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Carcinoembryonic antigen (CEA) expression is perhaps the most prevalent of phenotypic changes observed
in human cancer cells. The molecular genetic basis of this phenomenon, however, is completely unknown.
Twenty-seven CEA cDNA clones were isolated from a human colon adenocarcinoma cell line. Most of these
clones are full length and consist of a number (usually three) of surprisingly similar long (534 base pairs)
repeats between a 5' end of 520 base pairs and a 3' end with three different termination points. The predicted
translation product of these clones consists of a processed signal sequence of 34 amino acids, an amino-terminal
sequence of 107 amino acids, which includes the known terminal amino acid sequence of CEA, three repeated
domains of 178 amino acids each, and a membrane-anchoring domain of 27 amino acids, giving a total of 702
amino acids and a molecular weight of 72,813 for the mature protein. The repeated domains have conserved
features, including the first 67 amino acids at their N termini and the presence of four cysteine residues.
Comparisons with the amino acid sequences of other proteins reveals homology of the repeats with various
members of the immunoglobulin supergene family, particularly the human T-cell receptor y chain. CEA cDNA
clones in the SP-65 vector were shown to produce transcripts in vitro which could be translated in vitro to yield
a protein of molecular weight 73,000 which in turn could be precipitated with CEA-specific antibodies. CEA
cDNA clones were also inserted into an animal cell expression vector and introduced by transfection into
mammalian cell lines. These transfectants produced a CEA-immunoprecipitable glycoprotein which could be
visualized by immunofluorescence on the cell surface.

Carcinoembryonic antigen (CEA), a large cell membrane
glycoprotein of molecular weight about 180,000 (40), is
produced in a high proportion of human tumors arising at the
most common sites including colon, breast, and lung (37).
CEA is also produced during human embryogenesis, while a
related but distinctly different series of antigens termed
CEA-cross-reactive antigens can be produced by a variety of
adult normal cells (17). The consistent presence of CEA in
tumors has led to its wide use as a clinical assay for
prognosis and management of colon carcinomas. The normal
function, role in carcinogenesis, and molecular basis of
production of CEA in tumors, however, are completely
unknown. As a first step in the solution of these questions,
we have initiated a study of the molecular genetics of CEA,
beginning with the isolation of a family of CEA cDNA
clones.
We now report the molecular cloning, nucleotide se-

quence, and structural analysis of a number of functional
full-length CEA cDNA clones. These clones reveal a basic
structure of common 5' and 3' ends embracing a number
(usually three) of strikingly similar relatively long repeating
units. The repeats include amino acid sequences which show
significant homology with several members of the rat immu-
noglobulin family and, in particular, with the variable do-
main of the human T-cell receptor -y chain. Several of the
cDNA clones have been shown to produce CEA both by
translation of their transcripts generated in vitro and by the
demonstration of CEA production in cells transfected with
them when inserted in expression vectors.
While this work was in progress, the isolation and nucle-

otide sequences of partial CEA cDNA clones were reported
by Zimmerman et al. (48) and Oikawa et al. (28) and those of
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a portion of a genomic clone of normal cross-reacting antigen
(NCA), the most common normal counterpart of CEA, were
reported by Thompson et al. (41).

MATERIALS AND METHODS
Cell culture. Cells of human colonic adenocarcinoma lines

LS174T and LS180 (32) and their subclones, of human
embryo fibroblasts, and of the CHO line LR-73 (31) were
cultured at 37°C in monolayer in a-minimal essential medium
(38) supplemented with 10% fetal bovine serum.

Purification ofRNA and Northern blot (RNA blot) analysis.
Total RNA was isolated by the guanidium isothiocyanate
procedure of Chirgwin et al. (4). Poly(A)+ RNA was purified
by two successive passes through oligo(dT)-cellulose by the
protocol of Aviv and Leder (1). Samples of total and
poly(A)+ RNA were electrophoresed on 1.1 M formalde-
hyde-1.5% agarose gels (23) and transferred to nitrocellulose
filters. Detection of bands with random primer 32P-labeled
cDNA probes (11) was done by hybridization (23) for 18 h at
420C in 5x SSPE (lx SSPE is 0.18 M NaCl plus 10 mM
NaPO4 [pH 7.7] plus 1 mM EDTA)-lx Denhardt
solution-50% formamide-150 ,ug of heat-denatured salmon
testis DNA per ml-10% dextran sulfate-106 cpm of radioac-
tive probe per ml. Filters were washed twice in SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min
at 22°C and twice in 0.1 x SSC-0.1% sodium dodecyl sulfate
at 550C.
cDNA library and isolation of CEA cDNA clones. cDNA

was generated from LS180 poly(A)+ RNA by a modification
of the method of Gubler and Hoffman (15). EcoRI linkers
were ligated to double-stranded cDNA, which was then size
selected (-2 kilobases) after separation on a Bio-Gel A50M
column (Bio-Rad Laboratories, Richmond, Calif.), ligated to
EcoRI-digested XgtlO DNA, and packaged with Gigapack
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extracts (Stratagene) to yield infectious virus (23). AgtlO
recombinant bacteriophages were plated on E. coli C600
(hsdR hsdM+ supE thr leu thi lacYl tonA21) or C600 hflA 150
(18). A total of 5 x 105 independent clones (1/10 of the entire
library) were screened by duplicate plaque hybridization by
using two 32P-labeled oligonucleotide probes (24) (described
in Results) applied to nitrocellulose filter images of 529-cm2
plates with 5 x 104 plaques each. The plaques were amplified
on the filters for 6 h at 37°C before probing was done (23).
For the 54-mer probe, hybridization was carried out as
above at 37°C with 30% (vol/vol) formamide and 106 cpm of
5'-end-labeled probe per ml. For the 16-fold redundant
17-mer, hybridization was carried out at 30°C without form-
amide but including 2 mM sodium PP1. Filters in both cases
were washed in 3 M tetramethylammonium chloride solution
at 37°C (46).
To reduce the probability of recombination between re-

peated nucleotide sequences in CEA cDNA clones, a phe-
nomenon which was observed to artifactually increase or
decrease the number of repeats in the clones during propa-
gation, these clones were plaque purified in some cases by
using the recombination-deficient strain E. coli D1319 (recD
1014 hsdR2 zj-202::TnJO recA::cam supF58 trp89::Tn5)
(42).

5' end mapping of CEA mRNA. A primer extension
reaction was performed by first hybridizing 10 ng of a 5'-end
32P-labeled 21-mer (complementary to the signal sequence)
at 55°C with 30 ,ug of total RNA from LS180 cells in 10 pl of
10 mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)]
buffer (pH 6.4)-0.4 M NaCl. The primer was then extended
in 50 mM Tris hydrochloride (pH 8.3)-500 ,uM deoxynucle-
oside triphosphates-6 mM MgCl2-10 mM dithiothreitol-100
U of RNasin/ml-350 U of avian myeloblastosis virus reverse
transcriptase (Life Sciences, Inc., St. Petersburg, Fla.) per
ml in a total volume of 100 RI at 42°C for 1 h; 5 LI of 0.5 M
EDTA was added to stop the reaction. The cDNA was
phenol extracted, precipitated in ethanol, suspended in 5 RI
of 1x Tris-borate-EDTA buffer, and analyzed by electropho-
resis on an 8 M urea-7.5% polyacrylamide sequencing gel. A
control experiment was carried out in which yeast tRNA
replaced the LS180 RNA; no band was obtained (data not
shown). To localize the end of the cDNA, we performed a
sequencing reaction on the 5' end of a CEA cDNA clone
subcloned in M13 by using the same 5'-end 32P-labeled
primer.
DNA sequence determination. DNA fragments to be se-

quenced were inserted into M13mpl8 and mpl9 bacterio-
phage, and single-stranded DNA was sequenced by the
dideoxy method of Sanger et al. (33). The entire nucleotide
sequence of the cDNA was determined on both strands from
three independent A phage clones.

Labeling and immunoprecipitation of CEA. The EcoRI
inserts of various CEA cDNA clones were inserted into the
EcoRI site of the animal cell expression vector p91023B (19,
45). These were introduced into the CHO LR-73 cell line by
the calcium phosphate procedure (14). Cultures of the
transfectants were labeled with [3H]leucine (155 Ci/mmol) at
100 p,Ci/ml for 2 h at 37°C in growth medium lacking leucine.
Cells were removed from the plastic culture flasks with
isotonic phosphate-buffered saline solution containing 17
mM sodium citrate, centrifuged, and washed with phos-
phate-buffered saline. The cell pellet was solubilized and
centrifuged essentially as described by Shore et al. (36).
One-half of the supernatant was reacted with a 1/100 dilution
of polyclonal rabbit anti-CEA antiserum raised against puri-
fied CEA from human colonic tumor metastases (37), while

the other half was treated with the same dilution of normal
rabbit serum. Immunoprecipitates obtained with protein
A-Sepharose (36) were subjected to electrophoresis on 10%
polyacrylamide gels containing 0.4% sodium dodecyl sulfate
(22). The gel was dried on filter paper and exposed to X-ray
film for 3 days.
CEA assay. Cells were disrupted by three 10-s sonication

bursts by using an immersion probe. The sonicate was
assayed for CEA with the CEA double monoclonal antibody
clinical kit (Abbott CEA-EIA Monoclonal; Abbott Labora-
tories, North Chicago, Ill.). This assay is highly specific and
sensitive, since it involves binding to one specific monoclo-
nal antibody on polystyrene beads followed by detection of
the bound CEA with a second specific monoclonal antibody.
Internal standards allowed calculation of the amount of
CEA, which was normalized to the amount of protein in the
sonic extracts as measured by the Bio-Rad protein assay.

Sequence analysis. Nucleotide and amino acid sequences
were analyzed by using the programs of Deverreux et al. (7)
and the ALIGN program of Dayhoff et al. (5). Searches of
the National Biomedical Research Foundation Protein
Database (6) were performed by using the word search
program FastP as described by Wilbur and Lipman (43).

RESULTS

Cloning and characterization of the CEA cDNA family. Our
strategy required the development of a series of closely
related clonal cell lines with widely varying levels of CEA
production to validate oligonucleotide probes representative
of known portions of the CEA amino acid sequence. These
would also be used to provide a source of RNA enriched in
CEA mRNA for preparation of a cDNA library.
When large numbers of individual cell clones randomly

picked from the CEA-producing human colon carcinoma cell
lines LS180 and LS174T were grown into mass culture and
tested for cell-associated CEA by a sensitive double mono-
clonal antibody-based test, a surprisingly wide variation in
CEA levels (about 104-fold) was observed (S. Benchimol, L.
Bastien, and C. P. Stanners, manuscript in preparation). The
parent line, LS180, showed a cell-associated CEA level of
about 1,000 ng/mg, or about 0.2% of the total cellular
protein, allowing for the equal amount of CEA exported into
the medium; for a low-producing clone, clone 86/8, the value
was <0.00002%.

Total and poly(A)+ RNA preparations from LS180 and
clone 86/8 were subjected to Northern analysis with CEA-
specific oligonucleotides as probes. Of the probes tested,
two gave the expected results, i.e., bands at about 3 kilo-
bases for LS180 mRNA and none for clone 86/8 mRNA (data
not shown). The successful probes were a 54-mer, represent-
ing a guess of the most likely codons corresponding to the
amino acid sequence of one internal fragment of CEA, and a
16-fold degenerate 17-mer, corresponding to an amino acid
sequence of another internal fragment (R. J. Paxton, R. L.
Simmer, and J. E. Shively, Abstr. Int. Soc. Oncodev. Biol.
Med. XIII, abstr. no. A14, p. 47, 1985).
A cDNA library of 5 x 106 independent clones was

prepared with size-selected cDNA derived from the total
cellular poly(A)+ RNA of LS180 which was inserted into the
AgtlO vector. A total of 5 x 105 of these clones were
screened with each of the above probes and yielded 57
double positives. Most of these were plaque purified and
subjected to further analysis by restriction mapping and
identification of restriction fragments which could hybridize
with the probes. The restriction map showing the basic
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CG4CCAGCAGACCAGACAGTCACAGCAGCCTTGACAAAACGTTCCTGGACTCAAGCACTTCTCCACAGAGGAGACAGAGCAGACAGCAGAGACC

30 60 90 120
ATGGAGCTT CCCGCCCTCCCCACAGATGGTGCATCCCCTGCCCAGAGCCCCTGCTCACAGCCTCAtCTTCLTAACCTTCTGCAACC CGCCCACCACTGCCAAGCTCACTATTGAATCC
tffetCluSerProS rkl&ProProlti Ar&TrpCysI leProTrpGlnArglLeuLeuLeuThrAl-SerLeuLeuTbrPheTrpAunProProThrTbrAlatysLeuThrIleGluSer

150 180 210 240
ACGCCGTTCAATCTCGCAGAGGGGAACCAGCTCCTrCTACTTCTCMCACATGCCCCAiGCATI _T_T_ _GCT CMrAATTATA
ThrProPbeAsnVeLU-GluGlyLyeGluValLeuLeuLeuValHiosAnLeuProGlnHieLeuPheGlyTrSerTrpTyrLyeGlyGluArgV&lAspGlyAsnArgl.I leIle

270 300 330 360
GAACTAATAIGGACCAACAAGCTACCCCAGGCCCTACATCTCGGACTATACCCCAATCATCMTGTATCAGCAT1CATCAGATACATCAGATICTCr=AC
GlyTrV-lIlleClyThrClnClnAl-ThrProGlyProAl-TyrSerGlyArgGluIl-eI leTyrProAsnAlaSerLeuLeuI leGlnAsnIleIleGlnAsnAspTbr lyPheTyr

390 420 650 480
ACCCTACACGTCATAAACrGTCCTCTTCAATGAAG"GAACT =^CCATTC CCATCTCCAGCAACACTCCAAACCCCTCCAGGACAAG
ThrLeuRisVa1IleLysSerAspLeuVaLAsGluGluAlaThrGlyGlnPheArsValTyryroGluLeuProLysProSerlleSerSerASnAsnSerLysProValGluAspLys

510 540 D 570 600
GACGCTCAGCMCMTC AACCGAGCTCAGCr.AICGCCAACCACT CCCGGTAAC ACCCTCACT CAGGCTGC TGCCK GGAAC_ UCCTC
AspAl-V-lAlaPheThr CyoluProGluThrClnAspAlaThrTyrLeuTrpTrpValAsnAsoCloSerLeuProValSerProArgl.euGlnLeuSerAsoClyAoALrjLThrLeu

630 660 690 720
ACTCTATTCAATCTCACAAGAATGACACAGCTACAAG7AA0CCCA 8C0CCCT0&CT4CA0GCCTAT CCC CCC
ThrLeuPheASDValThrArgnAstLpThrAlaSerTyrLyaCyoC,luThrGInAonProValSerAlsArgArgSerk pSerV-IlleLeuA*nValLeuTyrGlyProkspAlaPro

750 780 810 840
ACCATTCCCCTCrAAACACATCTTACAGATCAGCGGAAAATCTGAACCTCTCCIGCCATGCAGCCTCTAAC__ CC

40

80

120

160

200

240

TbrIleSerProLeuAsnThrSerTyrArgSerGlyGluAinLeuAsnLeuSerCyslllsAlaAlaSerAsnProProkl-GInTyrSerTrpPbeVaILtnClyThrPbelnGlnSer 280

870 900 930 ( 6(Z
ACCCAAG&GCTCTTATCCCCAACATCACTGCTGAATAATACCGATCCTATACCCCGCT aCTJ^TTW
ThrClnG1uLeuPbeIleProAsnl1eThrVaLAsnosnSerGlySerTyrThrCysGlnlll8sAsnSerAspThrGlyLeuAsnAr ThrThrVa1ThrThrI1eThrVa1Ty&a 320

990 1020 1050 1080

GAGCCACCCAACCCTTCATCACCGCAACCTCCAACCCC_ _GluProProLysProPbeIleTbrSerAsnAsnSerA nProValGluAspCluAspAlaVal41LeuThrCy GluProGlulleGlnAsnThrThrTyrLeuTrpTrpV&lA*nAon 360

1110 1140 1170 1200
CAGAGCCTCTCCGTCACTCCCAGGCTGCACICAK _ CCTATGCTCCAGACCAGACATTAAGT
GlnSerLeuProValSerProArgLeuClnLeuSerAsnkspnAr&ThrLeuThrLeuLeuS rValThrArgAsnspValGlyProTyrGluCy GlylleClnAGluLeuSer 400

1230 1260 1290 1320
GTTGACCACAGCGA CCCACCACTGAATTCCrCTATAICCCCCCAGAC GTCCAGCCCICAACCTCAGCCTCTCCT GCCATGCACCC
ValspHlisSerAspProVlIlleLeuAsnValLeuTyrG1yProAspAspProThrIleSerProSerTyrThrTyrTyrAlbrgProClyValAsnLeuSerLeuSerCysHiAlaAla 440

1350 1380 1410 1440
TCrAACCCACCTGCACACrATTCTrGGCCTGATTGATGGGAACATCCAOA CCM ACAAAGT ACTJCCACTCATAGAAAACGA CTCTAACCTGCrAGCCA
SerAsnProProAlaGInTyrSerTrpLeuIleAspClyAsnIleGlnGlaRisThrGlnGluLeuPbeIleSerAsnIleTbrGluLysA nSerGlyLeuTyrTbrCyoGlnAlaAan 480

1470 ( Z 00 1530 1560
AACTCAGCATGCACAGAACACATCCAACAACACACrCMCCeICzA=C _ A-CACGCC
AsnSerAlaSerGlyHisSerArgThrThrValLysThrlIeThrV lSe 8GLeuProLysProSerIeSeerSeA*nA nSerLysProValGluA pLysAspAlaValAla 520

1590 F2 i 620 1650 1680
TTCACCTGTCMACCTGAGCCTCA _AACAC_TAKTG_ TGCTAATCTCAGCICAGCrCAGCTGGCTCTCAG ACAGCACCCTCACTCTATTCAAT
PheThrCy GluProGluAl-ClnA nThrTh TrLeuTrpTrpVaUsnGlyClnSerLeuProValSerProArgLeuCInLeuSerA*nGlyAsnArsTh-rLeuThrLeuPbeAsn 560

1710 1740 1770 1800
GTCACAAGAAATGACGCAAGAGCCTATCTATCTGGAATCCAGi%ACTCACTGACTCCAAACCGCACrCACCCACTCACCCTCGATCTCCT1CTATGGGCCGGACACCCCCATCATTT(CCCC
ValThrArgAsnAspAlaArgAlaTyrValCysGlyI leClnAsnSerValSerAlaAsAr6SerAspProValThrLeuAspValLeuTyrGlyProAspThrProIleleSerPro 600

1830 1860 1890 1920
CCAGACTCGTCTTACCTTCGCGAGCGAACCTCAACCTCTCCTCC CTCGGCCTCACCCGCCATCCCCACrTCTGCC TATCAATGGGATACCGCAGCAACCACACAATCTC
ProAspSerSerTyrLeuSerGlyAlaAsnLeuAsnLeuSerCysHlsSerAlaSerAsnProSerProClnTyrSerTrpArgIleAsnGlylleProGlnGlnHisThrGlnValLeu 6.40

1950 1980 2010 (z) 2040
TrrATCGCCAAATCACOCCAAATAATAACGGGACCTATGCCTCTrTTCTCTAACTTGGCTACTGGCCGCAATATTCCATAGTCMGAGCATCACAGrTC TCTGGAACTTCT
PheIleAlaLysl_eThrProAsnAnA 6nlyThrTyrAlaCy8PheValSerAsnLeuAlaThrGlyArgnnSerIeValLysSerIleThrVal laSerClyThrSer 680

2070 2100 2130 (0) 2160
CCrGGTCTCTCAGCTGGGGCCCACTGTCGGCATCAACTGATATAGCAGCCCTGGTCTACTTTCTTCATTTCAGGAMGACTGACAGTITGTTGCTT
ProGlyLeuSerAlaGlyAlaThrValGlyIleMetIleGlyValLeuValGlyValAlaLeuIle * 702

2190 2220 2250 2280

CFTCCTTMAAACATTTGCMCAGCrACAGTCTAAAATrGCrTCTTrACcAA00ATATFrACAGAMGACTC ACCAGAGATCGAGACCATCCTAGCCAACATCGTGAAACCCCATCT
7310o 740 2370 2400

kACTAAAAATNr= GCGCACCTCTAGTcccAGTTlAcTcGe;AGGCTGAoG;CAAGGAATcGCTTGAAcccGGGAoGTGGAGlsTTCCAGTGAGCccAGATI
2430 2460

CGCACCACTGCACTCCACTCCTCM.CAACAGAACrCCACTTT

FIG. 1. Structure of CEA cDNA. (A) Restriction map of a typical three-repeat CEA cDNA clone showing the positions of the proposed
5'-terminal leader sequence, the N-terminal end of the mature protein, three very similar repeats, a small C-terminal end of the protein, and
an Alu repetitive sequence with a short poly(A) tail at the 3' terminus. Abbreviations: Bg, BglII; P, PstI; S, SstI; Ba, BamHI; H, HincII. (B)
Nucleotide sequence and predicted amino acid sequence of the three-repeat CEA cDNA. The nucleotide sequence is listed 5' to 3', left to
right. Nucleotide positions are shown in overlined numbering; amino acid positions are shown in side numbering. The NH2-terminal Lys
residue of the mature protein is indicated by the vertical arrow. The ends of the three 534-bp (178 amino acid) repeats are indicated by circled
numbers. The Alu repetitive sequence is boxed. Dashed underlined amino acid positions indicate differences with NCA-95 in the N-terminal
portion of the molecule. Underlined amino acids represent probable N-linked glycosylation sites, and heavily underlined amino acids
represent cysteine positions in the repeats. The translation termination signal is indicated with a star. Brackets show the sites of hybridization
of oligo(dT) priming of different clones.
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structure of a typical CEA cDNA clone, the nucleotide
sequence, and the deduced amino acid sequence are shown
in Fig. 1. The sequence of 2560 nucleotides includes a 5'
untranslated region of 97 base pairs (bp), a signal sequence
of 102 bp, an amino-terminal domain of 321 bp which
contains the known CEA amino-terminal amino acid se-
quence (see below), three strikingly similar repeating units of
534 bp each, and a short carboxy-terminal domain of 81 bp,
followed by a 124-nucleotide 3' untranslated region, a 213-
nucleotide fragment of the repetitive Alu family, and a short
poly(A) tail of 18 nucleotides.

Analysis by restriction mapping of the other cDNA clones
revealed that most of them had the same 5' end; this was
probably because the nucleotide sequence of one of the
probes used (a 54-mer) (Paxton et al., Int. Soc. Oncodev.
Biol. Med. XIII 1985) was found in the 5' end of the
complete nucleotide sequence close to the amino-terminal
codon of the mature CEA protein. Primer extension analysis
of RNA preparations from the CEA-producing cell line
confirmed that the cDNA clones were full length at the 5'
end; hybridization of a 21-mer oligonucleotide complemen-
tary to the 3' end of the signal sequence and extension of this
primer by reverse transcriptase with total RNA as a template
produced a single band detected by denaturing gel electro-
phoresis which was 5 to 12 nucleotides longer than the 5' end
of three sequenced cDNA clones (Fig. 2).
Most of the clones also had the same 3' end, terminating at

the end of the Alu-like sequence, although four lacked most
of the latter, giving a 3' end 250 bp shorter, and two had a 3'
end which was about 500 bp longer. The most striking
feature of 19 cDNA clones with the same 5' and 3' ends,
however, was the central portion of each, which consisted of
three, and occasionally four, very similar repeats. Eight
additional cDNA clones which hybridized readily with all of
the CEA-specific probes had different structures which
could not be related to this basic repeat structure (data not
shown). The nucleotide sequence of a three-repeat clone
(Fig. 1) allows the conclusion that the repeats, while very
similar, are not identical. This is consistent with the consid-
erable evidence that the protein structure of CEA contains a
series of repeated domains. In all cDNA clones examined,
the repeats were in the same order.

Detailed structure of three-repeat CEA cDNA clones. Three
separate three-repeat CEA cDNA clones were sequenced
and found to have essentially identical sequences except for
their 3' ends, where one of the clones had a deletion of most
of the Alu element. The 3' end differences will be considered
below. A composite nucleotide sequence and derived amino
acid sequence of a three-repeat cDNA clone is given in Fig.
1B.
The 5' untranslated region is characterized by the absence

of any in-frame start or stop codons up to the first ATG
in-frame codon found at position +1. This codon is in a
context which conforms to the consensus of sequence of
Kozak (20) for true translational initiation codons, being
preceded 3 bp upstream by the canonical A and followed
immediately downstream by a G. The 34-amino-acid signal
sequence which follows demonstrates the usual features of a
signal consensus sequence: a charged residue in the first few
amino acids (Glu), a hydrophobic core region of nine amino
acids, a helix breaker (Pro residues) and a small uncharged
amino acid at the site of cleavage (Ala) (47).
The amino acid sequence of the amino-terminal end of

CEA and its most prevalent normal counterpart, NCA, are
known (10, 29, 35). Both sequences begin with Lys and are
identical until position 55 (21 in mature protein), at which
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--- -

-

....4

-10oo -
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*--102

FIG. 2. Mapping the 5' end ofCEA mRNA from cell line LS180.
A labeled 21-mer oligonucleotide complementary to the signal
sequence was hybridized, as described in Material and Methods, to
total RNA extracted from cell line LS180. Extension of this hybrid-
ized primer was done with avian myeloblastosis virus reverse
transcriptase. The labeled extension product (right lane) was elec-
trophoresed on a polyacrylamide sequencing gel, and the gel was
subjected to autoradiography. A sequencing reaction was also
performed on the 5' end of a CEA cDNA M13 subclone by using the
same 5' 32P-labeled primer. Numbers on the side correspond to
positions of the DNA sequence of Fig. 1B.

CEA has Val and NCA has Ala. The predicted translated
product of the nucleotide sequence starts with Lys immedi-
ately after the predicted cleavage point of the signal se-
quence and follows the known amino-terminal sequence
exactly with Val at position 55 and with additional CEA-
specific amino acids at positions 61, 62, 63, 77, 78, 80, 100,
123, and 139. This unequivocally identifies this cDNA as a
CEA clone and not a NCA clone, since the cell line used to
generate the cDNA library produces large amounts of CEA
and not NCA, as demonstrated with CEA-specific im-
munoreagents (data not shown). The predicted amino acid
sequence gives a total of 107 residues in the amino-terminal
domain of the mature protein.
The core of the molecule is characterized by three similar

repeat units of 534 bp coding for peptide domains of 178
amino acids. Alignments of these repeat units at the nucle-
otide level and at the protein level are presented in Fig. 3A
and B, respectively. Analysis with the BESTFIT computer
program revealed a degree of homology of 80.5 to 82% at the
nucleotide level and 68 to 72.5% at the protein level,

MOL. CELL. BIOL.



FULL-LENGTH FUNCTIONAL CEA cDNA CLONES 3225

A
REP 1
REP 2
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REP 3

424CCGGAGC2CCAAGCCCTCCATCTCCAGCAACACTCCAACCCGTGGAGGACAGGATGCTGTGGCCTTCACCTGTGMCCTGAGACTCAGGACCCCCTACCTGTGGTGGGTAAC
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FIG. 3. Nucleotide and amino acid alignments of the three CEA repeats. (A) CEA repeats were aligned from nucleotide positions 424, 958,
and 1492. Dots represent identical nucleotides; a printed nucleotide represents a substitution. (B) CEA repeats were aligned from amino acid
positions 142, 320, and 498. Dots show identical residues; a printed amino acid indicates a substitution.

depending on the repeats compared. The higher degree of
sequence alignment at the nucleotide level is highly unusual
and will be considered in the Discussion. The protein align-
ment (Fig. 3B) also demonstrates the presence of an espe-
cially well conserved sequence defined by the beginning of
the repeat units up to the second cysteine residue. Very few
nucleotide changes occur in this region (22 of 200); those that
lead to an amino acid replacement introduce only conserv-
ative changes respecting the size and charge of the original
amino acid.
A 3' carboxy-terminal domain characterized by a hydro-

phobic stretch of 18 nonpolar amino acids and 11 small
slightly polar residues (Gly, Ser, and Thr) follows the
repeats. This 27-amino-acid domain represents a possible
membrane-anchoring region. The presence of a Met 11
amino acids from the end constitutes an interesting observa-
tion, since previous analyses of the amino acid composition
of CEA indicated the complete absence of Met residues (34).
A 3' untranslated region of 124 nucleotides follows the
translation stop codon (TAG) at position 2107. Of the 19
clones, 15 are terminated by a 213-nucleotide stretch repre-
senting a truncated human repetitive Alu sequence lacking
82 nucleotides of the usual 5' end. The degree of homology
between this Alu sequence and the consensus human Alu
sequence is 90%. A second termination site was revealed by
the isolation of four clones with similar 3' end deletions. One
of these, clone X31, was sequenced and found to terminate
55 nucleotides beyond the 5' end of the truncated Alu

element, which was followed by a short poly(A) tail. Com-
parison of our sequence with that of Oikawa et al. (28),
which includes an extra 479 nucleotides at the 3' end,
suggests that our clones were possibly initiated during
cDNA synthesis by binding of the oligo(dT) primer to the
A-rich region at the end of the Alu element for the longer
clones, and to the A-rich region in the middle of the Alu
element for the shorter ones. Second-strand synthesis of
such cDNA molecules would result in perfect poly(A+) tails
of about 18 residues, as observed. One of our clones (clone
X17) was found to include the 479-bp 3' end (data not
shown). The absence of a typical poly(A)' addition signal in
the nucleotide sequence of either the shortest or medium-
length 3' ends and the presence of such a signal in the longest
3' end (28) favor the view that only the latter is truly
represented in cellular mRNA. The preponderance of clones
with medium-length 3' ends (12 of 19), on the other hand,
argues for the coexistence of a cellular mRNA correspond-
ing to this termination site.
Homology of CEA to immunoglobulin supergene family. A

computer-aided search of the National Biomedical Research
Foundation protein databank (6) with the FASTP search
program (43) using the entire CEA protein sequence indi-
cated greatest homology to several members of the immu-
noglobulin supergene family as first reported by Paxton et al.
(29) for partial CEA amino acid sequences. Our search
discovered some new homologies, however, including rat
immunoglobulin heavy chain (V region) (2), rat immunoglob-
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FIG. 4. Comparison ofCEA repeat domains with immunoglobulin supergene family members. Amino acid comparison of the CEA repeats
around cysteine residue 1 (top panel) and from before cysteine residue 3 to the end of the repeat (bottom panel) with four members of the
immunoglobulin supergene family: human T-cell receptor y chain (V region) (TCR -y); rat immunoglobulin light kappa chain (V region) (Kappa
Chain); rat immunoglobulin heavy chain (V region) (Heavy Chain); rat Thy-1 antigen (Thy-1 Ag); and immunoglobulin supergene family
consensus sequence of Williams and Gagnon (44) (Ig Consensus). Open boxes represent identical residues, stippled boxes show substitution
with a conservative residue, and hyphens are gaps introduced to obtain maximum alignment.

ulin light kappa chain (V region) (39), rabbit poly-immuno-
globulin receptor (27), mouse T-cell receptor 1 chain (C
region) (12), and human T-cell receptor y chain (V region)
(9). These homologies were all clustered in the repeats of the
CEA protein, with the strongest homology found in two
distinct segments: the beginning of the CEA repeat up to the
second cysteine and the region beside the cysteines 3 and 4.
The first segment shows the least divergence between the
repeats in the CEA protein itself (see above). The second
segment corresponds to characteristic domains of all immu-
noglobulin chains in the vicinity of conserved cysteine
disulfide loops. Of the three CEA repeats, the second shows
the greatest degree of homology with the immunoglobulin
supergene family.
To assess the significance of the homologies, we generated

alignments between each of the CEA repeats and these
proteins by using the ALIGN program of Dayhoff et al. (5).
Gaps were introduced in the sequences to favor maximum
alignments. Of all the proteins tested, only the human T-cell
receptor -y chain presented an alignment score greater than
3.0 standard deviations away from random expectations, the
minimum value considered to represent authentic relation-
ships (8). This protein showed an alignment score of 8.1
standard deviations and 15% identical plus 22% conserved
residues for a total of 37%. The actual alignments of the
second CEA repeat to the human T-cell receptor y chain, to
the rat immunoglobulin kappa chain, and to the mouse
immunoglobulin heavy chain and of the first CEA repeat to
the primordial immunoglobulin supergene family member,
rat Thy-1 antigen (26, 44), are shown in Fig. 4.

Identification of functional CEA cDNA clones. The com-
plexity of the family of CEA cDNA clones emerging from
the cDNA library of the LS180 cell line raises the question of
whether all or just a subset of the clones are potentially
functional. Poly(A)+ RNA from LS180 and from various
control lines was subjected to Northern analysis by using the
insert of the three-repeat cDNA clone X31 (which lacks most
of the 3' Alu sequence) as a radioactive hybridization probe.
Under conditions of high hybridization stringency, the
LS180 RNA showed three prominent bands, whereas a

derived low-CEA-producing line (86/8) and human embryo
fibroblasts showed none (Fig. 5), even after prolonged ex-
posure (data not shown). These consisted of a major central
band between two minor bands, each spaced by about 400
bp. Similar bands were seen with fresh clinical colon carci-
noma samples (Fig. 5), indicating that they are not merely an
artifact of this particular line. The identity of these bands is
currently under investigation.

This result indicates the existence of mRNA species in
cells corresponding to the cloned species ofCEA cDNA, but
does not prove that they all translated into cell surface
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FIG. 5. Northern analysis of CEA mRNA from cell lines and
from a human tumor. RNA was electrophoresed on a formaldehyde-
agarose gel, transferred to a nitrocellulose membrane, and hybrid-
ized with the 32P-labeled insert of clone X31. After hybridization, the
filter was washed as described in Materials and Methods and
autoradiographed. Lanes: TUM., 10 ,ug of total RNA from colonic
adenocarcinoma tissue; HEF, 1 ,ug of poly(A)+ RNA from human
embryo fibroblasts; LS180, 1 ,ug of poly(A)+ RNA from cell line
LS180; 1, 1 ,ug of poly(A)+ RNA from medium CEA producer cell
clone 1; 86/8, 1 s±g of poly(A)+ RNA from lowest-producer cell clone
86/8. 18S and 28S represent the positions of 18S and 28S rRNA.
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FIG. 6. Immunoprecipitation and immunofluorescence labeling
of CEA on stable transfectants obtained with functional CEA
cDNA. Panel 1, LR-73 cultures stably transfected (Table 1) with the
functional CEA plasmid p91023B-31 were labeled with [3H]leucine,
solubilized, and immunoprecipitated with rabbit anti-CEA antibody
(lane 3) or normal rabbit serum (lane 2). These were analyzed by
electrophoresis on a sodium dodecyl sulfate-polyacrylamide gel
along with labeled marker proteins (lane 1). The position of the
immunoprecipitated CEA band in lane 3 is indicated by an arrow.
From companion gels, this is the same position observed for
glycosylated purified human CEA. (2) LR-73 cells, stably
transfected with the functional plasmid p91023B-31 (panels A and B)
or with the control antisense plasmid p91023B-27 (panel C), were
suspended and incubated with rabbit anti-CEA antibody for 1 h at
4°C, washed with phosphate-buffered saline, and exposed to fluo-
rescein-conjugated goat anti-rabbit immunoglobulin G for 30 min at
4°C. The antibody-treated cells were placed on microscope slides,
and fluorescence micrographs were obtained by using Kodak Tri-X
film (Eastman Kodak Co., Rochester, N.Y.).

nal antibodies (Fig. 6, panel 2), and by immunoprecipitation
of cellular proteins with anti-CEA polyclonal antibodies
(Fig. 6, panel 1). The latter showed a band at the expected
position for fully glycosylated human CEA (Fig. 6, panel 1).
The level of CEA produced in the transfectants was as high
as 175 ng/mg, or about 20% of the level seen in the high-
producer cell line (Table 1). The variable levels of produc-
tion seen with the different cDNA clones will be considered
in the Discussion. All of the above tests were negative when
applied to transfectants obtained with a CEA cDNA clone
inserted into the vector in the a,ntisense orientation (Fig. 6;
Table 1).

DISCUSSION
We have isolated and characterized 27 CEA cDNA clones

from the poly(A)+ RNA of a human colon carcinoma cell line
which produces large amounts ofCEA (0.2% of the total cell
protein). These clones were shown to contain the coding
information for CEA by several criteria: their predicted
translation product has an amino acid sequence which
coincides exactly with that of CEA for 107 amino terminal
residues and for 228 internal residues (compare Fig. 1 and
Fig. 4 of reference 29 with Fig. 1 and Fig. 3 of this paper,
respectively); their transcripts generated in vitro from SP-65
expression constructs can be translated in vitro into a
polypeptide of the expected molecular weight which is
precipitable by specific anti-CEA antibodies; and monkey
and rodent cells transfected with expression constructs
containing the cDNAs produce cell surface CEA identified
by specific monoclonal antibodies. CEA is known to be one
of a relatively large family of similar proteins (34). The
evidence that our cDNA clones correspond to the CEA
member, of this family arises again from consideration of the
amino acid sequence of their predicted translation product:
not only does this agree exactly with that of CEA, but there
are also 10 amino-terminal positions and 3 internal positions
at which the sequence is different from that of the most
prevalent normal counterpart of CEA, NCA-95 (29). Thus
our cDNA clones do not correspond to NCA-95 and, in view
of the cell type and organ specificity of other members of the
CEA family (17), it seems very unlikely that they correspond
to any other member of the family.
Of the 27 characterized CEA cDNA clones isolated from

the library, 8 were found to be related by cross-hybridization
proteins recognizable as CEA. Purified CEA has been re-
ported to have a molecular weight of 180,000 with a protein
component containing 12 cysteine residues and with a mo-
lecular weight of about 75,000 (34). This corresponds exactly
to the predicted translation product of the three-repeat
structure (12 cysteines, 72,813 molecular weight). In fact in
vitro transcripts (30) of the three three-repeat structures with
different 3' ends subcloned in the bacterial expression vector
pSP65 (25) were translated by using a cell-free rabbit retic-
ulocyte system, and each yielded a single band of approxi-
mately 73,000 molecular weight, which was precipitable with
specific anti-CEA polyclonal antibody (data not shown). The
three three-repeat structures were also inserted into the
mammalian expression vector p91023B and introduced into
the CHO LR-73 cell line (Fig. 6; Table 1) and the monkey
COS-1 cell line (data not shown) by the calcium phosphate
procedure (14). After both transient and long-term stable
assays, cell surface CEA was shown to be produced by the
LR-73 transfectants by using the quantitative double mono-
clonal assay mentioned above (Table 1), by immunofluores-
cent staining of cells with anti-CEA monoclonal or polyclo-

TABLE 1. Biological activity of CEA cDNA clones in
animal cell expression vector"

CEA (ng/mg of extract protein)
DNA Transient Stable

transfectants transfectants

Control 0.9 2.0
Antisense 0.1 2.5
p91023B-31 0.3 113
p91023B-25 0.2 22
p91023B-17 14 175

a LR-73 cells were transfected with 5 ,ug of the indicated DNA and 10 Rg of
CHO cell carrier DNA per culture by the calcium phosphate procedure (14).
Stable transfectants were obtained by cotransfection with 0.5 p.g of pSV2-AS
per culture and selection with 2 mM albizziin (3). Assessment of antigen
production was carried out at 48 h for the transient transfectants and at 2 to 3
weeks for pooled stable transfectants by using the double monoclonal
antibody test (see Materials and Methods). The values shown for the transient
transfectants represent the average of three experiments. Control DNA
consisted of carrier DNA only; antisense and p91023B-31, p91023B-25, and
p91023B-17 were CEA cDNAs inserted in antisense and sense orientations,
respectively.
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FIG. 7. Hydropathy plot (A) and schematic representation (B) of the putative structure of the CEA protein. The hydropathy plot was

obtained by computer-assisted analysis with the algorithm and hydropathy values of Kyte and Doolittle (21) for a window of 13. Hydrophobic
regions are above the line, and hydrophylic regions are below it. Abbreviations: SS, signal sequence; NH2, N terminus of mature protein;
REP, repeat; COOH, C terminus of mature protein. The model in panel B shows predicted N-linked glycosylation sites ( t ), transmembrane
domain, and putative cysteine disulfide bridges. Circled numbers stand for repeats 1, 2, and 3. Other numbers denote the number of amino
acids in each domain delineated by the amino terminus and the beginning of repeat 1, between the start of repeat 1 and cysteine residue 1
between each of the next 11 cysteines in the repeats, and finally between the last cysteine residue and the carboxy terminus of the protein.

with most of the other clones but to be quite different in their
restriction maps; these will be the topic of a separate report.
The rest of the clones had the same basic structure of a
number (usually three) of repeats of 534 bp each embraced
by common 5' and 3' ends. The 5' ends were usually of the
same length and started within a few bases of the 5' start of
transcription of the cellular CEA mRNA, whereas the 3'
ends fell into three classes: a few terminated at an A-rich
region of a 5'-truncated repetitive Alu sequence, most ter-
minated at the A-rich region at the end of the Alu element,
and a few extended past the Alu element for a further 479 bp.
The first two termination sites could represent an artifact of
the technique of cDNA preparation, as mentioned in the
Results. All three types of cDNA clones in an expression
vector proved functional in animal cells, but the longest had

the greatest activity, especially in transient assays (Table 1).
This variable activity appears to be due, in these experi-
ments at least, to variable transfection efficiencies.

Regarding the number of repeats in the CEA cDNA
clones, it is clear that the majority (16 of 19) had three
repeats and, from the nature and size of the predicted and
demonstrated translation product, that this corresponds to
the major form of CEA. A few of the clones, however, were

observed to possess four repeats, a feature which appears
not to be due to artifactual recombination between repeats
during propagation. The observation by Paxton et al. (29) of
a fourth amino acid sequence in one region of the repeat
sequence supports the notion of a fourth repeat. Nucleotide
sequencing of our four-repeat clone is in progress; until this
information is in hand, it seems premature to speculate

A

B

-m=

- X

vwCOOH

MOL. CELL. BIOL.

lo. I t C39 ?.



FULL-LENGTH FUNCTIONAL CEA cDNA CLONES 3229

further on the significance of variation in the number of
repeats.

Analysis of the CEA amino acid sequence derived from
the cDNA clones showed a protein with a processed hydro-
phobic signal sequence, the repeats with four cysteine resi-
dues each, all richly endowed with potential asparagine-
linked glycosylation sites (28 in all), and a hydrophobic
carboxy-terminal domain. A model for this structure, along
with a hydropathy plot, is presented in Fig. 7, in which the
carboxy-terminal domain is shown as a membrane anchor
for the protein, consistent with the demonstrated localiza-
tion of CEA to the external cell membrane (13, 16). From the
demonstrated similarity between CEA and the rat Thy-1
antigen and various members of the immunoglobulin
supergene family, we propose that cysteines 1 and 2 and
cysteines 3 and 4 form two disulfide bridges, by analogy with
bridges seen between analogous cysteines in the above
proteins.
Does the present information shed any light on the func-

tion of CEA? Models for CEA function range between a
stage-specific end product of development, in which case
production in tumors would be adventitious, to a cell surface
molecule involved in cellular growth control, in which
production in tumors would be selected for. Two aspects of
our results relate to function. The first concerns evolution.
As with many other proteins, CEA has repeated domains, a
strategy postulated to provide a means of developing further
function in new domains while retaining the function of the
original domain. For CEA, the repeat domains showed a
greater similarity at the nucleotide sequence level (82%) than
at the amino acid sequence level (69%), except for the first 67
amino acids, which showed little divergence. We speculate
that these 67 amino acids specify a dominant function
requiring integrity in every repeat, while the rest of the
repeat domains determine a function requiring one valid
copy only. The last appear to be in a state of early evolution,
since the nucleotide sequences have diverged very little and
the extent of the divergence of the amino acid sequences is
precisely what would be predicted if nucleotide substitutions
were random without selection for their effects on protein
structure (as shown by probabilistic analysis [C. P. Stan-
ners, unpublished data]).
The second functional implication arises from the compar-

isons with proteins of known function. The conserved por-
tions of the repeats show significant homology with the V
region of the human T-cell receptor -y chain, whereas the
more variable portions show homology with other members
of the immunoglobulin supergene family. It seems reason-
able to propose, then, that the former conserved regions are
involved in some dominant essential cell-cell recognition
process, while the more diverged regions have some auto-
matic consequential function. Disruption of this process by
the production of large amounts of CEA (as much as 0.2% of
the cell proteins, or 20% of the cell membrane proteins) in
inappropriate situations could predispose the cell to uncon-
trolled growth, possibly initiated by oncogene activation.
These speculations are being tested by molecular genetic
studies of CEA evolution involving CEA-like proteins in
other species and by studies on the function of our CEA-
animal cell expression constructs introduced into various
biological systems.
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