-Cea-2
and k-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),
hCea-2 contains nearly the whole of the first IgV-like
domain (N1) and part of the second (N2), whereas
kCea-3 also covers sequences of the 5'-noncoding region 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 addition to the expected full-length and partial Cea-2
cDNA 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 independently isolated Cea-6 cDNA clones, a PCR amplification 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 r = 52,912; M r minus leader = 49,292), and a
3'-noncoding sequence of 427 bp including a degenerate polyadenylation signal 15 nucleotides upstream of
the poly(A) tail (Fig. 1C). The deduced protein con-

sists of a leader peptide, three related IgV-like domains (N1-N3) with 53--66% similarity at the nucleotide and 40-51% at the amino acid level and an IgCrelated 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 domains. On the assumption of an increase of the molecular weight of 4000 per site by addition of carbohydrate chains (Neumaier et al. 1988), the relative molecular 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 rnCGM1 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 rnCGM1 mRNAs, splice events probably
occurred in the vicinity of the stop codon. The lack of
sequences matching the splice donor consensus sequence (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 polyadenylation consensus sequences. The putative Cea-6 protein shows an identical domain organization as found
for Cea-2. Eight putative glycosylation sites exist,
which would lead to a predicted M r of 81,000 of the
glycosylated protein. It has 60% of its amino acids in
common with the Cea-2 protein.
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121 GACAGCAGAGGCCAGGTG•CTTG•AGGAGCTGAAGGTCTCCTCAGAGAAAGG••AGTACAGTGAGAA•AGATATGGAGGTGTCCTCTGAGCTTCTCA•CAATG•GTGTACCCC•TGGCAA
MetG luVa tSerSerG luLeuLeuSerAsnGlyCysThrProTrpG [n
[-~ HI
241 AGGGTTCTGCTCACAGcCTCcCTCTTAT~CTGcTGccTcCTGC~AcCACTGCcAGAGTCACTGTGGAATTCTTACCTCcCCAAGTGGTTGAAGGAGAAAATGTTCTTcTACGCGTTGAT
ArgVa tLeuLeuTh rA IaSerLeuLeuSerCysCysLeuLeuProTh rThrA laArgVa tTh rVa [G luPheLeuProProG lnVa [Va tG lug tyG [uAsnVa tLeuLeuArgVa lAsp
361 AATCTGCCAGAGAATCTTCTAGGTTTTGT~TGGTACAAAGGGGTGGCAAGTATGAAGCTTGGAATTGCACTGTATTCACTGCAATATAATGTAAGTGTGACAGGGCTTAAGCACAGCGGT
AsnLeuProG l uAsnLeuLeuGt yPheVal TrpTyrLysG t yVa tAt aSerMet LysLeuGt yI leA laLeuTyrSerLeuG t n T y ~ V a
tThrG t yLeuLysHisSerGly
481 AGAGAGACACTGCAcAGA/~TGGGTCCCTGTGGATCCAA~TGTCA~CTCGGAGGACACAGGATATTACACCCTTCGAACCGTAAGTcAACGTGGAGAACTGGTATCAGATACAT~ATA
ArgGtuThrLeuHisArg~LeuTrp!
leGtr~erGtuAspThrGlyTyrTyrThrLeuArgThrVatSerGlnArgG[yG[uLeuValSerAs
ffhrSerI le
~'"L2" . . . . . . . .
~................
r-~ m2
i
601 TTCCTTCAGGTGTACT•CTCTCTTTTCAT•TGTGAGCGT•CTACTACCCTTGTACCTCcCACTATTGAATTAGTGCCGGCCAG•GTTGCT GAAGGAGGAAGTGTTCTTTTCCTT GTTCAC
PheLeuG InVa [TyrSerSerLeuPhe! teCysG [uArgProThrTh rLeuVa lProProTh r ! leg luLeuVa lProAl aSerVa tAt aG IuG tyG lySerVa tLeuPheleuVa tH is
721 AATCTACCAGAGTATCTTATAT CACTTACCTGGTACAAAGGAGCAGTTGTGTTTAACAAGCTTGAGATTGCCCGATACAGAACAGCCAAGAATTCAAGTGTGCTTGGCCCTGCCCACAGC
AsnLeuProG IuTyrLeul IeSerLeuTh rT rpTyrLysG [yAlaVa tVa lPheAsnLysLeuG Iu l leAlaArgTyrArgTh rA l a L y s ~ V a
[LeuG [yProA taHi sSer
841 GGTAGAGAAACGGTGTTCAGCAATGGATCCCTGCTGCT~AGAATGTCAC~TGGAAAGACACCGGATTCTACACC~TAcGAACTCTGAATAGATATcCGAGAATAGAATTAGCACACATT
G lyArgG luThrVa tP h e .S.e. ~
r ~, L e.u. L. .e. u. .L. e. .u. G. . . . . . . . . .t. ~. .~. T. .r. p. .L. y. s A s p T~h r G
tyPheTyrThrkeuArgTh rLeuAsnArgTyrProArg I IeG IuLeuA taH is I te
961 TACCTTCAGGTGGACAcCTC•CTTTCCT••T•CT•TCACCCTCTTGACTCTC•CCAGCTCA•TATCGAT•CAT••CCAC•GCATGCTGCTGAAGGGG•AAGGGTT•TTcT•CAGGTCCAT
TyrLeuG [nVa [AspThrSerLeuSerSerCysCysHi sProLeuAspSerProG lnLeuSer I [eAspProLeuProProHisA laA [aG tuG [yG [yArgVa tLeuLeuG lnVa LH is
1081 AATCTGCCAGAAGATGTGC/U~ACCTTTTCCTGGTACAAAGGCGTGTATAGCACTATATTATTTCAAATTGCAAAATATAGCATAGCAACGAAGTCCATCATCATGGGCTAT GCACGGAGT
AsnLeuProGluAspVat GlnThrPheSerTrpTyrLysGtyVatTyrSerThr ! [eLeuPheGt nl teA[aLysTyrSer! [eAtaThrLysSer! tel [eMetGlyTyrA[aArgSer
1201 AGAAGAGAGACAGTGTATAC~AAT~GAT~CcTG~TG~T~cA~GATGTCACTGAGAAAGACTcTGGTGTGTACACACTAATAACAACAGACAG~AATATGGGAGTT GAAACAGCGCATGTG
ArgArgG tu T h r V a I T y r T h r ~ L e u L e u L e u G
tnAspVa [Th rG tukysAspSerG lyVa [TyrThrLeul [eThrTh rAspSerAsnMetG tyVa [G tuThrA laHi sVa l
i_...A ................
1321 CAAGTCAACGTCCACAAGCTTGCCACACAGCCCGTCATAAAAGCCACAGACAGCACAGTACGAGTACAGGGCTCAGT GATCTTCACTTGCTTCTCAGACAACACTGGGGTCTCCAT CCGT
G lnVaLAsnVa [HisLysLeuAlaThrGlnProVat I teLysAlaThrAspSerThrVatArgVa LG lnGlySerVa Il lePheThrCysPheSerAspAsnThrGlyVa [Ser! !eArg
1441 T GGCTCT TCAACAAT CAGCr,T CTGCAGCTCACAGAGAGGAT GACCCTGTCCCCGTCAAAGTGCCAACTCTGGATACGTACTGTGAGGAAr`GAGGATGCTGGAGAGTACCAATGTGAGGCC
T rpLeuPheAsnAsnG tnArgLeuG tnLeuTh rGluArgMetThrLeuSerProSerLysCysG [nLeuT rpl [eArgThrVa lArgLysG tuAspA taG lyG [uTyrG [nCysG tuA ta
1561 T ~CAACCCAGTCAGCTCAAAGACCAGTCTCCCAGTCATCCTGGCTGTGATGATCGAGTG/~CCCATCCTCTCATGCTATAGCAGGGCGGGGCATTTCTGTATTGAGATGT~CACACCTACC
PheAsnProVa [SerSerLysTh rSerLeuProVa [I [eLeuA IaVa tMet I [eG Iu***

1681 cAcccc~GccAG~A~A~`A~T~ccATTcAT~cGcATG~`ccAmG~`ccA~c~c~cccA&cc~ccccAcAccTGA~cc~ccccTcc~mrcrcccAc~ccccrcrccrAcccA~r

1921 TT GTATTTTATGGCTAATATCCAGTTATA/~GTGAGTATATACCATGCATGCCATTTTGG~J~CCTGGTTACCT

CACT CAGGAT GATACTCTCAAGTTCTATCCAAATTAATGATGCCT TCA

2041 AATC
Cea-3 cDNA
r-~L
1GCCTTGCAGGAGCTG~GGTGTTCTCCTCAGAG~AGGCC~TATAGTGAG~GAGATATGGAGTTGTCATCTG~CTTTTCAGC~CGGGTGTACCTCCTGGCAGAGGGTTCTCCTCAC
MetGtuLeuSerSerGtuLeuPheSerAsnGtyCysThrSerTrpG[~rgVa[LeuLeuThr
121AG~CTCCCTCTTAA~CTG~TGGCTC~TGCCCA~CACTGCCAGAGTCA~CATTGAATcTTTA~CA~C~AAGTGTATGAAGGAGAAAATGTTCTT~TACGTGTTGA~AATATG~AGAGAA
A•aSerLeuLeuThrCysTrp•euLeuPr•ThrThrA•aArgVatThrI•eG[u•erLeuPr•Pr•G•nVa[TyrG[uG•yG•uAsnVa•LeuLeuArgVa•AspAsnMetPr•G•uAsn
241 TCTTCTAGTGTTTGGcTGGTACAGAGGAATGACAAATTTGTGGCAAGCAATTGCACAGcATTGGcTGTACTACTATAGTGTAATGGTGAAGGGGCTGAATcACAGCGGcAGAGAGATATT
~eu~euVa[~heGlyTrpTyrArgG[yMetThrAsnEeuTrpGlnA[a~teAtaG[nHisTrpleuTyrTyrTyrserVa~MetVatLysGlyLe~~GtyArgGlu~[eLeu
361ATACATCAACGGGTcCCTGTGGATCCAAAATGTCACACAAGAGGACAcAGGATATTAcACTTTTcAAACCATAAGTAAACGAGGAGAAATAGTATcAAATACATCCCTGTAcTTGCAcGT
Tyr~te~LeuTrp~[eG[~~lnG[uAspThrG[yTyrTyrThrPheG[nThr~le$erLysArgGlyG[u~teVa[$er~LeuTyrLeuHisVal
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481GTACT•CT•TCTTTT•AT•T•TGT•CGT•cTA•TAcc•TTATATCTCC•ACTATTGAATTA•T•C•AGC•AG••TTGCT•CAGGGG•AAGCATTCTTCTCCTTGTT•A•AATATTCCAAA

TyrSerSerLeu~he~leCysVa~Arg~r~ThrThrLeu~e~er~r~Thr~eG[uLeuVaL~r~A~a~erValA~aAlaG~yG~ySerl~eLeuLeuLeuVatHisAsn~e~r~Lys
601 GTATCTTCAATCGCTTTTCTGGTACAAAGGGCTGATTGCATTTAACAAGGTTGAGATTGCTCGATACAGAACAGCCAAGAATTC
TyrLeuG•nSerLeuPheTrpTyrLysGlyLeu•leA•aPheAsnLysVa•G•u••eA[aArgTyrArgThrA•aLysAsn

Isolation and analysis of mouse
CEA/PSG-related genes
In parallel to the isolation of PSG-related cDNAs, we
screened a mouse cosmid library for CEA/PSG-related
genes. First, a pool of candidate clones was identified

by hybridization at low stringency with a mixture of
probes from rat CEA/PSG-related genes (rnCGM1, 2,
3 and 4; Kodelja et al. 1989) and a cDNA (rnCGM1;
Rebstock et al. 1990). Seventy-five out of 3 • 105
clones analyzed hybridized. Six of these clones gave a
strong signal with the N1 exon probe from rnCGM1,
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Cea-6 eDNA

1 cTG~G~GT6TTccTGccT~GA~J~cAc~c~c~TcAG~G~G~cAGc~TG6TGGrGcT~T6TTGGAcGcc;~GTTcTTcT~cTc~GA~GG~:AGTAc~GTGAG~GA~
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121AGAT~GAGGTGTCCTT~GTGCTTCTCTACCA-GGGTGTACACCCTGGCAGGGTCTTCT~CTCACAGCTTTTCTTTTAACCTCTTG~TTCCTGCCC~CCACTQTCCJ~AGTCACCATT~AA~
MetG[uVatSerLeuVaL~euLeuTyr~eo~ycy$Thr~r~TrpGLnG~yLeuLeuLeuThrA[aPheLeuLeuThrserTrp~heLeuPr~ThrThrVatGtnVa~ThrIteG~uLeu

.

241 TAGTG~CA~ACAAGTGGCTGAAGGAGA~TGT~CrTATTATTGTTTA~AGT~TG~AGAGGATCTTACAG~CATAGC~TGGTT~AAAGGAGTGACAAATATGAACCTCGGAAT~GCAT
Va~r~Pr~G~nVatAtaGtu~yGtuAsnVatLeu~e]teVa~Tyr~erLeuPr~GtuAspLeuThrAtaIteAtaTrp~he~ysG~yVa~ThrAsnMetAsnLeuG~yI~eA~aLeu
361TGTAT~CACTGGCCT~TAACATCAGTGTC~GGGC~GAA~A~AGTGGTAGAGAGA~AGTGTTCAGCAATGGATC~CTGTTGCTTcACj~`ATGTCACC~AGAAGGACA~AGGATTCTATA
TyrAtaLeuA~aser~~atLysGtyPr~G~uH~sser~tyAr~G~uThrva~Phe$er~!~LeuLeuLeuHis~[~lnLysAspThrGlyPheTyrThr
481

..........~..............

9

9

~

'L~~ . . . . . . . . . .

~ .....................................

r-*

Kz

CTATACGGACCTTAAATAGACATGGAAAAATTGTA•CCACAACA•CCATA•ACCTCCACGTGTACACCTTC•TCTGGACTTGTGGACCTCTTTCCCCCTCTGCCCATCTCACTATTGAAT

I'eArgThcLet/Asr',Arg~l teVa,SerThrTh rSer !teTyrLeuHisVaL TyrThrPhePheTrpThrCysG tyProLeuSerProSerA taH JsLeyTh r]teG tuSer
601 CAGTGCCACCCAAAGTTGCCGAAGGGGGAAGTGTTCTTCTAGTTGTTCACAATCTCCA( ]GGAATCTTCGATCCCTTTTCTGGTACAAAGGGATGATTGTGTCCAGGAACCTTGAGGTTG

Vat~r~P~LysVa~AtaGtuGlyGty~erVatLeuLeuValVa~HisAsnLeuG~nGtYAsnLeuArgSer~euPheTrpTyrLysGtyMet!~eVat~erAr~AsnLeuG~uValAla

721CAAGACACATAATAGACACM~AT~TAAGTGTGCATGGGCCTTTACACAGTGGTAGAGAGACAATATACAGCAATGGATCCCTCATGTTCTACAATGTGACATGGAAGGACAGTGGA~TAT

Ar9H~s!te!LeAspThr~VaLH~sGtyPr~LeuH~s~erGtyArgGtuThr]LeTyr~er~LeuMetPheTyr~TrpLysAsp~erGtyLeuTyr

." ................... .
I---~'"L3"~. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
~ N3
841ACA~C~TACGAACTCTAAG~ACAGA~ATGAAAACAGAATIAG~ACATGTACAAC~CCAGGTGGACGCTTCCCITTCTCCGTGC~GTAAT~CCC~TACCIC~CTCAGC~CATGA~TGAAC
ThrLeuAr•ThrLeu•erThrAspMetLysThrGtuLeuAtaH•sVa•GtnLeuG•nVatAspAta•erLeu•erPr•CysCysAsnPr•LeuThr•er•erG•nLeuMet•LeGluPr•

961 CAGTGCCACGCTA~GCTGTTGAAGGAGA~GTGTTCTTTTCA~GGTTCATAACCTGCCAAAAGATCTTC~ACCTTTTCCTGGTACAAATCAGTGTATGGGGCTGAGATATTAAAAA~CA
VatPr~Ar~TyrAta~atG~uG~yG~u~e~Va~Leu~heMetVatHisAsnLeuPr~LysAspLeuG~nThrPheserTrpTy~Lys~erVatTyrGt~AtaGtu~teLeuLys~eThr
1081 CAGAATACAGCAGAGCCATGAGT~CcACCAcAcG~GGAAGTGAAc~CAAAAGAAGAGAGCGTGTGTACACCAATGGATTcCTCCTGCTCCAGAGTGCCACTGAGAAAGATGCAGGAATGT
GLuTyr•erArgAtaMet•er•erThrThrArgG•y•erGtuLeu•ysArgArgGtuArgVatT•rThrAsnG•y•heLeuLeuLeuG•nserAlaThrG•uLysAspAtaGLyMetTyr
I--~A
1201ACATACTAG~ACTTTAAGCAGAGAT~Tc~AATTGAAAAAGCACAGGTGCAATTATATGTAAACAAGCCTATATCACAGC~CTTCA~TCGAGTCACCA~CACCACGGTCACAATA~AGA
~eLeuGtuIhr~eu$erArgAspPheLys~teGtuLysA~aG~nVa~G~nLeuTyrVa~AsnLys~r~te~erG~nPr~Phe~eArgVa~h~VatThr~teG~n$er
1321 G~TCTGAGGTCCTCACCTGCCTCTCAGCTGACACTGGAATCTTCATCCGTTGGATCTTCAA~AACCAGAGT~TGCAGCTTACAGAGAGGATGACACTATCCCCAACAAAGTG~CAACT~A

$erGtuValLeuThrCysLeuserALaAspThrG~y~tephe~leArgT~p~Le~heAs~[~LeuG~nLeuThrG~uArgMetThrLeu$er~r~ThrLysCysGtnLeu~er

1441GCATAGATCCTG~CAGGAAGGAGGATGCTGGAGAGTACC/~TG~GAGGTCTCCAACCCA~TCGGTTCA~A~ACCAGTC~CCCAGTCAG~CT~GCTGTGACAAAT~AGTGACAcTTCcTTT
~LeAspPr~VatArgLysGtuAspAtaG~yGLuTy~G~nCysGtuVat~erAsnPr~VaLGlySerGtnThr~erLeuPr~Vat~erLeuA~aVa~Th~AsnGLu***
1561 CATCCTATAA`AGGAGTGGGGGCATTTCTTTATTGATAAGGTACAAAATGGAGTAAAGTTATGGTGAAAATTGTCAGTTAc :ACTCAGGTACAGCCACCATTGTGAGTCATGTCTGTAATG
1681CTG~GATAATTGTGTATATAAGGACAGACCAGGACCTA~TGAGACTCTGTCTCCAAAGGAAAACAGA~AT~AATGTAATAAACAGA/~ACAAAGGCATCAAGGATTTAAGTTGTGG~
m e e m m m

180I TC~TATA~AGCcAGTCATCAGAATAcATGGcAATccAATTTTGAGAG~CCCcAAAcTTTGAGiCTGcTGTTTAAJkTGTTGCAGCGTTTG~TAG~TA~JkTGCTCCTGTCAYATACC

whereas one clone (cosC3) hybridized with the N-terminal domain exon probe from rnCGM2. This gene is
a more distantly related member of the rat CEA gene
family, cosC3 and two of the clones, positive with the
rnCGM1 probe (cosE7, cosGll), were characterized
in detail. The genomic D N A inserts of cosE7 and
cosG11 were found to overlap extensively, covering a
51-kb genomic region (Fig. 2). DNA fragments containing exons 1 and 2 were identified by hybridization,
then subcloned and partially sequenced (Fig. IB,C).
These analyses revealed the presence of two tandemly
arranged genes in the overlapping cosmids cosE7 and
cosGll. One gene coded for Cea-2; the second, located 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 nucleotide and 72% of their amino acid sequences in common. The close relationship of both genes is also observed in the region 5' of the translational start and the
first intron, where similarities of 95% and 92% respectively 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 peptide. 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 IgClike domain and the 3'-untranslated region found in the

Cea-2 cDNA clones are encoded by the last ex_on. 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. Furthermore, its exon 2 sequence reveals only 55% similarity 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 CEArelated gene rnCGM2. The rates of synonymous substitutions in the N domain exons of rnCGM2 and
Cea-5 (Ks = 0.211 --- 0.06) indicate that these genes
diverged - 1 6 x 10 6 years ago, close to the time of
rat/mouse speciation (Bulmer et al. 1991), so they
probably represent orthologous genes. The translational 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. 172174) displays a sequence context closest to the trans-
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Coa-2
1 GATCAGGGCAGGTCATATTTGTGGTGTTG/~CXCCCCNNCTGTAGCCCTAGGCATGAC~CTTCAGTTCTCCCTGAGM~CTccAGG~GTTCAGC*~CTCATGTTGCTCACTCka~CACTAG

121 GAACATTGTTT•CTTGAG•TAGGAGACCTTGTCTAGGAGT•TG•TTTCCATT•CTGTNC•CACTAA•CTTGATTTC•CTTCcTAGACCTTGTTCTGTCTCTTGTGT•TGAGAA•ACCCCT
241 CTCTTTCTGGAGAAC•TGAAAGT•TcCTC•CCACTGGCAT•TC••ATAGTACAAGA•AGGATTGCTGATGGGGAAT•ACCCAGAAAAGGGCAGAGCTGACCCAGGAAGACCAGCGAGAAC
361TGTGCTCA•C•AA•ACA•AGCA•AGCCAACT•ATAAGGCTGCAAGGTCCATGGG•A•A•AGGT•ACCTCTTCCCTAA•A•CAAGAACATGAAATTCcT•A•CCAGCTGTTCCCGGGCCT•
481TGTCTTGGGTCAGGAT•TTGACTGGTGACATTAGTGA•AGAGGGTTTATCTTcATC••CCAAT•AT•A•ATAACTGGT••CTTC•AAA•CTCACAGACAT•TGTGCTACC•TCCTGCTGG
601GGAATCCAC•TT•CCAGAGCA•TGAGGACACAGGG•AGACTGGGTG•TCAGC•GGG•cTGTGTGT•A•AGAGACACGTAGGAAAGTTGGAGGCTCCCTCTTTGATGCTGACAGCCTCATG
721 TCCAGGAGTCAGCAGATGACAGC•CTTAGATGAGTTGTT•TTTGAGGGCATGTCGATG•TTATCAG•CTTGTTGCTCAAGGTCTTGTTGGAGAAGAAACATAAAGAGAGAAAATGTGAGA
III

I

841 TACAGGGTAGCACTGAGAGTGGAAGTGAGT•AG•AGTGCTGTGGTCACAGA••CCA•CACCCACAGCCTATAGGATT•TGTGAAGTGTT•CTG••TGAGAGAAAACTCAGCTCAGAAGGA
I--,,L
961GGAAGGAcAGCAGAGGCCAGGTGCCTTGCAGGAGCIGAAGGTCTCCTCAGAGAAAGGCCAGTACAGIGAGAAGAGATAIGGAGGTGTCCTCTGAGCIICTCAGCAATGGGTGIACcACCT
MetGtuVatSerSerG[uLeuLeuSerAsnGtyCysThrThrTrp

1081 GGCAAAGGGTTCTA~T~ACAG~TAAGTGTTCCAG~TATCTGATTGTGTGTGGGAAGGGA~CTCAGAAGTCCAAAGTATTCTGTAGAGGAGATGTCTAGAGAAGCCTTTGATTTCTGTTT
GtnArgVatLeuLeuThrA
1201 GTAGTCATGGAGCAGAAGGTG~AGTGAGGGACAGAGGCTCAGCAGCAGGACC~TCAGAGCAGACAGGAGCTGAGGAGG/U~GAAGAGCCTCAGCTGTCcCTGTTCAAAGTTAGTCACAT
1321 TGGCTGCCATGGTCTGAAGGCCAATGTTCCTAACCATGACA~GGTGACTCT~CAAGTAC~TTAAAC~TGGGAATGC~AGAGAGATGGcTCAGTGTGTGGAGACATGCcAGTCTGAATT
1441 CATTCCTCAGCT~TCACAGGGCAGATGGAGATACAGGCTCCTG~ACGATCTTCTCTGCCCTCCACACAGGTGTTATGCACCCACAATGTGCATAGi~GACAGGAGCCTTCCCAAACTTG
1561TGCATCCAATACAGAATTATGGAATCACACTTGAACATAATGATTGCCATTTGTTCCA~CCTGGGACTATATAGATA/~TCCATGGAGATATCCTTCCTTCCTTCCTTCCTTCCTTCCT
1681 TCCTTCCTTTCCTTTGATTTCTTCCCTTCCTT7---(0.32kb)---ATTCCTCAGAGAGGAAATCATACCCACTGAAGCTCTGAGGGCGTGAGGGCACGATGCTCACCTCTATTATGG
r-~ NI
2121TcAAAcccTiAccCACAGGCCTAAGCIGAGGGATGCICACACCTGcICAGGATTGGTGGCIICTCICIIiTCCCTTCTAGCCiCCcTCITAICCIGCTGcCICCIGcCcACcAcTGccAG
laSerLeuLeuSerCysCysLeuLeuproThrThrA[aArg

2241AGTCACTGTGGAATT~TTA~CTCC~cAAGTGGTTGAAGGAGAAAATGTTCTTc~ACGCGiTGATAATCTGCCAGAGAATCTTCTAGGTTTTGrGTGGTACAAAGGGGTGGCAAGTATGAA
Va~ThrVa~G~uPheLeu~r~Pr~G~nVatVatG[uG~yGtuAsnVa~LeuLeuArgVa~AspAsnLeuPr~GtuAsnLeuLeuGtyPheVa~TrpTyrLysG~yVa~AtaSerMetLys
2361 Gc~T~GAA~TGcAc~G~A~cAc~Gc~AT~G~aG~G~GAcAGG&"~aGcAcA~cGG~AGAGA~AcAc~GcAc~G~G~r&c~r~c~r~c~ccr~
2481CACAGGATATTACACCCTTCGAACCGTAAGTCAACGTGGAGAACTGGTAiCAGATACATcCA~ATTCCTTCAGGTGTACiGTAAGTAATTCTTT---(~5
kb)--CCTCAGCTGAGCT
ThrGlyTyrTyrThrLeuArgThrVatSerGtnArgGtyGtuLeuValSerAspThrSerIlePheLeuG[nVa[TyrS

erSerLeuPhelteCysGtuArgProThrThrLeuVaL
r-~ N2
2901ACCTCCCACTATTGAATTA~T~CcGGC~A~GTT~CTGAAGGAGGAA~TGTTCTTTTCCTTGTTCACAATCTACCAGAGTATCTTATATCACTTACCTGGTACAAAGGAGCAGT~GTGTT
Pr~Pr~ThrI~eG~uLeuVa~r~A~aSerVa[A[a~[u~[yG~y~erVa[LeuPheLeuVa|~isAsnLeu~r~[uTyrLeuI[eSerLeuThrTrpTyr~ysG[yA~aVa~Va~Phe
3021 TAACAAGCTTGAGATTGCCCGATACAGAACAGCCAAGAATTC
AsnLysLeuG[uIleAtaArgTyrArgThrA[aLysAsn

lational start consensus (Kozak 1989). Usage of the
third initiation codon (pos. 157-159), although obviously 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 CEArelated 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 described 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 rodent and human CEA family members. The rodent
CEA-related genes can be subdivided into three
groups. The first contains the murine genes mmCGM1
and mmCGM2 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 rnCGM1, 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 subgroups, 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 analyses 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 rnCGM1 if one takes the recent duplication 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
I GGATCCTGAAAT•TCC•TCCCTCTTGGAATCTCCCAAGGGGAAGACAGGAC•C•IG•TGAAGAATCACCCAGACAAAGGG•ATAGGTr`ACCCAGGAGGACCAGAGAGCAG•IGGGCTCAG
121 CAAACACACAGCCCAATTAACCCATAATGCTGGAAGGT T GCCT GGAAATAGTCCATAGGAGAGGAGCCCACCGTCCT T TCTAGGACACACAGGT CACCTAT T CCCCAACACCAAGAACAT
241 GAAACTCCT CACA•AGCTGCTC••GGGcCTC•GTcTTGGGTAGGAT••TGG••GGTGGCATTAGTGATAAAAGGITTATCTTCA•A•CCAGTCATCAGACAACTGG•CCc•TC•AACCT•
361 CACAGACATCTG•CAcCTTCcTGcTGGGAAA•CCcACcTTCCCAGAGCACTGAGGACACAGGCCAGAcTGGGTGcTTAGCTGGGT•TGTGTGTCTCAGGGACACAIAGGAAAGATAGAGG
481 CTCCCTT•TTGATGC•GA•AGACTCA•GT••AGGAGTCAGCA•ATGTCAGCCCTTGGATGAGTTGTTGTTCTCGGAGGGCA•GTTGATGCTTA•CAGC•T•GTTGCTCAAGGTcT•GTTG
601 GAGAAGAAACATAAAAAGAGAAAATGTGAGAAACAT GCAGGGCAACACTGAGAGTGGAAGTGACT GAGCAGTGCT GIGGACACAGACCCCACCACTCACAGCCCATAGGAT T CT GGGAAG
r-~L
721 TGCTCCTGCCTGAGAGAACACTCAGCTCAGAAGGAGGAAGGACAGCAGAGG••AGGTGCCTTGCAGGAGCTGAAGG••TC•T•AGAGAAAGGCCAGTACAGTGAGAAGAGATATGGAGGT
MetGLuVal
841 G~CCTC~GAGCTT~ICA~C~AIGGGIGGAr`CTCCT~GCAGAGGGTICTGC~CACAG~TAAG~GT~AGCTATCTGATTGTGTGI~GGAAGGGAAA~I~CGAAGCCCAAAGT~TTCIGAA
SerSerG IuLeuLeuSerAsnG lyT rpThrSerTrpG tnArgVa lkeuLeuThrA
961 GAGGAGATGiCTAGAGAA~C~TTTGATI~r~IGTTTGTAGTCATGGAGCAGAAGG~CAGTGAGGGA~AG/~G~CAG~AGCAG~ACCCTCAGAG~AGAC/~GGAGCTGAGGAGGGAAAGAA
1081 GAGCCTCAAGCT~TCCCTG~TcAAAGTTAc`TCA~ATTGGCTGCCATGGTCAGAAGGCCAATGTTCCTAACCAT~A~AGGGTGATTCTC~i~AGTAGAAATiAAACCTGGGAAAGCCAG~GA
1201 GACGGCTCAGTGTGTGGAG/~CAIGCCAG'
CTGAAITC~AiTCCT~AGCTCTCA~AG~GC/~GATGGA~ATACAG~CCTGCAGGAT~T~CT~TG~CCTCCAIA~AGGIATGIGCTA~G~/~
r
1321 C CCACAAT GiGCACAGT GAr,ACAT GAAT CiT CCCAAACTiGT GCAT CCAAYACAGAATTATGAAAT CACiCTTGAAAGT/~AT GATTACCAT T TGTTCCA;~ACCT GGGACiATATAGATAi
1441 ATCCArGGAGATATCCTICCTTCCTTCCTiCTTTCCITCCTT- (0.45" kb)- -GCGCiCAGAIGTGCiTCCCTTCCCiCTAGCCTCCC.TCITAACCTGCTGGTTCCTGCCGATCACTG
laSerLeuLeuTh rCysTrpPheLeuProl teThrAta
r-~ N1 .
2011 C~GAGTCACCATC~AAT~CGTAC~ACC~.AAA~TGGTc~AAG~AGAAAATGTTC~TCTACGAG~GGAC~ATcTGCCAGAGAATC~T~GAG~TTT~CCTGGTACA~AGGGGTAATAAAAT
GtyValThrl [eGluSerVa[ProProkysLeuVa lGluGlyGluAsnVa [LeuLeuArgValAspAsnLeuProGluAsnLeuArgVatPheA[aT rpTyrArgGlyVa [I lekysPhe
2131 TTAAGCTIGGAATTGCACIr
Lys k euGt yI t eAtak euTyrSe rE e u A s p T y r ~ N ~ a

t r h rGtyP roGluHisSerGtyA rgGtuThr LeuHi s s e r N ~ i i ~ k

eur rpI t eGt nSerAtaT h rA rgGtu

2251 AAGA~A~AGGATATTACACGTTTCAAAC~ATAAGTAAAAATGGAAAAGTGG~fATCAAATACATCCATGTi~TTCAGGTGTACIGTAAGiAA~T~T~TGA
tnVa [Tyr
AspT h rG lyTyrTyrTh rPheG [nThrl [eSerLysAsnG tyLysVa tVa [S e r ~ M e t P h e l e u G

Cea-5

1AcAGAccT&AGcAAGAAciGTTGAcGcA~ATcAcAGA&ATAGcc€200
9

.

.

I - ~ L

.

.

.

.

.

.

.

.

121 GGAAGGAT•CA•AG•G•AGA•A•CA•GA•AG•A•ACA•GGGA••AGAGA••A••GA•TcC•CTT•TcTGTTT•T••••AAAGGG•T••TG•••A•AGG•GAG•••AGCC••GGAGT•GTG
MetGtyAtaGtuThrMetGtuSerProSerLeuPheLeuCysLysGlyLeuLeuLeuThrA

241TGGGGAGGATG~T~TGACAGGAAG~ACTCTGGGAGGAC~CT~TGC~ICAGGITGAGAGGGGAGGACA~GGAGGGA~AGG~IGCT~AGGIG~ATGC~CT~1~5

r-~W1

kb)---GArAi

1861 TTATAGGATiTTcTcTccT~acc~TccTciTAAccTGcT~GAATGcAccEGccGcT~cc~AGcTcAcTAiTGAATTAGTGccAcccATGGTTGccGAAGGc~GAAAcTc~GTTcT~TrrG
[aPhe~euLeuThrCysTrpAsnA~a~r~A~aA~aA[aG[uLeuThrI~eG[uLeuVa~Pr~Pr~MetVa~A~aGtuG[yG~yAsnSerVMLeuPheVa~
1981 TG~ATGAAATG~CACTGAACGrCCAGG~GiTTIACTGGTACAAACAGAGAGAIT~A~G~U~GAGCTACG/~A~TCGCA~GGTACTIAACACCCA~.G~TCGAAGATGC~TCAGC

HisG[uMetPr~LeuAsnVatG~nAtaPheTyrTrpTyrLysG[nArgAspserThrLysSerTyrG[uVa~A[aArgTyr~euThrPr~Thr~$erLysHetPr~G~nHis

2001ACAGT~ATAGGAAAACC~TATTCTACA6TGGATC~CT6Ci6AT~A~AAAcGT~A~AA~GCTGA~A~T~GAGTCTATACCTTACTAACAiTTAACA~AAAT~GAAAG~GAATTAACA~

serAspAr~LysThrvatPheTyrser~tyserLeuLeuIteAr~ii~LysA~aAsp~er6tyV~tTyrThrLeuLeuThrPheAsnThr~tu~Met6~user6tuLeuThrH1s

2121ATGTGCATC}GGAAGTGCAGGGTAAGTGG{TGCGTGACCTCTGGGTGCTGGGGGGCGG
ValHisLeuG[uValGln

one of the two main N domain groups. The most prominent 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 negatively 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 PSG1;
Khan and Hammarstr6m, 1990).

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

pared expression patterns, assuming that mRNAs of
analogous genes have a similar tissue distribution.
Northern blot analyses were carried out under stringent 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 kCea-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-I3, but not in day-I 1 mouse placenta (Fig. 4, lanes
3, 4, 11, and 12). At low stringency, weak crosshybridization with a 3.3 kb mRNA species was detectable in day-ll and day-13 placental RNA with both
probes (Fig. 4, lanes 1-4). A Cea-4 genomic probe hybridized 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 endonuctease sites were used to map the genomic D N A
inserts of cosmid clones G l l , E7, and C3: BamHI (B), EcoRI (E),
HindIII (H), SstI (S). For G l l and E7 only the EcoRI sites confirmed by sequencing and subcloning have been included. Triangles

mRNA species strongly in day-ll and weakly in day13 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, identical samples were separated on the same gel and hybridized with a human [3-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 (2x
SSPE, 55~ with a 3.4-kb mRNA in total RNA from
NIH/3T3 mouse fibroblasts and whole day-11 and day13 embryos (data not shown).

Sequence comparisons of putative promoter regions
of the CEA gene family
S1 nuclease analyses revealed a cluster of transcription 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 sequence motifs (Cordon et al. 1980) could be detected at
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the expected positions. However, a purine-rich region
was noted directly upstream of the transcription initiation sites (Fig. 1C). To identify common promoter or
regulatory elements, we compared the regions upstream of the translational start of all human, rat, and
mouse CEA gene family members where the transcription start sites have been determined (Fig. 5). Despite
low overall sequence conservation in the regions compared, a conserved 50-nucleotide stretch is visible surrounding the transcriptional starts of CEA, NCA,
PSG1, and PSG5. 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 observed. Within or close to TSM1, initiation of transcription takes place in PSG1, PSG5, Cea-2, as well as
in rnCGM1, which are all expressed in the placenta.
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DNA), and the cDNA insert of XCea-2, respectively (see Fig. 1A),
and washed under the indicated conditions. The integrity and
amount of RNA were checked by hybridization with a human [~-actin probe of identical RNA samples, separated on the same gels. The
sizes of marker RNAs (GIBCO-BRL) are indicated at the right margins; p.c., post coitum.

Fig. 4. Developmental expression of Cea-2 and Cea-3 mRNAs in
mouse placenta. Fifteen I~g of total RNA from day-ll and day-13
placenta were size separated in formaldehyde/agarose gels, transferred to charged nylon membranes, hybridized with the 1.1-kb genomic EcoRI DNA fragment of Cea-4, the 0.8 kb EcoRI/BamHI
fragment of XCea-3 (including 0.4 kb of the artefactually added
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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 arrows, whereby main sites are shown in bold. The conserved sequence 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 (underlined). References for sequences and transcriptional start sites:
rnCGM1 (Rebstock et al. 1990), PSG1 (Thompson et al. 1990; Watanabe 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 1 generation,
C3H/HeJ-gld/gld x Mus spretus. A unique Mus spretus 3.65 kb TaqI RFLV was identified (Fig. 6A). To
examine the segregation of the RFLV, TaqI-digested
DNA from 334 [(C3H/HeJ-gld/gld x Mus spretus)Ft
x C3H/HeJ-gld/gld] interspecific backcross progeny
was analyzed. The Cea-5 RFLV segregated with genes
previously mapped to the proximal region of mouse
Chr 7 (Saunders and Seldin 1990a,b; Fig. 6B). Minimization of crossover frequency of these loci resulted

Fig. 6. Chromosomal localization of Cea-5. (A) Southern blot identification of a unique M. spretus RFLV for Cea-5. A [32p]-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/HeJ-gld/gld x M. spretus)Fl (SC) but not present in homozygous C3H/HeJ-gld/gld (CC) mice. TaqI was the informative restriction endonuclease. The position and size (in kb) of marker fragments
are shown on the right. (B) Analysis of interspecific backcross haplotypes. 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 chromosomal haplotype identified in the backcross progeny that was
inherited from the (C3H/HeJ-gld/gld • M. spretus)F 1 parent. The
number of backcross mice with each observed haplotype is indicated at the bottom of each column. Solid bars represent M. spretuslike RFLVs, and gray bars represent C3H/HeJ-gld/gld-like RFLVs.
The cluster* designation includes (I) Apoe, Atpla3, Ckmm,
D19S19h, and Ercc-2 and (II) Cypla, Cyp2b, Rip, and Tgfb in which
no crossovers were observed.
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in the following gene order (+--standard deviation):
(centromere)-Pkcg-0.6 +- 0.42 cM-Cea-5-0.9 +- 0.52
cM-[Apoe, Atpa-2, Ckmm, D19S19H, 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 ( f o r m e r l y n a m e d mmCGM5, mmCGM6,
mmGMC7, mmCGM8, and mmCGM9; Thompson et
al. 1991). Sequence comparisons with all known members 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 assigned 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 mmCGM2 (McCuaig et al. 1992; Turbide et al. 1991) and the rat gene coding for ectoATPase (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 human CEA subgroup, since both encode mainly membrane-anchored proteins with a similar domain organization and expression pattern. Like BGP, rat ectoATPase/C-CAM 105 is found mainly in the epithelia of
bile ducts (Svenberg 1976; Odin et al. 1988). Similarly,
mmCGM1 and mmCGM2 transcripts have been detected in relatively large amounts in mouse liver (Turbide 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 human CEA-related proteins, they are composed of three
(Cea-2, Cea-6; Fig. 1A) or five (rnCGM1) such domains 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 formation of intramolecular disulfide bonds). Rodent subgroup 2 members lack any hydrophobic region and,
therefore, seem to be secreted. Furthermore, as they
are exclusively expressed in placenta, they most probably 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 domain of identical type (IgV-like) and position (first domain) 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 proteins with cell surface receptors of the integrin family
(Ruoslahti and Pierschbacher 1987). Although this sequence is not strictly conserved in mouse and rat N1
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domains, it shares a common spatial and charge pattern with the RGD motif. The fact that a variable number 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 function. 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 rnCGMI
N2/N3 domain duplication took place approximately
10 X 106 years ago, at a time after mouse/rat speciation
(12 x 106 years ago; Bulmer et at. 1991). On the other
hand, single PSGs may have specialized functions. Although 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-4-1ike 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 rodent 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 determination of Ks values reveals that separation of this
gene pair (16 x 106 years) took place before the duplication of the N2 and N3 domains in the rat PSG
rnCGM1 (10 x 106 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 counterparts of the human CEA and PSG subgroups, respectively, members of rodent subgroup 3 may be analogous to human CGM7, which is the most distantly related m e m b e r of t h e h u m a n C E A s u b g r o u p .
Determination of their expression patterns in both species should help clarify this.
Like all human (Schrewe et al. 1990; Thompson et
al. 1990) and rodent (Rebstock et al. 1990) CEArelated genes, Cea-2 lacks typical promoter consensus
sequences. As the conserved motifs found often correlate with transcriptional starts, they may represent
recognition sites for transactivating factors. Indeed,
the transcriptional start sites of the placentally expressed PSG and rodent subgroup 2 genes often coincide with the motif TSM1, whereas for CEA and NCA
TSM2 is found. Moreover, gel retardation experiments
showed that an apparently ubiquitously expressed nuclear factor(s) can bind to oligonucleotides, the sequences of which have been derived from the conserved region of Cea-2 shown in Fig. 5 (results 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 mmCGM2 is also
located on this chromosome (Robbins et al. 1991).
Similarly, using a human CEA eDNA probe, Siracusa
et al. (1991) colocalized a CEA-related gene with Otf-2
to the proximal region of mouse Chr 7. The human
CEA gene family is clustered on the long arm of human 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 consideration 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 clustered in this chromosome region.
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