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ABSTRACT Carcinoembryonic antigen (CEA) is consid-
ered to be an embryonic antigen that is reexpressed in
carcinomas. However, at the molecular level little is known
about fetal forms of CEA. We have studied fetal liver, which
was originally considered to contain CEA. A first-trimester
¢DNA library from fetal liver was screened with CEA-specific
probes, and a dominant ¢cDNA clone was identified and
sequenced. This 1.7-kilobase ¢cDNA codes for a complete
protein of 426 amino acids, of which 34 constitute a leader
peptide. Structurally, it can be divided into four immunoglob-
ulin-like domains homologous to CEA (N-A1-A2-B2) and a
hydrophobic tail (12 residues). The A and B domains each
contain two cysteines; the N domain has none. The protein has
seven potential sites for asparagine-linked glycosylation. It is a
form of pregnancy-specific 8;-glycoprotein (PSBG) but differs
from other PSBG species at the C terminus. The N and Al
domains show 45% and 51% amino acid sequence identity with
the corresponding domains of the three CEA family members
whose sequences have been determined. Expression studies
showed that the cDNA codes for a 72-kDa glycoprotein that
reacts immunologically with antisera to CEA, biliary glyco-
protein I, and PSBG. The 72-kDa glycoprotein was released
from the transfected cells. At least six mRNA species were
identified in human tissues by using this cDNA as a probe.
Genomic DNA analysis with an N-domain-specific probe indi-
cated that the number of genes is relatively small.

Carcinoembryonic antigen of the human digestive tract
(CEA) is considered to be a fetal antigen that is reexpressed
in adenocarcinomas, particularly in the gastrointestinal tract
(1). However, the presence in normal adult colon of CEA,
biochemically and immunologically indistinguishable from
tumor CEA (2), as well as of CEA mRNA (3), is in apparent
conflict with this concept. The function of CEA is unknown,
but CEA is a clinically important tumor marker of proven
value in the follow-up of patients with colorectal carcinomas
and has considerable promise as a target antigen for radio-
immunotherapy (4).

The amino acid sequence of CEA and two CEA-related
normal adult tissue antigens, nonspecific crossreactive anti-
gen of 55 kDa (NCA-55) (5) and biliary glycoprotein I (BGPI)
(6), have been determined by cloning and sequencing of the
corresponding cDNAs (7-10). Thirteen, most likely different,
CEA-related macromolecules have been identified (for re-
view, see refs. 11 and 12). Southern blot analyses have
indicated that there are in the order of 10 genes in the CEA
family (13).

CEA and related antigens in fetal tissues have been studied
only to a limited extent. Fetal intestine and meconium
contain an antigen closely similar to, but not identical with
CEA, termed NCA 160, NCA-2, or meconium antigen (14).
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In their original work on CEA, Gold and Freedman (1)
identified a molecule in human fetal liver which, in immuno-
diffusion, gave a reaction of identity with colon carcinoma
CEA. It was expressed between months 2 and 6 of gestation
and disappeared during the last trimester. In order to under-
stand the fundamental question of the oncofetal nature of
CEA, we have initiated a study of fetal forms of CEA. Here
we report the cloning, sequencing, and expression of the
cDN? for the major CEA-related antigen in human fetal
liver.

MATERIALS AND METHODS

Screening of Human Fetal Liver cDNA Library, and Sub-
cloning and Sequencing of Insert cDNA. Using the amino acid
sequence information from the N-terminal portion of CEA
(7), we synthesized two oligodeoxynucleotide probes, a
33-mer (3'-CCG-TTC-CTC-CAC-GAC-GAC-GAC-CAC-
GTG-TTG-GAC-5') and a 45-mer (3'-CGG-GTG-TTG-
GAC-GGG-GTC-TTG-GCC-TAA-CCG-ATG-AGG-ACC-
ATG-TTC-5'). These probes were end-labeled with bacteri-
ophage T4 polynucleotide kinase and [y->2P]JATP and used to
screen a human fetal liver cDNA library in phage vector
Agtll. The mRNA source was first-trimester male fetal liver
(Clontech). cDNA inserts from positive clones were sub-
cloned into plasmid vector pUC19. Nucleotide sequence
analysis was done as described by Sanger et al. (15) in pUC19
with Klenow fragment of DNA polymerase I or modified
bacteriophage T7 DNA polymerase (16) (United States Bio-
chemicals).

Transfection. The fetal liver cDNA was inserted into the
expression vectors pECE (17) or pPCMU-5 (18) at the EcoRI
and HindIII sites, respectively. The vectors were kindly
provided by Olof Karlsson (University of Umed) and Lars
Rask (Uppsala University). Transfection into HeLa or CHO
cells was carried out by the calcium phosphate method (19).

Labeling and Immunoprecipitation. Transfected cells were
radioactively labeled 48 hr after the addition of DNA. CHO
cells were labeled with [**S]methionine for 2 hr in methio-
nine-free growth medium. HeLa cells were labeled with
[*H]mannose for 12 hr in medium lacking glucose. Both cell
lysates and medium were subjected to immunoprecipitation
using polyclonal anti-CEA, anti-BGPI, and anti-PSBG anti-
bodies (Dako, Santa Barbara, CA) and protein A-Sepharose
(Pharmacia). The eluates from immunoprecipitates were
analyzed by electrophoresis in a SDS/5-15% polyacrylamide
gradient gel in a discontinuous buffer system followed by
autoradiography.

Abbreviations: CEA, carcinoembryonic antigen; NCA, nonspecific

crossreactive antigen; FL-NCA, fetal liver NCA; PSBG, pregnancy-

specific B;-glycoprotein; BGPI, biliary glycoprotein I.

*To whom reprint requests should be addressed.

TThe sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04539).



Northern Blot Analysis. Poly(A)* RNA from human term
placenta and adult human liver was size-fractionated in a
1.2% agarose gel containing 2.2 M formaldehyde and trans-
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ferred to a nylon membrane (Hybond-N, Amersham). The

blots were prehybridized and hybridized at 45°C in a buffer

containing 50% (vol/vol) formamide, 5x SSPE (1x SSPE =
0.18 M NaCl/0.01 M sodium phosphate, pH 7.7/1 mM
EDTA), 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bo-
vine sérum albumin, and 0.5% (wt/vol) SDS. Filters were
washed once in 2x SSPE/1% SDS at 65°C for 1 hrand in 0.1 X
SSPE/1% SDS at 68°C for 30 min. DN A fragments containing
nucleotides 400-692 (Sma I-Pst I) and 1310-1694 (BamHI-
EcoRI) of the cDNA sequence were labeled with [a->2P]dCTP
by random priming and used as probes. RNA bands that
hybridized with the probes were detected by autoradiogra-

phy.
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RESULTS

Identification and Sequencing of a ¢cDNA Clone from a
Human Fetal Liver Library Coding for a CEA-Related Mac-
romolecule. To identify the CEA-related antigen(s) in human
fetal liver, a cDNA library from this source was screened
with two oligonucleotide probes corresponding to the N-
terminal region of CEA. Approximately 200 positive clones
were identified when 10° recombinant phage plaques were
screened. Partial sequence analysis and restriction enzyme
mapping of 20 inserts ranging in length from 1.5 to 2 kilobases
(kb) demonstrated that they coded for three different CEA-
related molecules. One cDNA species of 1.7 kb was by far the
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FiG. 1. Line diagrams of human FL-NCA cDNA and protein. (4)
Nucleotide number line. (B) Partial restriction enzyme map. (C)
Sequencing strategy. (D) Amino acid number line. (E) Cysteine
residues. (F) Potential asparagine-linked glycosylation sites. (G)
Domain structure based on internal homologies and homologies with

CEA.

most frequent and was chosen for complete sequence deter-
mination. The glycoprotein it encodes will be referred to as

AGAGAGTTTCTGGATCCTAGGCTTATCTCCACAGAGGAGAACACACAAGCAGCAGAGACC
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Fi1G.2. Nucleotide sequence
and deduced amino acid se-
quence of FL-NCA. Nucleotide
numbering is at right; amino acid
numbering is at left. The first 34
amino acids (—34 to —1) consti-
tute the leader peptide. Coding
sequence starts at nucleotide 61
and ends at the stop codon (nu-
cleotides 1339-1341). Putative
glycosylation sites and poly(A)
signal are underlined. Cysteines
are marked with dots.



3334 Medical Sciences: Khan et al.

fetal liver nonspecific crossreactive antigen (FL-NCA) to
indicate its tissue source and crossreactivity with CEA (see
below). The restriction enzyme map and sequencing strategy
are shown in Fig. 1 B and C. Fig. 2 shows ¢cDNA and the
deduced amino acid sequence. The cDNA sequence includes
a 1278-base-pair (bp) coding region, a 60-bp 5’ untranslated
region, and a 357-bp 3’ untranslated region with a poly(A) tail.

Deduced Amino Acid Sequence of FL-NCA and Description
of Structure. The FL-NCA precursor consists of 426 amino
acids including a 34-amino acid leader sequence. The leader
peptide contains an alanine at position —1 and a cluster of
hydrophobic amino acids, which is consistent with the
structure of most leader peptides (20). FL-NCA has a domain
structure similar to that of CEA (8). Five domains can be
distinguished (Fig. 1G). An N-terminal region (N) spanning
residues 1-109, two A domains (Al and A2) spanning
residues 110-202 and 203-295, a B domain spanning residues
296-380, and a short hydrophobic C-terminal region (T)
spanning residues 381-392. A1, A2, and B2 each contain two
cysteines, whereas N has none (Fig. 1E). FL-NCA contains
seven Asn-Xaa-Ser/Thr glycosylation sites—three each in
the N and A2 domains and one in the A1 domain (Fig. 1F).
The calculated molecular mass of the peptide moiety of
FL-NCA is 44,120 daltons.

Proc. Natl. Acad. Sci. USA 86 (1989)

Relationship Between FL-NCA and Other Members of the
CEA Gene Family. The deduced amino acid sequences of
FL-NCA, pregnancy-specific 8;-glycoprotein (PSBG), CEA,
NCA-55, BGPI, and a PSBG/FL-NCA gene, CGM 35, are
shown in Fig. 3. The sequences have been divided into
domains and aligned for maximum homology. The results of
the sequence comparison can be summarized as follows. (i)
The CEA-related fetal liver antigen studied here, FL-NCA,
is a variant of PSBG. Three closely related PSBGs can be
distinguished: group I, represented by PSBG clones 16 and 93
(21, 22) and PSPBG clones C and D (23); group II, represented
by the genomic clone CGM 35 (24); and group III, repre-
sented by PSBG clone E (23). FL-NCA belongs to group 1. Its
sequence is identical with clones C and D up to the C-terminal
tail and differs from clones 16 and 93 only at positions 7, 9,
and 285. However, its tail is different from those of all other
PSBGs. Moreover, the nucleotide sequence of FL-NCA
differs completely from other PSBGs from position 1303,
where the C-terminal tail begins. (if) FL-NCA, PSBG, CEA,
NCA-55, and BGPI show a high degree of sequence identity.
Forty-five percent of the amino acids in the N domain occur
at identical positions in all six proteins. The corresponding
figure for the A domains is 18%. However, when only the Al
domains are compared, the figure increases to 44%. In the B

LEADER PEPTIDE (L)

FL-NCA =34  MGTLSAPPCTQRIKWKGLLLTASLLNFWNLPTTA
PSBG 16/93* -34  MGTLSAPPCTQRIKWKGLLLTASLLNFWNLPTTA
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CEA =34  MESPSAPPHRWCIPWQRLLLTASLLTFWNPPTTA
NCA-55 -34  MGPPSAPPCRLHVPWKEVLLTASLLTFWNPPTTA
BGP -34  MGHLSAPLHRVRVPWQGLLLTASLLTFWNPPTTA
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Fi1G. 3. Amino acid sequence (standard one-letter symbols) comparison of FL-NCA, PSBG, CEA, NCA-55, BGPI; and CGM 35
(PSﬂG/FL-NCA genomic clone). Identical residues at a given posmon in the proteins are shaded. Filled circles denote amino acids that are
invariant in the immunoglobulin gene family. Open circles denote amino acids characteristic of variable-region (V-set) sequences. Positions in
the sequence corresponding to complementarity-determining regions 2 and 3 of immunoglobulins are overlined. (Inset) Domain structures. TM,

transmembrane; C, cytoplasmic.
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FiG. 4. SDS/PAGE-autoradiographic analysis of immunopre-
cipitates. (A) Solubilized CHO cells after labeling for 2 hr with
[35SImethionine. Lanes: 1, 4, and 7, untransfected cells; 2, 5, and 8,
cells transfected with pECE with FL-NCA cDNA in correct orien-
tation; 3, 6, and 9, cells transfected with pECE with ¢cDNA in
reversed orientation. Antibodies used for immunoprecipitation were
anti-PSBG (lanes 1-3), anti-BGPI (lanes 4-6), and anti-CEA (lanes 7—
9). (B) Solubilized HeLa cells (lanes 1-4) and spent medium (lanes
5-8), immunoprecipitated with anti-PSBG. The cells were labeled
with [*H]mannose for 12 hr. Lanes: 1 and 5, untransfected cells; 2 and
6, cells transfected with vector only; 3 and 7, cells transfected with
pECE with cDNA; 4 and 8, cells transfected with pCMU.5 with
cDNA. Positions and sizes of standard proteins run in parallel are
indicated. Arrowheads point to 72-kDa glycoprotein.

domain 38% of the amino acids occur at identical positions.
(iii) Each domain in all six proteins contains most of the
invariant amino acids (filled circles in Fig. 3) conserved
across the immunoglobulin gene superfamily (25, 26). (iv) The
N domain is related to the variable region of immunoglobulin
and T-cell antigen receptor (V-set sequences), and the A and
B domains are related to the constant region (C2-set
sequences). (v) Characteristic features of the subfamily seem
to be that all members contain a V-set-related N-terminal
domain lacking cysteines and one or several C2-set-related A
and B domains (Fig. 3).

Expression of FL-NCA. HeLa and CHO cells were trans-
fected with pCMUS or pECE vector alone or with the vector
containing FL-NCA cDNA in the correct or in the reversed
orientation, respectively, and grown in the presence of
[>*SImethionine or [*H]mannose. The cell lysate and spent
medium were then immunoprecipitated with anti-CEA, anti-
BGPI, and anti-PSBG and analyzed by SDS/PAGE and
autoradiography. Fig. 4 shows a representative experiment.
A 72-kDa glycoprotein was specifically precipitated by all
three antisera in cells transfected by FL-NCA cDNA in the
right orientation. After a short labeling period the glycopro-
tein was found in the cell lysate, whereas after a longer
labeling period the glycoprotein appeared in the medium.

Number of FL-NCA/PSBG Genes and Expression of
mRNAs. Two probes corresponding to part of the N domain
(Rsa I-Sma 1 fragment, nucleotides 261-400) and the N and
Al domains (Sma I-Pst 1, nucleotides 400-691) of FL-NCA
were used in Southern blot analysis of human genomic DNA.
Under stringent conditions the N+ Al probe hybridized with
8-10 EcoRI, BamHI, or HindIll fragments. In contrast, when
the N-domain probe was used only one HindIII fragment (2.8
kb) was found to hybridize (data not shown).

Poly(A)* RNA from adult liver and placenta was prepared
and analyzed by Northern blotting using probes correspond-
ing to the coding region (Sma I-Pst 1 fragment) and 3’
noncoding region (BamHI-EcoRI fragment) of FL-NCA
cDNA. A typical experiment is shown in Fig. 5. Placenta

Proc. Natl. Acad. Sci. USA 86 (1989) 3335
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FiG. 5. Northern blot analysis of poly(A)* RNA from full-term
human placenta (HP) and human adult liver (L). Poly(A)* RNA (2 ug
per lane) was electrophoresed in formaldehyde/agarose gels. The
blots were hybridized to radiolabeled Sma I-Pst 1 fragment (A) or to
BamHI-EcoRI fragment (3’ noncoding region) (B). Sizes are indi-
cated in kilobases.

contained five species of mRNA that hybridized with the
coding-region probe, ranging in size from 1.5 to 2.2 kb. When
the 3’ probe was used, three mRNA species, of 1.7, 1.9, and
2.2 kb, were seen. The 1.7-kb mRNA corresponds to FL-
NCA. No mRNA that hybridized with these probes was
detected in adult liver.

DISCUSSION

We have identified FL-NCA as a member of the CEA family.
It belongs to the PSBG subfamily, which appears to comprise
at least three different groups of proteins (I-1II) encoded by
closely related genes. FL-NCA has a unique 12-amino acid
hydrophobic tail not found in other members of the subfam-
ily. It is likely that FL-NCA and PSBG clones C and D (23)
are encoded by the same gene and that they are generated by
alternative splicing of the primary transcript. Most likely
PSBG clones 16 and 93 (21) also are encoded by this gene.
Genetic polymorphism may be the explanation for the six
nucleotide differences (three of which lead to amino acid
changes) in the sequence 5’ to the tail that distinguish
FL-NCA and PSBG clones C and D, on the one hand, from
PSBG clones 16 and 93 on the other.

PSBG groups I and II have the domain structure N-Al-
A2-B2-T. PSBG group III has the structure N-A1-B2-T.
They show 80-92% sequence identity when the correspond-
ing domains are compared. At present, four forms of PSBG
I that differ in the C-terminal tail are known. Alternative
splicing can give rise to three different forms of PSBG II (24)
with tails identical with or similar to three of the tails found
in PSBG I: However, a tail corresponding to that of FL-NCA
was not found in the sequenced portion of the PSBG II gene
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(24). If present, it must be 3’ to the other C-terminal
sequences. No cDNA clones corresponding to PSBG II has
been sequenced. Only one form of PSBG III is known. Its
C-terminal tail differs from all others mentioned above (23).

In the fetal liver cDNA library (first trimester) the 1695-bp
FL-NCA cDNA was most abundant, accounting for at least
half of the CEA-crosshybridizing cDNA clones. Moreover,
this clone represented 0.2% of the total clones screened. A
1.7-kb mRNA species hybridizing with a FL-NCA 3’-end
probe was seen in human term placenta but not in adult
human liver. Thus FL-NCA appears to be produced by both
the fetal liver and the syncytiotrophoblast. Recently, we also
detected a clone coding for FL-NCA in a cDNA library from
apparently normal adult colon (unpublished results), but
there the clone was very rare. A 3.4-kb mRNA species from
submandibular salivary gland was found to hybridize with
both coding and noncoding sequences of FL-NCA (W.N.K.
and S.H., unpublished results).

The 72-kDa FL-NCA corresponds exactly in size to the
major human placental PSBG species (21). In addition,
human placenta was found to contain a 54-kDa and a 64-kDa
PSBG species (21). FL-NCA was immunoprecipitated by
polyclonal anti-CEA and anti-BGPI sera as well as by an
antiserum to PSBG. The finding that the former sera precip-
itated FL-NCA is consistent with the high degree¢ of sequence
similarity between FL-NCA/PSBG, on the one hand, and
CEA, NCA-55, and BGPI on the other. The results demon-
strate that the two groups of proteins crossreact immunalog-
ically and that this crossreactivity must be considered in the
design of specific CEA assays for clinical use and in the
selection of monoclonal anti-CEA antibodies for radioimmu-
nodetection and radioimmunotherapy.

A comparison of the amino acid sequences of the FL-
NCA/PSBG group with those of the CEA/NCA-55/BGPI
group of proteins reveals several interesting similarities and
differences. (i) There are two regions in the N domain,
positions 46-57 and 95-100, where the sequences are mark-
edly different between the two groups while they are con-
served within the groups (Fig. 3). With the possible exception
of the sequence 174-179 in FL-NCA such differences are not
found when other domains are compared. (ii) The subgroup-
specific regions have the same positions in the sequerice as
complementarity-determining regions 2 and 3 in immuno-
globulin variable-region sequence (25). (iii) Both regions end
with an invariant glycine, a residue that may provide flexi-
bility and permit movement of the rest of the sequence to
allow better contact with a putative ligand (25). (iv) The
region corresponding to complementarity-determining region
2 in the CEA group shows significant sequence homology
with major histocompatibility complex-encoded class I and 11
antigens [corresponding to a sequence of B-strand in the
bottom of the binding pocket of class I antigen (27)]. (v) The
members in the family appear to form dimers. BGPI even
contains an extra cysteine in the third domain (10), which
may participate in the formation of an interchain disulfide
bond. It is tempting to speculate that the proteins contain a
ligand binding site made up of two N domains or by an N +
Al domain in which the regions mentioned above form part
of the binding pocket. FL-NCA would then bind to one type
of ligand, whereas CEA, NCA-55, and BGPI would bind to
another. We do not know the nature of this hypothetical

Proc. Natl. Acad. Sci. USA 86 (1989)

ligand. It should perhaps be searched for in the external
environment, since at least one form of each protein is
secreted into or facing a body lumen.
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