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Summary

GPI anchorage in the CEA family results in the acquisition TM exon of present-day human CEACAM1 are required
of radically different functions relative to TM anchorage, to give efficient GPl anchorage and the biological
including inhibition of differentiation and anoikis, specificity of CEA GPI anchors, i.e., to give the
disruption of tissue architecture and promotion of differentiation-blocking function of GPIl-anchored CEA.
tumorigenicity. CEA GPI anchors, as determined by the Such a change in anchorage could therefore represent a
carboxy-terminal exon of CEA, demonstrate biological  relatively facile means for producing radical change in
specificityin their ability to confer these functional changes  molecular function of Ig superfamily members during
CEA family GPI anchorage appears to have evolved twice evolution.

independently during the primate radiation, in a manner

suggestive of evolution from more primitive TM-anchored

CEACAML1. We show here that very few mutations in the Key words: CEACAM1, CEA, Evolution, GPI, Ig superfamily

Introduction that become detached from their basement membranes)
The human carcinoembryonic antigen (CEA) gene family ofOrdofiez et al., 2000), and to disrupt epithelial cell polarity
cell surface glycoproteins, a subset of the immunoglobulir@nd tissue architecture (llantzis et al., 2002), thus increasing
gene superfamily (Paxton et al., 1987), consists of 29 closefymorigenicity (llantzis et al., 2002; Screaton et al., 1997).
related gene and gene-like sequences clustered on the Idfigthe case of clinical cancer, purified tumor colonocytes
arm of chromosome 19 (Hammarstrom et al., 1998). Theiffom patients with colorectal carcinomas of intermediate
extracellular domains comprise an amino-terminal V-like Igdifferentiation status were shown to express cell surface levels
domain, followed by 0 to 6 I-like Ig domains. Their membraneof CEA and CEACAMS that were inversely correlated with
anchorage is of two types: glycophosphatidyl inositolthe degree of differentiation, as assessed by the attending
(GPI) (CEA, CEACAMG6, CEACAM7, CEACAMS8) and pathologist (llantzis et al., 1997).
transmembrane (TM) (CEACAM1, CEACAM3, CEACAM4),  The structural requirements for these tumorigenic effects
thus dividing the family into two subgroups (Hammarstréom ewvere shown to be self-binding external domains linked to the
al., 1998). Members of both subgroups function in vitro, at5PI anchor determined by the carboxy terminal exon of CEA
least, as intercellular homophilic and heterophilic adhesiofor CEACAM6) (Screaton et al., 2000), which is removed
molecules (for review, see Stanners and Fuks, 1998). The twdhen the GPI anchor is attached. Thus the radical differences
subgroups can show opposite functional properties, howeven function between CEA and CEACAM1 could be switched
especially regarding their roles in cancer. GPI-linked membeigy switching their membrane anchors. Importantly, the CEA
CEA and CEACAM®6 are up-regulated in about 50% of allanchor was also demonstrated to possess biological specificity
human cancers (Chevinsky, 1991; llantzis et al., 1997; Jothy &t that, whereas NCAM-125, a GPI-anchored isoform of
al., 1993), whereas TM-linked CEACAML is usually down- NCAM, actually stimulated myogenic differentiation (Dickson
regulated (Neumaier et al., 1993; Nollau et al., 1997). In facgt al., 1990), a construct consisting of the NCAM external
CEA has been suggested to function as a type of oncogeflemain linked to the carboxy-terminal exon of CEA blocked
(Screaton et al., 1997) whereas rodent and human CEACAMDyogenic differentiation completely (Screaton et al., 2000).
have properties suggesting that they function as tumor This has focussed attention on the GPI anchor of CEA
suppressors (Hsieh et al., 1995; Kunath et al., 1995). as the chief determinant of cancer-related cellular function.
Consistent with the above, CEA and CEACAMG6 (but notRodents do not possess GPIl-anchored CEA family members
CEACAM1) have been shown to block differentiation of manyand several lines of evidence supports the view that they arose
cell types (Eidelman et al., 1993); (L. DeMarte, B. Malette andluring the primate radiation from a primordial ancestral TM-
C. P. S., unpublished), to inhibit anoikis (the tissue architecturanchored CEACAM1-like member (Hammarstrom et al., 1998;
quality control mechanism that destroys, by apoptosis, celBimmermann, 1998). In fact, it appears that CEA family GPI
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Table 1. Methods of site-directed mutagenesis of CEACAM1-4L

Mutation in
Construct CC1-4L protein Primers used for mutagenesis
cci-tf A445/stop Sense: 5 'TGGAATCTCCATCCG*TTGGTTCTTCAA3
Antisense: 5 'CTTGCCCTG**CCGGTCTTCCCGAAATGCAGAAAACATGCCAGEHGTRACAGAGCAACCS3
CC1-tSG L419P420/SG Sense: 5 'CTATAATGCTCAGARACAAGAAAATG3
Antisense ¥ BTTTACGTTCAGCATGATGGGG3
CC1-tS L419/S Sense: 5 'CTATAATGCTICACCACAAGAAAATG3
CC1-tG P420/G Sense: 5 'CTATAATGCTCTBARCAAGAAAATG3
CCI1-tA L419/A Sense: 5 'CTATAATGCEACCACAAGAAAATG3
CC1tGT P4201430/GT Sense: 5 'CTATAATGCTCTBARACAAGAAAATGGCCTCTCACCTGGGCGIIHA 3
CCI1-tAT L4191430/AT Sense: 5 'CTATAATGCEACCACAAGAAAATGGCCTCTCACCTGG®FGCA3

CEACAML1-4L constructs, the sites of their mutations and the oligos that have been used for mutagenesis. The bold, usdsrinedniiEmatched
nucleotides used to introduce mutations in CC1 cDNA. The dash in the antisense primer used for making CC1-t represésdshtheedaderesponding to
CC1-4L cDNA. The asterisks indicates the unique restriction sites in CC1-4L cDNA that have been used to replace a 296thyf fTaetnél by the mutant
PCR fragment to make the CC1-t construct: *Pflm1; **Bsrfl.

fOther constructs have a stop codon at the same position as CC1-t, in addition to the other specified amino acid substitutions.

*This antisense primer was also used for all other inverse PCR based mutagenesis.

anchors arose twice independently during primate evolutiognd 1ug pSV2neo plasmid per dish. In order to avoid complications
thus implying selective advantage, in spite of conferringh interpretation due to clonal differences unrelated to the effects of

tumorigenic properties (F.N., A. D. Yoder, M. Tobi, K. the expressed plasmid, pooled colonies of stable transfectants sorted
Neiswanger and C.P.S., unpublished). by FACS for relatively high levels of expression were used. To this

This study addresses the question of whether a moIecuISPd’ Geneticin (G-418 sulfate, Gibco-BRL)-resistant colonies were

ion f ™ to GPI h . t-dav h ooled and enriched for stable transfectants by culturing without G-
conversion irom 0 ancnorage In present-day NUMag g selection for over 1 month then sorted for high cell surface

CEACAML1 is easily attained and, if so, whether the conversiogyression of CEA family external domains by FACS, using
leads to a GPI anchor that possesses the tumorigenic specifiGifyclonal rabbit antihuman CEA antibody.
of CEA.

FACS analysis

Materials and Methods Transfected cells were analyzed for cell surface expression of proteins

Mutagenesis by cytofluorometric analysis (FACSc¢&rBecton Dickinson, Bedford,

Human CEACAM1-4L cDNA (Beauchemin et al., 1999), cloned in MA) using polyclona_l rabbit anti-CEA antibody as primary antibody;,

pBluescript SK plasmid, was subjected to PCR-based mutagenedi§ Previously described (Zhou et al., 1993a). This antibody cross

using a 62-mer mutant antisense and a 27-mer sense primer (Tabld@jcts extensively with CEACAM1 and also other CEA family

to introduce a deletion and a substitution in order to create a stépembers (Zhou et al., 1993b).

codon at the same position as in the GPI-linked CEA family members.

The 296 bp fragment between the unique Pflm1 (nucleotide 1146) and o . )

Bsrf1 (nucleotide 1442) sites in wild-type CEACAM1-4L cDNA was Phosphatidylinositol-specific phospholipase C (PI-PLC)

replaced with the mutant PCR fragment, generating CC1-t, giving §&atment of intact cells

truncated CC1 protein. Other mutants were made by inverse PCRdherent transfected cells were removed from culture dishes with

based mutagenesis, as described previously (Clackson et al., 199#8nk’s balanced salt solution lacking2Z&1g2* but containing 0.5

with minor modifications, using CC1-t-pBluescript SK as template tanM EDTA (Hank’s/EDTA) for 3 minutes at 3, and rendered as

introduce the appropriate mutations in the TM domain of humarisingle cell suspensions. Duplicate aliquots>af@ cells were washed

CEACAM1-4L cDNA. The oligonucleotides used for mutagenesisin cold PBS and resuspended in 16@f serum-free culture medium

(see Table 1) were used with Pfu DNA polymerase (Stratagendljluted 1:1 with PBS + 0.2% BSA; one aliquot was treated in

instead of Taq polymerase for higher fidelity of polymerization. Thesuspension at 3T, in 95% air + 5% C@ with 0.2 Units PI-PLC

coding sequences of all mutants were verified by dideoxy nucleotidi€om Bacillus cereugBoehringer Mannheim) and the other without

sequencing (Pharmacia Biotech T7 sequeriéirigt). PI-PLC treatment, as a control. After 1 hour of incubation, the cells
were centrifuged and resuspended in 2.5 ml cold PBS and subjected
to FACS analysis as described above.

Cell culture and transfection

Wild-type and mutant cDNAs were inserted into the P91023B ) ) ] ) )

expression vector (courtesy of R. Kaufman, Genetics InstituteDifferential extraction of GPI-linked and TM-linked proteins by

Boston, MA) for expression in LR-73, a CHO-derived cell line Triton X-100

(Pollard and Stanners, 1979), or rat L6 myoblasts (Yaffe, 1968). Thilonolayer cultures of cells were removed from plastic surfaces with

cells were grown as monolayer cultures dAMEM (LR-73) or Hanks/EDTA and 2.810° LR-73 transfectant cells or 1.250° L6

DMEM (L6) containing 10% fetal bovine serum (FBS) as growthtransfectant cells were resuspended in [256f ice cold lysis buffer

medium (GM; Gibco-BRL, Gaithersburg, MD) supplemented withcontaining 20 mM Tris-HCI pH 6.5, 150 mM NaCl, 5 mM EDTA,

100 U/ml penicillin and 10Qug/ml streptomycin (Gibco-BRL) and and 1% Triton X-100 (TX-100), supplemented with a cocktail of

were incubated at 3€ in a humidified atmosphere with 5% €0 protease inhibitors (1 mM phenylmethyl sulfonyl fluoride,dml

Cells were co-transfected by calcium phosphate co-precipitatioleupeptin and 1@ug/ml aprotinin). After mixing, they were incubated

(Benchimol et al., 1989) with 1fag of P91023B containing cDNAs for 10 minutes on ice and centrifuged at 15,@0at 4£C for 20
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a

CEA CATCTGGAACTTCTCCTGGTCTCTCAGCTGGGGCCACTGTCGGCATCATGATTGGAGTGCTGGTTGGGGTTGCTCAGNBCCCTGGTGTAGTTTCTTCATTTCAGGAAGACTG

CEACAI6 .. GG... TC..ooooe T Corns Coirn CCA.. G..... - T... CAT...co.

CEACAB T.CAA... G...... Coen AA..... A A.. CCA.. G.... - G...... A

CEACAI T .CAAC. G.. A.. AC....... A. G... A A.. C.. AG.... -

CEACAL . TCTACCCAAGAAAA C..... Coee T. CT... TG..... AG.. CCCT........... GC. T...... CAGT... G... G...... C. GCAG

CCl-t AT . TG ACC CAAGAAAA C..... Coviee CT.... TG....o.. AG.. CCCT.......... L CAGT... G... G.... C. GCAG

b Fig. 1. Sequence comparison of the carboxy-terminal domain
of CEA gene family members: (a) Nucleotides. Underlined
bases are stop codons, and dashes show a naturally occurring

CEA TVSASGTSPGLSAGANVG M GVLVGVALI* base deletion in comparison with the CEACAM1 gene.

CEACAVI6 MTV..SA V... V... T.. AR.. * (b) Amino acids. Underlined amino acids are the known GPI

CEACAB DALVQ S...... R.. S.... AR... * anchor attachment sites and stars show the position of stop

CEACAIY YE. VQAS.. D.... TA S.... A M. * codons. Bold letters indicate the position of amino acid

CEACAL NYN. LPQEN... P.. | A. V... VAL... AVAL mutations in various constructed, mutant CC1-4L proteins.
The TM domain of mutant GPI-linked CC1-tAT protein and

CCl-t AT NYN. APQEN... P.. TA. V.. VAL... * the positions of its mutations (bold letters) are also shown in

415 b for comparison.

minutes; 250ul 2x SDS PAGE sample buffer (Laemmli, 1970) was percentage of nuclei in single myotube cells with three or more nuclei

added to the supernatant and 5001x SDS sample buffer to the relative to the total number of nuclei. Three independent experiments

pellet. Lysates were boiled for 10 minutes and [#0of each  testing for the ability of various experimental and control transfectants

supernatant and sediment was analyzed by SDS-PAGE for the levéts differentiate were carried out for each of two independent

of CEACAML1 proteins by immunoblotting, as described below. sets of transfectants, with equivalent results. For anti-myosin
immunofluorescent staining, cultures were induced to differentiate in

) multiwell chamber slides (Nuncl8n Nunc, Inc., Naperville, IL).

Endoglycosidase H (Endo H) treatment Immunofluorescent labeling of permeabilized cells was performed as

For glycosidase treatment, LR(CC1-t) transfectant cells were lysed lescribed previously (De Giovanni et al., 1993) using anti-myosin

TX-100 containing lysis buffer, as described above, and botlheavy chain monoclonal 47A antibody (courtesy of P. A. Merrifield,

supernatant and sediment were dissolvedxirEfdo H denaturing  University of Western Ontario. London, ON).

buffer provided by the enzyme supplier (New England Biolabs,

Beverly, MA), then denatured by boiling at 2@0for 10 minutes.

Twenty pg of total protein was treated with 1250 Units Endo H at

37°C for 1 hour then 1Hg total protein of each supernatant and Results

sediment were resolved by SDS-PAGE and immunoblotting, aSequence analysis

described below. Previous structure-function studies on GPI-linked proteins
have indicated that the signal required for GPI anchor
SDS-PAGE and immunoblotting addition (glypiation) resides completely in the C-terminal

Aliquots of supernatant and sediment of TX-100 extracts or Endo HIOmMain, which is cleaved in the process (Englund, 1993).
treated samples, prepared as described above, were analyzed I§)ES€ signals comprise a stop codon at the C-terminal end
electrophoresis on SDS-polyacrylamide (7.5%) gels and transferre@nd, proceeding upstream, a short stretch of hydrophobic
electrophoretically to 0.4am nitrocellulose membranes (Protf¥fn  residues (8-21 amino acids), a hydrophilic/neutral spacer
XYMOTECH Biosystem INC.). Membranes were incubated&@ 4 region (usually 5-12 residues) and, finally, the cleavage/
overnight with rabbit polyclonal antihuman CEA antibody, diluted agttachment site of the protein to the GPI anchor, denoted the
1:3000. After washing for 30 minutes With.buffer contajning 0.1%y site (Chen et al., 2001; Coyne et al., 1993). Brendw+2

Tween 20, membranes were incubated in 1:4000 diluted HRRwgiques are both critical for anchor addition and are usually

conjugated anti-rabbit antibody, and washed and visualized by EC sidues with small side chains=1 residues have also been

gggﬁg; agicttt)srghrlghto;g? manufacturers instructions (Amersham I"f(e)bserved to affect the efficiency of glypiation (Coussen et al.,

2001).
Comparison of the nucleotide and amino acid sequences
Adhesion assay of the C-terminal hydrophobic exons of GPIl with TM-

Adhesion assays were performed on LR-73 transfectants by visuahchored CEA family members (Fig. 1) indicates the
assessment of the percentage of cells remaining as single cells aprasence of a stop codon at the same position in all GPI-
function of time in suspension using a hemocytometer, as previouslinked members, whereas TM-linked CEACAM1-4L [the
described (Benchimol et al., 1989). longest splice variant of human CEACAM1 (Beauchemin et
al., 1999)] has no stop codon at this position and an extended
Myogenic differentiation assay downstream open reading frame of 82 amino acids (TM plus
Cultures of transfectants were seeded 4tals/cn? in 60 mm dishes the cytoplasmic doma'”)- _AS expected, in CEA .there IS a
in GM and incubated at 37°C for 3 days, after which the medium wa3trongly hydrophobic region of about 14 amino acids
changed to DMEM + 2% horse serum (differentiation serum) and thénmediately upstream of the stop codon followed by a 12
incubation continued for a further 7 days. The cultures were staine@mino acid hydrophilic region up to the knowrsite, an A
with Hematoxylin and the extent of differentiation assessed by theesidue (Fig. 1b).
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350 3501 +/— PI-PLC Fig. 2. FACS analysis before and after PI-PLC
|+/- P1-PLC treatment. FACS profiles giving CEA and CC1-
mutant cell surface expression on LR-73
transfectant cells with and without treatment
with PI-PLC to remove GPl-anchored
molecules. Profiles for CEA (positive GPI-
LR (Neo) LR (CC1-4.) linked control), CC1-4L (negative TM-linked
control) and Neo (background control)
transfectants are also shown.

1007101 102 108 104 1000 101 102 103" 104
3301+ PI-PLC 29 4 pr-pLC Immunoblotting of the supernatant fractions
from PI-PLC-treated LR(CC1-t) cells
-PI-PLC confirmed that only the highéd,, TX-100
insoluble species was released by PI-PLC
and therefore GPI-linked and at the cell
surface (Fig. 4a). We conclude that the
lower M, TX-100-soluble band was not
GPI processed and was sequestered inside
the cell. Densitometric analysis of an ECL-
developed western blot showed that about
10% of the total CC1-t protein in the cell is
GPI processed. In parallel experiments with
LR-73 transfectants producing naturally
occurring  GPl-linked CEA family
members, CEA (Fig. 3a), CEACAMG6 (Fig.
3b), or CEACAMS8 (data not shown), the
lower My TX-100-soluble unprocessed band
could not be detected (although some higher
My, fully processed soluble protein was
104 seen). These results show that the
introduction of a CEA-like stop codon in the
CC1-4L TM domain is sufficient to confer

LR (CC1+) LR (CEA)

NUMBER OF CELLS

0
100" 101 102 103 104 100

300 - PI-PLC 25°l+ PI-PLC

LR (CC14SG) LR (CC14AT)

j 0
0100 101 1R 103 104 100

FLUORESCENCE GPI cell membrane linkage, but with low
efficiency.
Sequence changes required to give efficient GPI
anchorage
Mutations giving stop codon Mutations giving increased GPI processing efficiency

The nucleotide sequence differences between CEA anthe precise TM cleavage sit@-6ite) for the CC1-t protein is
CEACAM1 required to produce a stop codon (a one bpmnknown but, on the basis of previous studies on GPI-linked
deletion and a one bp substitution) were introduced at thgroteins (Englund, 1993; Micanovic et al., 1990), the two best
corresponding position in CEACAM1-4L cDNA. The mutated possible candidates are either N417 or A418.¢vh2 residues
cDNA, denoted ‘CC1-t' for ‘truncated’, was expressed at avould then be L419 or P420, respectively. However, both of
relatively low level on the cell surface of stable transfectantthe latter residues have been found to be weak as GPI
of LR-73 cells (Fig. 2). The GPIl-anchorage of the cell surfac@rocessing signalsw+2 residues are normally A, G or S
CC1-t was demonstrated by sensitivity to PI-PLC: FACSGerber et al., 1992; Kodukula et al., 1993). We therefore
profiles of PI-PLC-treated cell populations showed a reductiosubstituted the two candidate+2 residues in CC1-t protein
of cell surface levels of both CC1-t and CEA but no reductiotior the residues in CEA at these positions (S419 and G420).
of TM-anchored CEACAM1-4L (Fig. 2). PI-PLC treatment of stable transfectants of this mutant,
The GPI linkage of the CC1-t protein was also verified by alenoted LR(CC1-tSG), showed that the protein reaching the
cold Triton X-100 solubilization assay, in which GPI-anchoredcell surface was GPI-linked (Fig. 2). The efficiency of GPI-
proteins are insoluble. Immunoblot analysis of cold TX-10Qprocessing of the mutant CC1-tSG protein by the Triton X-100
extracts of CEA, CEACAM1-4L and CCI1-t transfectantssolubility assay gave 77% insolubility at the higher(Table
indicated the presence of mainly insoluble (pellet fraction®), suggesting a much improved processing efficiency.
CEA, both insoluble and soluble (supernatant fraction) CC1-t To determine which of the two above substitutions in
protein and only soluble CEACAM1-4L protein (Fig. 3a). TheCC1-t potein was effective for higher GPIl-processing,
soluble CC1-t protein, however, was represented as a maj@C1-tS and CC1-tG with single L419S, and P420G
lower My band. The reduced; was presumably due to substitutions, respectively, were constructed. GPI linkage of
incomplete glycosylation during intracellular processing, sincéhe two mutant proteins was shown by PI-PLC treatment of
it was Endo-H sensitive (Fig. 4b), a test for proteins thastable transfectants of LR-73 cells, as before (data not shown).
fail to pass through the Golgi (Dunphy et al.,, 1985).The cold TX-100 solubility assay indicated 80% insoluble
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Table 2. GPI-processing efficiency of CC1-4L mutants all other TM-anchored CEA family members that, in CC1-t,
tends to shorten the hydrophilic region required for efficient

Cell line

— processing (Furukawa et al., 1997). To investigate the role of
Construct LR73 L6 this residue, an inefficiently processed CEACAM1 mutant with
ggﬁ% 787‘{;0 18?/3“ the same residues at theand w+2 sites as CEA, i.e., CC1-
CO1-S 80% 77% tG, was used. CC1-tGT, with 1le430 replaced by Thr, was
CC14G 5% ND therefore constructed from CC1-tG. The immunoblot of TX-
CC1-tA 80% 78% 100 extracts of LR(CC1-tGT) showed a marked improvement
CCIAGT 56% ND of GPI-processing relative to the CC1-tG protein (56% of CC1-
CCI-tAT 100% ND

tGT protein versus 5% of CC1-tG) (Fig. 3c and Table 2). These

GPI-processing efficiency of CC1-4L mutants transfected into the Chinese'€SUlts  indicate that the evolutionarily conserved Thr430
hamster cell line LR-73 and rat L6 myoblasts, measured by scanning ECL- residue in fact has an important role in GPI-processing of CEA
developed immunoblots. family members.

ND, not determined. Finally, mutant CC1-tAT, with both advantageous mutations,
L419A and 1430T, was constructed and tested for processing
efficiency. This mutant protein was well expressed on the

CC1-tS but only 5% insoluble CC1-tG (Fig. 3b and Table 2)surface of LR-73 cells and sensitive to PI-PLC (Fig. 2). The
Since mutating L419 to S but not P420 to G could markedlgPI-processing efficiency for CC1-tAT was essentially 100%,
improve GPI processing, we conclude that N417 and not A418ince there was no detectable lowércold TX-100-soluble

is most likely thew site for GPI addition in CC1-t. band (Fig. 3d and Table 2).

In spite of the quite dramatic improvement in processing The above results were confirmed in a second cell line, rat
activity in CC1-tS over CC1-t, the efficiency does not match.6 myoblasts, in which CEA family proteins are produced
the 100% efficiency of naturally occurring GPI-linked from expressed transfected constructs at consistently Myer
members of the CEA family. Changing the Ser residue in thdata not shown) because of lower levels of glycosylation.
w+2 position of CC1-tS to Ala, a more favorable residue irStable transfectants of L6 cells expressing the mutant
other GPI-linked proteins (Kodukula et al., 1993; Moran andonstructs were tested for GPI anchorage and processing
Caras, 1994), to produce CC1-tA, however, failed to furtheactivity as above. The results showed PI-PLC sensitivity of cell
improve the efficiency (Fig. 3d and Table 2). surface protein (data not shown) and efficiency of GPI anchor

There is a conserved Thr in GPl-anchored CEAaddition very similar to that seen in the CHO-derived LR-73
CEACAM6, CEACAMS and in virtually all primate GPI- transfectants (Table 2).
producing C-terminal hydrophobic exons (F.N., A. D. Yoder, We conclude that CEACAM1-4L can be converted into an
M. Tobi, K. Neiswanger and C.P.S., unpublished) at a positioefficiently processed GPI-linked protein by relatively few
corresponding to 1le430 in both CEACAM1-4L (Fig. 1) and in mutations in its TM domain: the introduction of a stop codon,
a mutation at thes+2 site and a mutation extending

a c the length of the hydrophilic spacer region suffice.
Muker  (CEA) (COM) (COML)_(Neo Marer cCiaGT) Minimally mutated CEACAML1 has radically
KD Sed Sup Sed Sup Sed Sup Sed Sup KD Sed Sup changed function
-— Intercellular adhesion function
e — .. L :f_ G In order to test whether the mode of membrane
974 — o ; = linkage of CEACAM1-4L changes its function as an
. : intercellular adhesion molecule (Rojas et al., 1990),
66 — LR(CEACAM1-4L) and LR(CC1-tAT) transfectant
cells were subjected to an aggregation assay in
b d suspension (Benchimol et al., 1989). The results,
shown in Fig. 5, indicate that CC1-tAT functions well
LR LR LR LR LR LR as a homophilic intercellular adhesion molecule.
Marker  (CEACAMSG) (CC1-tS) (CCI1-tG) (CCI1-4L) Marker (CCI-tAT) (CC1-tA)
KD Sed Sup Sed Sup Sed Sup Sed Sup KD Sed Sup Sed Sup
: Differentiation blocking function
e — —- o ; GPIl-anchored CEA and CEACAMG6 inhibit the
— . 80 — YL . .. .
974 — .- - differentiation of many different cell types, whereas
. S TM-anchored @ CEACAM1 does not (see

Introduction). The molecular requirements for this
tumorigenic function are self-binding external

Fig. 3. GPI-processing evaluation of various CC1-4L mutants by cold nonionicdomalns attached to CEA-type GPI anchors

detergent solubility assay. Immunoblot analysis of cold Triton X-100 extracts dScreaton et al., 2000). To test whether the minimal
LR-73 transfectant cells. Neo transfectants and naturally occurring CEA familynutations that conferred efficient GPI anchorage on
members, CEA, CEACAM6 (GPI-linked), and CC1-4L (TM-linked) were used CEACAML1 also radically changed CEACAM1 from
as controls. a-d represent results for four separate immunoblots. a differentiation neutral or stimulatory molecule
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a b 100
LR LR
(CCl1-1) (CCI-1)
Marker PI-PLC  TX-100 Marker Sed Sup Sup Sed
KD + — Sed Sup KD +Endo H 80 7
116 — —
116 — - 97.4 — - o
97.4 — 8 60
G — e— — - 66 — O
— - - --. 2
n
1 2 3 4 1 2 3 4 8 407

Fig. 4. Nature of proteins in inefficiently GPI-processed CC1 mutant,
CC1-t. (a) Immunoblot of the supernatant of LR(CC1-t) transfectants
with and without PI-PLC treatment. PI-PLC treatment released only
one band (lane 1), which corresponds to the TX-100-insoluble,
higherM; band (lane 3). Two other lol, bands, which could be

20 A

seen in both PI-PLC-treated and untreated cells (lane 1 and 2) but not 0 : :
in TX-100 extracts (lane 3 and 4), are presumably the result of other 0 50 100 150
cross-reacting components in the reaction medium (see Materials and Time (min)

Methods). (b) Immunoblot of both TX-100-soluble and -insoluble

fractions with (lanes 3 and 4) and without (lanes 1 and 2) treatment rig. 5. Homotypic intercellular adhesion mediated by mutant GPI-

with Endo H. Only the major loweMr, TX-100-soluble band (lane  gnchored CEACAML1 protein. CC1-tAT transfectants of LR-73 cells

3) was sensitive to Endo H digestion. were subjected to the homotypic adhesion assay in suspension. The
percentage of single cells was measured as a function of time in

. .suspension. Neo (vector alone) and CC1-4L transfectant cells were
(Rojas et al., 1996) to a molecule that blocked Myogeniyeeq as negative and positive controls, respectively. The mean

differentiation, CC1-tAT was expressed in rat L6 myObIQSt%xpression levels of CC1-4L and CC1-tAT by FACS analysis were
and the transfectants tested for their ability to fuse int®gp and 98 fluorescence units, respectively.

myotubes. Unlike L6(CC1-4L) transfectants (which were
about 90% fused) and like L6(CEA) transfectants, L6(CC1-
tAT) transfectants were completely unable to fuse andnighly glycosylated, constituting up to 50% of their molecular
differentiate into myotubes (Fig. 6). The complete block inmass; failure to cleave the hydrophobic C terminus and attach
myogenic differentiation by CC1-tAT at the level of cell fusiona GPI anchor results in retention in the ER and incomplete
was confirmed at the biochemical level by the completglycosylation, giving a faster gel mobility, detectable by
absence of staining with anti-myosin antibody (Fig. 7). immunoblotting.
The GPI-processing efficiency was therefore assessed by the

) ) presence of cold detergent-soluble bands of lower than normal
Discussion molecular mass. The justification for this assumption derives
In this work we have investigated the molecular genetiérom both precedent and experiment. Thus, uncleaved GPI
requirements for GPIl-anchorage of CEA family members iranchoring signals have been reported to function as intracellular
the context of evolution. Since only TM-anchored CEACAML1-retention signals for GPIl-unprocessed proteins (Moran and
like genes have been discovered in rodents, we and others h&@a&ras, 1992), resulting in retention within the ER and rapid
suggested a recent evolution of GPIl-anchored CEA familgegradation (Oda et al., 1996). In the case of CEACAM1
members from a primordial TM-anchored gene (Hammarstrémrmutant constructs that were inefficiently GPI-processed, the
et al.,, 1998; Stanners et al., 1995; Stanners et al., 199igh M TX-100-insoluble band was shown to be the mature,
Zimmermann, 1998). In view of the rather dramatic changeproperly localized GPI-linked protein, as expected. In the TX-
in function implicated by the acquisition of the GPI anchor (sed00-soluble fraction, two bands were obtained, one of normal
Introduction), we decided to examine the ease of derivation &fize, the other of lowéV;. A normal size soluble band was seen
GPI linkage from the TM domain of present-day humarfor all GPl-anchored CEA family members and may reflect a
CEACAM1. We show here that very few mutations areproportion of molecules that are membrane localized but not
required to convert CEACAML into an efficiently processedsituated in membrane rafts. The lowdr soluble band was
GPI-linked molecule: the introduction of a stop codon and twshown to be selectively sensitive to endoglycosidase H (Endo
upstream substitutions in the TM domain of CEACAM1H), an enzyme that cleaves the high-mannose oligosaccharides
suffice. added in the ER that have not been processed3-by

Two properties of mutant CEACAML1 proteins were used taacetylglucosamine transferase | amamannosidase Il in the
develop a quantitative assay for GPI processing efficiencynedial Golgi cisternae (Dunphy et al., 1985). Since no
Owing to the linkage of GPI-linked proteins to saturated acylinprocessed CEACAM1 mutant protein was found in the
chains, these proteins associate with sphingolipids anektracellular medium, indicative of an extracellular pool of
cholesterol in membrane rafts and become insoluble improperly processed protein, the level of the W X-100-
detergent TX-100-containing solutions at low temperaturegisoluble band relative to the total level, as seen on the
(Brown and London, 1997). Also, CEA family members aremmunoblots, was used as a measure of the GPI-processing
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Fig. 6. Effect of mutant GPI-
anchored CEACAML1 protein on
morphological myogenic
differentiation. Photomicrographs

CEACAMI of Hematoxylin-stained cultures of

various L6 transfectants incubated
in differentiation medium for 7
days. Magnification, 400 FACS
profiles show the relative cell
surface expression level of CEA

vl %] 4 . .
e a3 proteins in the cell cultures tested.

efficiency. The rate  of
degradation of the intracellular
lower M incompletely
glycosylated soluble material
was not assessed, however, so
that our measures of the
CI-tAT percentage of GPIl-processed
protein based on steady state
levels are likely to represent
overestimates of the true
TV [ (1 processing efficiencies.

Fluorescence Intensity The introduction of a stop

codon in CEACAM1 at the

CEA stop codon position alone
could confer GPI-linkage, although inefficiently
(~10% processing efficiency). This indicates that a
latent GPl-anchoring signal must exist in the
CEACAM1-4L TM domain that becomes functional
upon removal of the cytoplasmic tail, as has been
seen in other systems (Bell et al., 1994). Two other
substitutions, one, L419A, ‘improving’ thet2 site,
the other, 1430T, extending the length of the
hydrophilic spacer immediately downstream of the
w+2 site, were all that was required to increase the
processing efficiency of this mutant construct to
100%, i.e., that of all naturally occurring GPI-
anchored CEA family members. The dramatic
improvement in GPI processing efficiency observed
for the 1430T mutation, a single amino acid
substitution in the hydrophilic spacer region, could
not have been predicted from current knowledge. It
is of interest, therefore, that this very substitution
was observed as part odth packages of mutations
giving GPI anchorage that arose independently
during the primate radiation (F.N., A. D. Yoder, M.
Tobi, K. Neiswanger and C.P.S., unpublished).

The change of mode of cell anchorage from TM

to GPI in the minimally mutated CEACAM1, CC1-

Fig. 7. Effect of mutant GPl-anchored CEACAM1

protein on biochemical myogenic differentiation. Left
column: phase contrast light photomicrographs; right
column: corresponding anti-myosin antibody plus FITC-
conjugated, anti-mouse IgG-stained fluorescent
photomicrographs of cultures of various transfectant cells
incubated for 4 days in differentiation medium.
Cytoplasmic staining of multinucleated myotubes can be
seen for L6(Neo) and L6(CC1-4L), indicating myosin
synthesis and myogenic differentiation. Magnification,
600x.
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