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ABSTRACT The liver cell adhesion molecule, L-CAM,
mediates calclum-dependent cell-cell adhesion in early em-
bryos and in nonneural epithelia in adult tissues. Earlier
studies of cDNAs for chicken L-CAM established the amino
acid sequence of the mature protein. The sequence has now
been extended in the 5’ direction through the precursor and
signal sequences and past a consensus translation initiation site.
The combined cDNAs were used to isolate genomic clones
covering the entire L-CAM coding sequence. The structural
gene for chicken L-CAM contains 16 exons ranging in size from
115 to over 1045 base pairs with an average size of 222 base
pairs. Single exons do not correspond to known structural
elements such as the signal sequence, precursor segment,
internal repeats, or membrane-spanning region of L-CAM.
Hybridization of restriction digests of chicken genomic DNA
with cDNA and genomic probes indicated that there is a single
L-CAM gene in the chicken. In contrast to genes for other cell-
cell or cell-substrate adhesion molecules, there is no evidence
for alternative splicing of exons in this gene.

Cell adhesion is of fundamental importance in establishing
and maintaining tissue form and function (1). A number of
molecules involved in direct cellcell adhesion have now
been isolated. Among the best characterized of these are the
neural cell adhesion molecule, N-CAM, and the liver cell
adhesion molecule, L-CAM. Both are pnmary CAMs that
appear in the earliest embryonic cells and act by homophilic
mechanisms (a CAM on one cell binds to the same CAM on
another). N-CAM is distinguished by its content of polysialic
acid and its resemblance to members of the immunoglobulin
superfamily (2), whereas L-CAM is the exemplar of a
different group of closely related glycoproteins that mediate
calcium-dependent cellcell adhesion. Structural (2, 3) and
functional (4-6) studies indicate that the two kinds of CAMs
are evolutionarily unrelated.

L-CAM was initially purified from embryonic chicken liver
(7) but is found in most nonneural epithelial cells (8). This
molecule is expressed on the cell surface as a glycoprotein of
M,_124,000 (3, 9). Proteins with tissue distributions, biochem-
ical properties, and amino acid sequences similar to those of
L-CAM have been detected inother species, including mouse
[uvomorulin (10), E-cadherin (11)]; dog [Arc-1 (12); rr1 (13)],
human (14), and Xenopus laevis (15). Uvomorulin (16) and
E-cadherin (17) are identical to each other in amino acid
sequence; they are 65% identical to L-CAM overall and close
to 90% identical in the cytoplasmic domain, supporting the
notion that they are murine equivalents of L-CAM.

Transfection of LMTK ~ cells with L-CAM cDNA clones
(6, 17) leads to expression of L-CAM at the cell surface and
confers on the cells the property of calcium-dependent
aggregation, supporting the notion that L-CAM acts by a
homophilic mechanism. Perturbation experiments using spe-
cific antibodies have illustrated the biological importance of
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L-CAM-mediated adhesion. Addition of antibodies to
L-CAM to cultures of chicken skin alters the response to
inductive signals that is necessary for feather development
(5). In addition, antibodies to uvomorulin prevent the com-
paction of mouse embryos (18), and antibodies to rrl block the
formation of tight junctions in MDCK cells (13). Moreover,
the coordinate appearance of L-CAM and N-CAM in adja-
cent populations of cells at sites of embryonic induction as
well as in later inductive events (4, 8, 19) suggests that the
regulated expression of both CAMs plays an important role
in these processes (1).

L-CAM and its mammalian homologues appear to be part
of a larger family of calcium-dependent adhesion molecules.
Several similar calcium-dependent CAMs have been de-
scribed recently: P-cadherin was first detected in mouse
placenta (20), N-cadherin was initially found in chicken brain
(21), and A-CAM was isolated from adherens junctions of
chicken cardiac cells (22). A-CAM closely resembles N-
cadherin, and all three molecules have striking similarities to
L-CAM and its homologues. L-CAM and the cadherins are
initially synthesized as larger precursors that are processed to
mature proteins of 120-130 kDa. Each molecule contains
three to five repeats (110-115 amino acids each) of similar
amino acid sequence (3, 16, 17, 23, 24). Overall, the amino
acid sequences of mouse L-CAM and P-cadherin are 58%
identical, and chicken L-CAM and N-cadherin are 50%
identical, establishing the relationship among these proteins.
Despite their similarities, L-CAM, N-cadherin, and P-
cadherin are not immunologically cross-reactive and have
distinct adhesive specificities and tissue distributions.

Although L-CAM mRNA and protein are detected as
species of single sizes in all tissues in which they are
expressed, Southern blots with a small cDNA probe (25)
raised the possibility that in chickens there may be more than
one L-CAM gene. Other studies have suggested that alter-
native RNA splicing is important in regulating the functions
of some CAMs. For example, the expression of N-CAM
involves alternative splicing of RNAs transcribed from a
single gene (2, 26) to give at least five different polypeptides,
and other molecules with cell adhesion functions such as
cytotactin (27) and fibronectin (28) are present in variant
forms produced by alternative splicing. To assess the number
of L-CAM genes, to look for alternative L-CAM exons, and
to provide a foundation for studying the regulation of L-CAM
expression, we have examined the structure of the L-CAM
gene in detail. Overlapping genomic clones that encompass
the entire L-CAM structural gene were isolated. This gene

contains 16 exons, all of which are present in all known
chicken L-CAM cDNAs. The structure of the genef and
Southern blot analyses explain the results obtained in the
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earlier studies (25) and indicate that there is a single chicken
L-CAM gene.

MATERIALS AND METHODS

Chicken genomic DNA was purchased from Clontech Lab-
oratories (Palo Alto, CA) or prepared as described (29).
cDNA was synthesized from poly(A)* RNA from 9-day
chicken embryo livers (29).

Screening of libraries, digestion of DNA, gel electropho-
resis of DNA or RNA, transfer of gels to nitrocellulose, and
hybridization were performed as described (29, 30). For use
as probes, DNA fragments or plasmids were radiolabeled
(31). DNA was subcloned into pBluescript KS vectors,
deletions were performed as described (32), and sequencing
was performed with either reverse transcriptase or Seque-
nase (United States Biochemical, Cleveland, OH) (33).

RESULTS AND DISCUSSION

Processing of Chicken L-CAM. In accord with earlier
results (3, 9, 16, 17, 34), pulse—chase experiments showed
that chicken L-CAM is synthesized as a larger precursor that
was processed to the mature form with a half-time of 20-30
min (Fig. 1a). Processing persisted in the presence of tuni-
camycin (Fig. 1b), indicating that it is not dependent on the
presence of N-linked carbohydrate. It does involve carbo-
hydrate processing: all of the N-linked carbohydrate in the
precursor is removed by endoglycosidase H (Fig. 1c; ref. 37),
whereas only one of the four N-linked carbohydrates in the
mature L-CAM is of the high mannose type (9). Maturation
of L-CAM also involves an increase in phosphorylation. Gel
slices containing the precursor or processed forms were
obtained from a hepatocyte culture double-labeled with
32pQ, and [*H]leucine. The ratio of 32P to *H in the precursor
was half that in the mature form (1000 ¢cpm of 32P/4000 cpm
of 3H vs. 25,000 cpm of 32P/50,000 cpm of >H), indicating that
the precursor is phosphorylated but that additional sites are
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Fic. 1. Processing of L-CAM. (a and b) Hepatocytes from
10-day chicken embryos were pulse-labeled with [**Slmethionine for
10 min, chased, and extracted, and extract componenis were
immuroprecipitated (9); components were resolved on 6% or 7%
acrylamide gels (35) and detected by fluorography. Migration of the
L-CAM bands varies with the acrylamide concentration in the gel.
Cultures were labeled in the absence (a) or presence (b) of tuni-
camycin. Lanes: 1, no chase; 2, 10-min chase; 3, 30-min chase; 4,
90-min chase. (c) Cultures were labeled for 30 min and treated with;
no enzyme (lane 1), 90 milliunits of endoglycosidase F (36) for 14 hr
at 37°C (lane 2), or 0.25 milliunit of endoglycosidase H for 14 hr (9)
(lane 3). Migrations of standard proteins (M,/1000) are indicated on
the left. Marks on the right are the same standards for c.
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phosphorylated in the mature molecule, which is known to
contain phosphothreonine and phosphoserine (9).

Isolation of cDNA Clones Encoding the Signal and Precursor
Sequences of L-CAM. The previously reported L-CAM
c¢DNA clone pEC320 (3) extended through the amino and
carboxyl termini of the mature L-CAM polypeptide but did
not encode sufficient polypeptide to account for all of the
precursor and lacked a translational start site and a signal
sequence. To extend the L-CAM cDNAs in the 5’ direction,
a cDNA library was prepared by using an oligonucleotide
primer complementary to nucleotides 100-118 of pEC320.
From this library two new clones, pEC330 and pEC331 (Fig.
2), were isolated. These clones overlapped the 5’ end of
pEC320, continued upstream to a termination codon (nucle-
otides 45-47), and included a sequence (nucleotides 49-54)
that matches the consensus sequence for initiation of trans-
lation in eukaryotic mRNAs (38). As in most vertebrate
mRNAs (38), there were no additional ATG sequences in the
5’ untranslated region of the cDNA. The 75 base pairs (bp)
following the translational start site encode a typical signal
sequence (39), which should be cleaved (40) after residue
—135 (glycine). The 402-bp segment that follows is sufficient
to account for the difference in molecular mass of the mature
polypeptide and the precursor (Figs. 1 and 2).

The presumptive signal and precursor polypeptide se-
quences are 42% identical to those of murine L-CAM (16, 17).
P-cadherin (23) and N-cadherin (24) are also synthesized as
precursor polypeptides; the precursor segments of L-CAM
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GTGTGCGGCCGGCGGTGCGACGAGGCAGCCCCCTGCCAGCCCGGCT TTGCTGCAGAGACC
ValCysGlyArgArgCysAspGluAlaAlaProCysGInProGlyPheAlcAlaGluThr
-130 -120
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TTCAGCT TCAGTGTGCCCCAGGACAGCGTGGCAGC GGGCAGGGAGCTGGGACGAGTGAGC
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-110 -100
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PheAloAlaCysSerGlyArgProTrpAlaValTyrValProThrAspThrArg. ..
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FiG. 2. Extended sequence of the L-CAM cDNA. (a) Synthesis
of pEC330 and pEC331 was primed with an oligonucleotide (small
black box) complementary to L-CAM cDNA clone pEC320. The new
sequences (dashed outline) encode the signal peptide (black box) and
part of the precursor (hatched box). pEC320 encoded the repeating
units of similar amino acid sequence (crosshatched boxes), trans-
membrane segment (stippled area), and the 3’ untranslated region of
the mRNA. The vertical arrow indicates the amino terminus of the
mature form of L-CAM. Vertical lines above the protein are potential
glycosylation sites. (b) Sequences of pEC330 and pEC331. The ends
of pEC330 are indicated by straight arrows; the ends of pEC331, by
wavy arrows; and the 5’ end of pEC320, by a dashed arrow. Amino
acid numbering is based on the aspartic acid at the amino terminus
of the mature L-CAM polypeptide as 1. The presumed translational
start site is at —160, and the presumptive signal peptide is indicated
by the dashed underline.
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and P- and N-cadherin all end in the sequence Leu-
(Arg/Lys)-Arg-(Gln/Arg)-Lys-Arg, and the mature proteins
all have the amino-terminal sequence (Asp/Glu)-Trp-Val-
(Ile/Met)-Pro-Pro-Ile, suggesting that proteases of similar
specificities are involved in their processing.

Isolation and Analysis of L-CAM Genomic Clones. A
chicken genomic library (41) was screened by hybridization
with cDNA probes derived from pEC320 (3). Three overlap-
ping clones were independently isolated (Fig. 3): AcL1 con-
tains most of the L-CAM gene, AcL2 includes the region
encoding the amino terminus of the mature L-CAM, and
AcL3 contains 3’ untranslated sequences of pEC320. Large
parts of AcL1, AcL2, and AcL3 were sequenced, providing the
complete sequences of all exons and of all but the largest
intron. The sequence begins at the 5’ end of the AcL1 insert
and extends 3’ through the regions encoding the L-CAM
protein and the 3’ end of pEC320. AcL3 has a polyadenyly-
lation consensus sequence (AATAAA) in exon 16, 13 bp
upstream from the region where pEC320 contains a poly(A)
tract, suggesting that this is the site recognized in the initial
RNA transcript.

To confirm that the map derived from the sequences of
AcLl, AcL2, and AcL3 is consistent with the fragments
detected by hybridization of L-CAM probes with genomic
DNA, digests of chicken DNA were hybridized with the
cDNA probes pEC331, pEC301, or pEC325 or with genomic
probe A (Figs. 3 and 4). As expected from the map, pEC331,
pEC301, and probe A all hybridize with the same BamHI
fragment, whereas pEC325 hybridizes with a smaller BamHI
fragment. In the EcoRI digests, pEC331 and probe A detect
afragment of approximately 12 kilobases (kb), while pEC301
and pEC325 hybridize with a slightly smaller fragment;
pEC331, which also overlaps this fragment by 64 bp, hybrid-
izes with it weakly. In the Pst 1 digests, each probe
hybridized with a different small (<3 kb) fragment or frag-
ments as expected from the large number of Pst I sites in the
gene. In the Sst I digests, pEC331 and probe A both
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Fi1G. 3. Structure of the L-CAM gene. (a) Diagrammatic repre-
sentation of the intron/exon structure of the L-CAM gene. Exons are
represented by vertical bars and introns by connecting lines. The
presumptive translational start site (ATG), the amino terminus of the
mature L-CAM polypeptide (arrow), the carboxyl terminus (COOH),
and the site of poly(A) addition (AAAA) are indicated. The region
indicated by stippling, including all of exons 2 and 3 and portions of
exons 1 and 4, encodes peptide sequences present only in the
precursor form of L-CAM. (b) Partial restriction maps of genomic
clones AcL1, AcL2, and AcL3. All three phage inserts extend beyond
the regions shown. Thick lines represent segments that were se-
quenced. Sites for cleavage by BamHI (B), EcoRI (R), Kpn I (K),
Xho 1(X), Sst1(S), and Pst I (short vertical bars) are indicated. That
portion of the large intron that was not sequenced was not analyzed
for Pst I sites. The BamHI site at the 5’ end of AcL1 may result from
the fusion of an Mbo I site in the gene with the BamHI site of the
vector. (c) Probes used for genomic DNA blots: cDNA probes are
shown as boxes (exons) connected by dotted lines. The scale for the
entire figure is indicated at lower right. kb, kilobases.
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Fic. 4. Hybridization analysis of chicken genomic DNA.
Chicken DNA (7.5 ug per lane) was digested with BamHI (lane 1),
EcoRI (lane 2), Pst I (lane 3), or Sst I (lane 4); resolved on 0.7%
agarose gels; transferred to nitrocellulose; and hybridized with one
of the 32P-labeled probes shown in Fig. 3. (a) pEC331. (b) pEC301.
(c) pEC325. (d) genomic probe A. Migrations of HindIII A and Hae
111 $X174 fragments of indicated size (kb) are shown; marks on the
right are the same standards for d.

hybridized with a 1.7-kb fragment that presumably extends
through exons 1 and 2 to the first Ss¢ I site in the large intron.
Genomic probe A also hybridized to 0.9- and 0.7-kb frag-
ments that are completely within the intron and do not
hybridize to the cDNA probes. pEC331 and pEC301 both
detect a Sstz I fragment of slightly less than 3 kb, although
pEC331, which overlaps this fragment by only 64 nucleo-
tides, hybridizes weakly; pEC325 detects a single fragment
that should extend 3’ from the 3’-most Sst I site mapped.

In more than 3 kb of cDNA sequence, nine nucleotide
differences were detected between earlier results (3) and
those reported here. Only one of these results in a change in
the amino acid sequence; nucleotide 278 (cytidine) in pEC320
is a thymidine in the genomic sequence, substituting methio-
nine for threonine. The other differences are: guanosine at
position 21 of pEC320 is an adenosine in pEC330, pEC331,
and AcLl; nucleotides 282, 468, and 477 (all guanosine
residues) in pEC320 are adenosine residues in the genomic
clones; the cytidine at position 1605 of pEC320 is a thymidine
in AcL1, and there are two single nucleotide replacements
and one extra base pair in the 3’ untranslated region of
pEC320. These differences may be transcriptional errors
arising during construction of the cDNAs or natural variant
L-CAM sequences present in the population.

As expected, the structural genes for L-CAM and N-CAM
are radically different. The chicken N-CAM gene extends
over more than 50 kb (26) and includes sites for alternative
RNA splicing (2). The L-CAM gene extends less than 10 kb.
It includes 16 exons (Fig. 3; Table 1) that range in size from
115 to more than 1000 bp and encode 23-81 amino acids. All
15 introns have consensus splice sequences (Table 1; ref. 42).
The introns range in size from 65 bp to approximately 3.5 kb,
but 14 have fewer than 210 bp. Fragment A of AcL1 (Kpn I-
EcoRI), which includes most of the 3.5-kb intron, did not
hybridize with any chicken liver or brain poly(A)* RNA
species (data not shown), and no consensus junction se-
quences were detected within the introns sequenced. These
results and the detection of a single-size¢ mRNA in all
L-CAM-expressing tissues by all L-CAM cDNA probes
suggest that all exons are included in our cDNA sequences
and that additional L-CAM mRNA sequences will not be
found.

In initial studies (25), pEC301 reacted with multiple frag-
ments in genomic blots, suggesting that there might be more
than one L-CAM gene. The genomic map indicates that this
probe spans portions of three exons, and additional studies
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Table 1. Sequences around the exon/intron junctions of L-CAM

Proc. Natl. Acad. Sci. USA 85 (1988)

Exon no. Acceptor Exon Donor Exon size, bp  Intron size, bp
-160 -138
...Met Gly Arg... Leu Gin
1 ...ATG GGC CGG... CTC CAG gtgcggggctge >119 (23)
137 -100 a 75
Val Cys Gly ... Gly Arg
2 tctctcgggeag GTG TGC GGC... GGA CGA gtaggacccgtg 115 (38)
T % 23 - =~3500
Val  Ser Phe... Leu Gin
3 ccctgeecgeag TG AGC TTT... CTG CAG gtgaagtcccca 230 (77)
) Px) - 111
Asp Thr Thr... Val  Gin
4 ctgttcctgeag GAC ACG ACA.. GTG CAG gtacggggetga 135 (45)
- 24 75 - 105
Ile Lys Ser... Tyr  Thr
5 gcatcgecccag ATC AAA TCC... TAC ACC gtgagtggggec 156 (52)
- % 123 a 65
Leu Leu Ser ... Lys Pro
6 tgceecccgeag CTC TTA TCC... AAG CCA gtgcgggextgg 145 (48)
T 1 182 - 105
Gly Thr Ser... Arg Glu
7 cgetctgeecag GC ACC TCC... CGG GAG gtgggcegetcte 176 (59)
- 183 25 a 110
Thr  Thr Pro... Thr Met
8 ctcatcctgcag ACX ACT CCC... ACC ATG gtatgtgttcce 129 (43)
- 26 287 - 99
Tyr Glu Gly ... Ala Lys
9 ccctetetgeag TAC GAA GGT... GCC AAG gtgggtcatgtc 186 (62)
- 288 368 a 89
Gly Leu Asp ... Lys lle
10 cccaccctgeag GGC CTG GAT... AAG ATC AC gtgagtggeggec 245 (81)
T 39 416 - 77
Thr Tyr Arg ... Asp Asn
11 ccctecgeccag G TAC CGC... GAC AAT gtgaggctgtge 143 (48)
Y 91 . 80
Gly Ile Pro ... Gly Gin
12 ctggcttigtag GG ATA CCG... GGC CAA gtaggtgetgtg 225 (75)
- ") 565 - 203
Asp Glu Leu... Leu Leu
13 cccttccacaag AT GAG CTG... CTG CTG gtgagtacggtg 222 (74)
- 566 609 - 77
Ile Leu Leu... Asp Gin
14 cctetgetgeag TC CTG CTG... GAC CAG gtgggagegeeg 131 (44)
- 610 657 - 207
Asp Tyr Asp... Asp Glu
15 atccccacgeag GAC TAC GAC... GAC GAG gtgagceccaac 144 (48)
T 68 - 11
Asn Leu Lys
16 cceecceccccag AAC CTG AAG ..TCAAAAGAATAAATTGT- >1000 (69)
- AAGAAAACCAGCAGCCCTG
T

Exon sequences are in uppercase letters and introns in lowercase letters. Exon and intron sizes are given in base pairs (bp) and the number
of amino acids encoded by each exon is in parentheses. The consensus sequences AG and GT are underlined as is the polyadenylylation signal.

The arrow in exon 16 indicates the site of poly(A) addition.

indicate that some of the fragments detected previously
resulted from partial digestion. Repeated probings of digests
of the same DNA used in those experiments and of commer-
cially available chicken genomic DNA yielded the patterns
expected from our analyses of L-CAM genomic clones with
no additional fragments (Fig. 4), indicating that there is only
one L-CAM gene in chicken.

Although the probes used here do not cross-react at high
stringency with other genes, we occasionally detected clones
at lower hybridization stringency that may correspond to
genes for other calcium-dependent CAMs. Our results are
similar to those obtained in mouse (43), where a single
L-CAM (uvomorulin) gene was mapped to chromosome 8

and a cDNA probe used in the in situ hybridization experi-
ments had weak cross-reactivity with chromosome 10.

In accord with recent analyses of the genes for other
proteins (44), the known structural elements of chicken
L-CAM are not specified by single exons (Fig. 5). The signal
and precursor sequences, membrane-spanning region and the
three internal repeats of similar amino acid sequences (3) are
each specified by at least two exons. Moreover, the
intron/exon boundaries do not apparently coincide with the
borders of any of these structural elements.

The expression of similar calcium-dependent adhesion
molecules in disparate tissues, often at times correlated with
inductive events (4, 8, 19, 23), and the dramatic results of
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Fi1G. 5. Schematic representation of the L-CAM protein, show-
ing the locations of exon boundaries superimposed on known
features of the polypeptide. Junctions are indicated by vertical lines,
and the exons are numbered. Cleavage to generate the mature
L-CAM polypeptide occurs at the site marked with the arrow. The
presumptive signal peptide (black box), the precursor polypeptide
(hatched box), the repeating units of sequence similarity (cross-
hatched boxes), and the transmembrane segment (stippled area) are
all encoded by multiple exons. Exon 2 encodes three amino acids of

the signal peptide.

antibody perturbation experiments (5, 13, 18, 45) suggest that
the calcium-dependent CAMs have essential but distinct
functions in forming different epithelia. This analysis of the
structural gene for L-CAM lays the groundwork for studies
of the genetic regulatory elements required for the temporal
and tissue-specific transcriptional regulation of L-CAM
expression during embryogenesis.
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