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CEACAM1 is an intercellular adhesion glycoprotein. As CEACAM1 plays an important role in epithelial cell
signaling and functions, we have examined its localization in epithelial cells. We have observed that distribu-
tion at cell contacts is not always seen in these cells, suggesting that CEACAM1 localization might be regulated.
In Swiss 3T3 cells, the targeting of CEACAMI1 at cell-cell boundaries is regulated by the Rho GTPases. In the
present study, we have used the MDCK epithelial cells to characterize the effects of the Rho GTPases and their
effectors on CEACAM1 intercellular targeting. Activated Cdc42 and Racl or their downstream effector PAK1
targeted CEACAMLI to sites of cell-cell contacts. On the other hand, neither activated RhoA nor activated Rho
kinase directed CEACAML to cell boundaries, resulting in a condensed distribution of CEACAMI1 at the cell
surface. Interestingly, inhibition of this pathway resulted in CEACAMI1 intercellular localization suggesting
that a tightly regulated balance of Rho GTPase activities is necessary to target CEACAMI1 at cell-cell
boundaries. In addition, using CEACAM1 mutants and chimeric fusion constructs containing domains of the
colony-stimulating factor receptor, we have shown that the transmembrane domain of CEACAM1 is respon-

sible for the Cdc42-induced targeting at cell-cell contacts.

In epithelial tissues, cell compendiums are held together by
a number of protein complexes such as occludin and the ZO
proteins in tight junctions, the cadherins in adherens junctions,
and the desmogleins and desmocollins in desmosomes. In ad-
dition, integrins are linked to the extracellular matrix and form
dynamic adhesion complexes with cellular kinases, phospha-
tases, and adaptor proteins. However, under different condi-
tions, such as organogenesis, shear force, stress, wounding, or
epithelial-mesenchymal transitions, epithelial cells change
their morphology, dissociate from one another, and undergo
cell migration. Therefore, the adhesion complexes are not
static and can be subjected to dynamic changes.

Members of the Rho-like GTPase family of small GTP-
binding proteins, including Cdc42, Racl, and RhoA, actively
participate in tissue remodeling by regulating the organization
of the actin cytoskeleton (for a recent review, see reference
16). The Rho-like GTPases cycle between GDP- and GTP-
bound forms, and their activities are modulated by a number of
binding proteins. Changes in cytoskeletal structures were ini-
tially noticed in Swiss 3T3 fibroblasts, where the activation of
RhoA leads to the development of stress fibers and focal ad-
hesion complexes (57). Activation of Racl induces the poly-
merization of actin at the cell membrane, giving rise to lamel-
lipodia and membrane ruffles (56), whereas activation of
Cdc42 initiates fine peripheral cell extensions such as filopodia
and microspikes (33, 48). These GTPases act in conjunction

* Corresponding author. Mailing address: McGill Cancer Centre,
McGill University, 3655 Promenade Sir-William-Osler, Room 711,
Montreal, Quebec H3G 1Y6, Canada. Phone: (514) 398-3541. Fax:
(514) 398-6769. E-mail: nicole.beauchemin@mcgill.ca.

7291

with each other, signaling by cross talk. They play a major role
in epithelial morphogenic processes (for a review, see refer-
ence 72), such as the regulation of adherens and tight junction
formation. It has been proposed, for instance, that Racl may
mediate the reorganization of the actin cytoskeleton necessary
to stabilize cadherin receptors at cell-cell contact sites. Inter-
estingly, these effects depend on the cell type considered and
Racl can display opposite effects in keratinocytes (6) and
MDCK cells (23, 62).

Rho GTPases have a number of downstream effector pro-
teins (for a review, see reference 3). p2l-associated kinase
(PAK) and Rho-associated kinase (ROK) are two such effec-
tors that respond to activation of either Cdc42 and Racl or
RhoA, respectively. PAK, a Ser/Thr kinase protein, plays a
pivotal role in actin cytoskeleton dynamics and cell adhesion
(41). The Rho-specific pathways depend on the activity of a
number of effectors, including ROK, such as pl64ROKa and
p1l60ROKR, or ROCK (27, 38, 43) as well as Dial and Dia2
(75).

CEACAML1, formerly known as biliary glycoprotein, CD66a,
or C-CAM, is a homophilic intercellular adhesion molecule of
the immunoglobulin (Ig) superfamily (2). Its cell-adhesive
properties are mediated by its first variable-like Ig domain (28,
76). The CEACAMI1 primary transcript is subjected to alter-
native splicing, producing four different evolutionarily con-
served isoforms with either two or four extracellular Ig do-
mains and either a short 10-amino-acid (CEACAMI-S) or a
long 73-amino-acid (CEACAMI-L) intracytoplasmic domain.
In addition to its intercellular adhesion properties, CEACAM1
functions as a signal regulatory molecule (50) and negatively
controls epithelial tumor cell growth (24, 35) as well as T-cell
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(5, 29, 46, 47) and B-cell (8) proliferation and functions.
CEACAM1 also regulates early maturation and activation of
dendritic cells (30). In the liver, Tyr- and Ser-phosphorylated
CEACAM1 is associated with insulin receptor endocytosis and
degradation. Transgenic mice overexpressing a dominant-neg-
ative CEACAM1 mutant in the liver develop hyperinsulinemia
from defective insulin clearance (54). Furthermore, CEACAM1
is an angiogenic factor and an effector of vascular endothelial
growth factor in endothelia (15). In addition to its role in cell
physiology, CEACAMI has also been subverted by a number
of pathogens. In mice, CEACAMI is the receptor for mouse
hepatitis virus (4), whereas in humans, it binds to pathogenic
Neisseria (21, 74), Haemophilus influenzae (73), Escherichia
coli, and Salmonella (39). All of these functions require the
expression of CEACAMI at the cell surface.

It has been previously shown that, in Swiss 3T3 fibroblasts,
CEACAM1 cell-cell contact localization is dependent upon
activation of Rho-like GTPases (60). Recently, Schumann et
al. have shown that CEACAMI-S binds directly to F-actin,
whereas both CEACAML1 isoforms associate directly with G-
actin and tropomyosin (64).

As CEACAMI plays an important role in epithelial cell
signaling and functions, we first questioned its localization at
the surface of two different epithelial models and have exam-
ined the Rho GTPase-mediated mechanisms modulating its
localization at cell contacts of MDCK cells. In addition, we
have studied the contribution of the different CEACAMI1 do-
mains mediating cell contact localization triggered by activated
Cdc42. We conclude that CEACAMI1 epithelial cell contact
localization responds to a balance in the activity of Cdc42/Racl
and RhoA via a process involving the CEACAM1 transmem-
brane domain.

MATERIALS AND METHODS

Cell culture and microinjection. Primary rat hepatocytes were prepared as
previously described (32). Cells were incubated for 24 h in Dulbecco’s modified
Eagle-F12 medium (DMEM) containing 10% fetal bovine serum (FBS) (Invitro-
gen, Burlington, Ontario, Canada) containing 10 mM HEPES (pH 8.0), 20 mM
NaHCO;, 500 U of penicillin/ml, and 500 wg of streptomycin/ml. Cells were
plated on collagen matrix (Vitrogen-100)-coated microscope slides at 50 to 80%
confluence. Mouse rectal carcinoma cells (CMT-93) (ATCC CCL 223) and
Madin-Darby canine kidney (MDCK) epithelial cells were grown in DMEM
containing 50 U of penicillin/ml and 50 g of streptomycin/ml. The culture
medium was supplemented with 10% FBS. For microinjections, 5 X 10* to 20 X
10* cells were seeded on glass coverslips and grown for either 48 or 24 h,
respectively. Plasmid DNA (30 or 60 pg/ml, diluted in phosphate-buffered saline
[PBS]) was microinjected (Eppendorf microinjection system) into the nucleus of
100 cells maintained in culture medium with FBS. The cells were incubated for
2 h for protein expression, except those expressing the L107FPAKI1 mutant,
which were incubated for 1 h only, due to its toxic effects. They were then fixed
and subjected to immunofluorescence. The Rho-kinase inhibitor Y27632 (Yo-
shitomi Pharmaceutical Industries) (10 nM) was added directly to the medium
30 min prior to fixation.

cDNA constructs used. The Ceacaml cDNA constructs were cloned into the
pRKS vector. The CEACAMI-S and S449, S452A, S449,452A, or Acyto
CEACAM1-S membrane-proximal mutants were prepared by using a previously
described overlap PCR method with specific mutating oligonucleotides (25) and
cloned into the pRKS vector. For S449,452A mutations, the sense oligo used was
5'-CTCTATGCCAGGAAGGCTGGCGG and the antisense oligo was 5'-CCG
CCAGCCTTCCTGGCATAGAG (nucleotides in bold correspond to the muta-
tions). The S452A mutation was introduced by using the sense oligo 5'-TCCA
GGAAGGCTGGCGG and the antisense oligo 5'-CCGCCAGCCTTCCTGGA.
Deletion of the CEACAMI cytoplasmic domain was performed by inserting a
stop codon at S449 with the sense oligo 5'-TATTCCCTCTATTGAAGGAA
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GTCT and the antisense oligo 5'-AGACTTCCTTCAATAGAGGAAATA. All
new mutants created were subjected to DNA dideoxy sequencing prior to use.

Chimeric proteins expressing the five extracellular Ig-like domains of the
colony-stimulating factor receptor (CSFR) (10) fused to the transmembrane and
cytoplasmic domains of CEACAMI-S or -L were generated. The wild-type CSFR
c¢DNA was a kind gift of Martine Roussel (St. Jude Children’s Research Hospi-
tal, Memphis, Tenn.) and was retrieved as a BamHI insert for cloning into the
PRKS vector. The chimeras were assembled from overlapping PCR fragments.
These included a 479-bp CSFR fragment from a HindIII site at nucleotide (nt)
1348 (5'-GAGCCCAAGCTTGCTAA) and sequences upstream of the encoded
transmembrane domain at nt 1827 with the reverse oligo 5'-GGGATCCGTGT
GGAGGCCTGC containing an engineered Stul site. This fragment was joined
to the CEACAMI fragments encompassing the transmembrane and cytoplasmic
domains of either CEACAMI-S or -L that were amplified by PCR. The sense
oligo was 5'-ACACAAAGGAGGCCTCTCAGAT and contained an endoge-
nous Stul site. The reverse oligo was from the 3’ untranslated region of the
Ceacaml cDNAs (5'-CATCACTGGTGCAGCC). The overlapping fragments of
the chimeras were connected to the 5" end of the CSFR cDNA at its endogenous
HindIII site. The chimeras were cloned into the pRKS vector for cell expression.
These constructs have been named CBB-S and CBB-L for CSFR (extra)-B (Bgp
TM)-B (Bgp intra) (see Fig. 5 for a graphic description). All cDNAs generated
by PCR amplification were subjected to DNA sequencing prior to use.

The CBC chimera consists of the extracytoplasmic domain of the CSFR, the
transmembrane domain of CEACAMI, and the cytoplasmic domain of the
CSFR (see Fig. 5). This construct was created by overlap PCR of three DNA
products. The first PCR fragment was obtained by using the following combina-
tion of primers. The forward primer NB5 (5'-GAGCCCAAGCTTGCTAA-3")
corresponds to nt 1350 to 1367 in the CSFR extracytoplasmic domain cDNA
sequence and contains an endogenous HindIIl restriction site. The reverse
primer RBF5 (5'-GATGCCAGCAATGGCGCCCTCATCCGGGGGATGCG
TGTG-3") was designed to overlap the CSFR extracytoplasmic domain (nt 1816
to 1837) and the CEACAM1 transmembrane domain sequences (nt 1372 to
1390). These primers were used in combination with the CSFR ¢cDNA template.
The second PCR product was amplified on the Ceacaml cDNA template by
using a primer corresponding to the reverse sequence of the primer RBF5
(primer BFS5, 5'-CACACGCATCCCCCGGATGAGGGCGCCATTGCTGGC
ATC-3") and the reverse primer overlapping the transmembrane domain se-
quence of CEACAMI (nt 1426 to 1447) and the cytoplasmic domain sequence
of the CSFR (nt 1911 to 1932) (primer RBF6, 5'-GGGCTTCTGCTTATACTT
GTAATAGAGGAAATATGCCAGCCC-3"). The third PCR product was pro-
duced on the CSFR cDNA template by using the forward primer corresponding
to the reverse sequence of the primer RBF6 (primer BF6, 5'-GGGCTGGCAT
ATTTCCTCTATTACAAGTATAAGCAGAAGCCC-3') and the reverse primer
corresponding to a sequence in the CSFR cytoplasmic domain containing an
endogenous Sall restriction site (nt 2481 to 2402) (primer RSall), (5'-TTCTTA
TAGTCGACGCCTCCC-3"). The first and the second PCR products were then
joined together by overlap PCR and then combined with the third PCR product
to generate the CBC overlap that was cloned in the pGEM-T vector (Promega)
and subjected to DNA sequencing. The 3’ end of the CSFR corresponding to a
Sall (at position 2389)-HindIII (from the pRKS5 vector) fragment was excised
from the pRKS5-CSFR vector. The 5’ end was excised as a BamHI-HindIII
fragment from the pBABEpuro-CSFR vector. The HindIII-Sall CBC overlap
was removed from the pGEM-T vector. These 3 fragments were cloned in the
pBluescript SK(+) vector, and the complete CBC chimera was finally cloned in
the pRKS vector in a Smal site.

The pRKS5-Myc vectors encoding the constitutively activated Rho GTPase
mutants L61Cdc42, L61Racl, and L63RhoA (7) and the activated L61Cdc42
mutants bearing either the F37A or the Y40C amino acid substitution (37) have
previously been described. pRK5-Myc encoding either the constitutively acti-
vated Rho kinase catalytic domain (amino acid 5 to 542) or a dominant-negative
Rho kinase containing the Rho binding (RB) domain (amino acid 950 to 1069)
were a kind gift of David Drechsel and Alan Hall (London, United Kingdom).
These constructs were generated from the ROK-a ¢cDNA (43). The activated
L107FPAKI was also used. The pCDB-PAKR mutant was a kind gift from Onyx
Pharmaceuticals.

Transient transfections of MDCK cells. MDCK cells were seeded at a con-
centration of 10° cells per 60-mm-diameter tissue culture dishes 24 h prior to
transfection. Liposomes were prepared by a 30-min incubation at 20°C of 2 or 6
wl of Lipofectamine 2000 reagent (Invitrogen) together with 1 wg of pRKS-
CEACAMI-S or -L plasmid and 3.0 pg of pRKS-Myc plasmid encoding the
various Rho GTPase mutants, respectively, in a total volume of 600 pl of
OptiMEM1 medium (Invitrogen). Transient transfections of the CSFR chimeric
constructs was performed in the same way with 5 pg of the pRKS empty vector,
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the pRKS5-CSFR or pRKS5-CBC construct, and 2.0 pg of the pRK5-CBB-S or -L
construct. The liposome-DNA mix was incubated with the cells for 18 h, and the
cells were then collected and processed for analyses of expression of the various
proteins by immunoblotting.

Immunoblotting. Expression of the cDNA constructs used in this study was
confirmed by transient transfection of the constructs in MDCK cells as described
above. Eighteen hours after the transfections, the cells were collected by scraping
in lysis buffer (10 mM Tris-Cl [pH 7.4], 1% Triton X-100, 1 mM EDTA, 50 mM
NaCl, complete protease inhibitors [Roche]). Protein concentrations were de-
termined by using a bicinchoninic acid protein assay kit (Pierce Chemicals).
Total lysate proteins were separated on sodium dodecyl sulfate (SDS)-8% poly-
acrylamide gel electrophoresis (PAGE) gels and transferred to Immobilon mem-
branes. The membranes were probed with either a rabbit polyclonal anti-mouse
CEACAMI1 antibody (antibody [Ab] 2456, 1/1,000) (28), a mouse monoclonal
anti-Myc antibody (monoclonal Ab [MAb] 9E10, 1/200; Calbiochem) or a rabbit
polyclonal anti-human c-Fms antibody (1/1,000; Upstate Biotechnology). Im-
mune complexes were detected by horseradish peroxidase-conjugated secondary
antibodies and an enhanced chemiluminescence (ECL) kit (Amersham). Blots
were exposed to X-ray films (Kodak).

Immunofluorescence. Cells were fixed in 1.8% paraformaldehyde for 20 min,
and nonspecific sites were saturated by incubation with a 10% solution of normal
goat serum (Jackson ImmunoResearch Laboratories) diluted in PBS. CEACAMI1
protein expression was detected with the Ab 2456 (1/800). Alternatively, CMT-93
cells were stained with a mouse anti-mouse CEACAMI1 monoclonal antibody
(MAD CC1, 1/200), a kind gift of K.V. Holmes, University of Colorado (4). The
wild-type CSFR or the chimeric CBB-S, CBB-L, and CBC proteins were de-
tected by using a rat anti-human CSFR monoclonal antibody (1/200; Calbio-
chem). Alternatively, the Rho GTPases or their effectors were detected after
permeabilization of the cells by treatment with Triton X-100 for 10 min before
incubation with anti-Myc Ab 9E10 (1/200) for 45-min incubation periods. The
antibodies were diluted in PBS containing 5% normal goat serum. After three
washes in PBS, the cells were incubated for 45 min with a fluorescein isothio-
cyanate-conjugated anti-rabbit IgG antibody (1/400; ICN) or a Cy3-conjugated
anti-mouse IgG antibody (1/400; Jackson ImmunoResearch Laboratories) or a
fluorescein isothiocyanate-conjugated anti-rat IgG antibody (1/200) diluted in a
PBS solution of 5% normal goat serum. The cells were washed three times in
PBS. Polymerized actin was detected by incubating the slides for 45 min with
tetramethyl rhodamine isothiocyanate (TRITC)-conjugated phalloidin (1/1,000;
Sigma) after permeabilization in a PBS solution containing 0.2% Triton X-100
for 10 min. Coverslips were mounted with moviol containing p-phenylenedi-
amine (1 mg/ml). The cells were examined by using either a Zeiss Axiophot
fluorescence microscope (Thornwood, N.Y.) or a Zeiss Axiovert 510 confocal
microscope (Hercules, Calif.). Images were collected with the LSM 510 software
and processed in Adobe Photoshop.

Quantification of CEACAMI1 at cell-cell contacts. The percentage of cells
showing CEACAMI present at cell-cell contacts was calculated on an average of
50 to 60 CEACAM1-positive cells in several independent experiments.

RESULTS

CEACAM1 localization in primary hepatocytes and in a
transformed epithelial cell line. CEACAMI1 is a cell surface
molecule expressed in epithelial, endothelial, and hemopoietic
cells (2). Immunolocalization of the protein in several cell lines
indicated that its expression at cell-cell contacts was possibly a
regulated event in epithelial cells. We investigated CEACAM1
localization in two different models. One model represents
normal cells (rat primary hepatocytes), whereas the second
model is an established transformed cell line (CMT-93, iso-
lated from a mouse rectal carcinoma). Primary hepatocytes
express both the CEACAMI-S and -L isoforms, and the
CMT-93 cells predominantly express the CEACAMI-S iso-
form (58). Several fields of rat primary hepatocytes plated on
collagen-coated microscope slides were examined after fixation
and immunostaining with a polyclonal antibody specific to
CEACAMI (AD 2456). The cells were not permeabilized prior
to immunostaining. As seen in Fig. 1A and B, CEACAM1
staining was found over the entire surface of all observed cells
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FIG. 1. Endogenous expression of CEACAMI in primary rat hepa-
tocytes and CMT-93 mouse rectal carcinoma cells. Primary rat hepa-
tocytes were prepared as described in Materials and Methods and
plated on collagen-coated microscope slides. CMT-93 cells were grown
on microscope slides in DMEM containing 10% FBS to 50 to 80%
confluence. CEACAMI1 protein expression in primary hepatocytes (A
and B) was detected by indirect immunofluorescence with a rabbit
anti-mouse CEACAMI1 antibody (Ab 2456; 1/800). Alternatively,
CMT-93 cells (C and D) were stained with a mouse anti-mouse
CEACAM1 monoclonal antibody (MAb CC1; 1/200). Arrowheads in-
dicate significant localization of CEACAMI1 at cell-cell contacts, and
arrows indicate punctate dispersed expression of CEACAMI at the
cell surface.

in a punctate pattern and was also localized at some cell-cell
contacts. A similar distribution was also observed in CMT-93
cells immunostained with anti-CEACAM1 MAb CC1, showing
both punctate, evenly distributed cell surface expression and
intercellular contact localization (Fig. 1C). Interestingly, as
observed with primary hepatocytes, some cell contacts were
negative for CEACAMI1 (Fig. 1D). These results are similar to
what has been observed in NbE rat normal prostatic epithelial
cells or in NBT-II rat bladder carcinoma cells, where the ex-
pression of the endogenous CEACAML1 isoforms was detected
both over the entire surface of the cells and at cell-cell contacts
in subconfluent cells. In contrast, the endogenous protein was
found mainly at cell-cell contacts as the cells entered into
quiescence and underwent polarization (65). These results
indicate that in epithelial cells, CEACAMI is distributed het-
erogeneously at cell-cell contacts and at the cell surface,
independently of the fact that these cells are normal or trans-
formed.

CEACAM1 expression is directed to cell-cell contacts by
activated Racl and Cdc42 GTPases but not by RhoA in MDCK
cells. It was previously demonstrated that coinjection of
CEACAMI1-L with activated mutants of the Rho GTPases led
to its expression at cell-cell contacts in Swiss 3T3 cells (60). It
was therefore probable that Rho GTPase activity might be
responsible for the modulation of CEACAMI1 localization ob-
served in hepatocytes and CMT-93 cells. We chose the MDCK
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FIG. 2. (A) CEACAMI1 is targeted to cell-cell contacts, and typical actin structures are apparent upon Cdc42 and Racl activation. The
Ceacam1-L cDNA was microinjected into the nucleus of subconfluent MDCK cells either alone (a and b) or together with an activated Myc-tagged
L61Cdc42 mutant (c and d), a Myc-tagged L61Racl (e and f), or a Myc-tagged L63RhoA mutant (g and h). CEACAMI1 expression was detected
by indirect immunofluorescence with an anti-CEACAMI1 (a-CEACAMI1) antibody (Ab 2456), and polymerized actin was revealed by TRITC-
coupled phalloidin. Expression of Rho GTPases was detected by immunofluorescence with a monoclonal anti-Myc antibody (Ab 9E10) (data not
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cell line as a model for the study of CEACAMI localization in
epithelia, since CEACAM1 is expressed in the renal collecting
tubular epithelium (55). The MDCK cells are amenable to
direct delivery of cDNA constructs in the cell nucleus by mi-
croinjection. Many of the activated or dominant-negative Rho
GTPase mutants have detrimental effects on cell morphology
and survival if expressed over long periods of time. Therefore,
microinjection of cDNA constructs expressed for shorter peri-
ods can obviate these deleterious effects. Cells were injected at
50 to 80% confluence to allow the cells to form membrane
extensions, such as filopodia and membrane ruffles, or eventu-
ally to spread in response to Rho GTPase activity. These con-
ditions are different from those of MDCK cells grown as
polarized sheets. The Ceacami-L cDNA was therefore micro-
injected either alone (Fig. 2A-a and b) or in combination with
activating mutant cDNAs of Cdc42, Racl, and RhoA (Fig.
2A-c to h) in subconfluent MDCK cells. When the CeacamI-L
cDNA was expressed alone, the encoded protein was distrib-
uted over the entire surface of the cell in a punctate pattern
(Fig. 2A-a). This was similar to the distribution of CEACAM1
observed in some hepatocytes and CMT-93 cells. Phalloidin
staining of these cells indicated that the majority of filamen-
tous actin was concentrated at the cell periphery (Fig. 2A-b).
Coinjection of CeacamlI-L cDNA with activated Cdc42 or
Racl into the cell nucleus led to CEACAMI cell-cell contact
expression (Fig. 2A-c and e, respectively). Cells expressing the
activated mutants of Cdc42 and Racl showed characteristic
filopodia (Fig. 2A-c, inset) and lamellipodia actin structures,
respectively (Fig. 2A-f).

Coinjection of the activating L63RhoA mutant with
CEACAMI-L did not lead to cell-cell contact localization of
the glycoprotein. Instead, CEACAMI staining displayed a
punctate pattern present at the cell surface (Fig. 2A-g). The
structures expressing CEACAMI1 under these conditions ap-
pear more condensed (Fig. 2A-g) than when CEACAMLI is
expressed alone (Fig. 2A-a). It is presently unclear what these
structures represent. Stress fibers were present in these cells, as
expected for RhoA activity (Fig. 2A-h). Since the CEACAM1
protein is detected on nonpermeabilized cells, the protein is
essentially localized at the cell surface, as confirmed by confo-
cal microscopy sectioning (data not shown). These results sug-
gest that, in epithelial cells, CEACAMI is relocalized upon
signaling from activated Cdc42, Racl, and RhoA.

To examine whether the different patterns of CEACAM1
cellular localization observed upon Rho GTPase mutant ex-
pression resulted from a change of CEACAMI1 cellular distri-
bution and not from different levels of protein expression, we
evaluated the expression of CEACAMI-L in the presence of
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Rho GTPases by immunoblotting. MDCK cells were tran-
siently transfected with the CEACAMI1-L construct alone or
together with the activated Myc-tagged L61Cdc42, L61Racl,
or L63RhoA construct. After 18 h of expression, the cells were
collected and total cell proteins were prepared and separated
by SDS-PAGE. As demonstrated in Fig. 2B, MDCK cells
transfected with the empty vector did not express the
CEACAMI1 isoforms (Fig. 2B, lane pRK5). CEACAMI is a
highly glycosylated protein, and expression of the CEACAMI1-L
transfected into MDCK cells was detected as a large smear of
approximately 120 kDa (Fig. 2B, lane pRK5 + CEACAMI-L).
Coexpression of the activated Rho GTPase mutants (Fig. 2B,
lanes +1.61Cdc42, +L61Racl, and +L63RhoA), as gauged in
the bottom panel detected with an anti-Myc antibody, did not
significantly alter the expression of CEACAMI-L.

Activated PAK targets CEACAMI to cell-cell contacts. Both
Cdc42 and Racl influence cellular activities through functional
modulation of a number of key effectors, some of which are
common to Cdc42 and Racl. PAK is a Ser/Thr kinase acting
downstream of Racl and Cdc42 (41). It is intricately involved
in cell motility through phosphorylation and inactivation of
myosin light-chain kinase, causing disassembly of stress fibers
and focal adhesions (63). PAK also phosphorylates LIM ki-
nase, leading to its enhanced activity towards the actin-depo-
lymerizing protein cofilin. This results in membrane ruffling, a
hallmark of motile cells (1, 14, 78). Furthermore, formation of
a paxillin/GIT1/PIX/PAK/Nck complex is necessary for local-
ization of PAK to focal complexes within lamellipodia and
filopodia (70).

As CEACAMI localization responds to Racl and Cdc42
activation and because CEACAMI-L has been shown to asso-
ciate with paxillin (12), we investigated whether their effector
PAK was involved. Similar to results obtained with the acti-
vated Cdc42 mutant (Fig. 3A), coinjection of a constitutively
active PAK ¢cDNA (L107FPAKI1) resulted in CEACAMI1-L
targeting at intercellular contacts (Fig. 3B), showing its active
role in the relocalization of CEACAMI. To assess the contri-
bution of PAK in Cdc42-induced CEACAMI targeting, we
coexpressed the N-terminal regulatory domain (amino acids 1
to 225) of PAK2 (PAKR) (42, 44) with CEACAMI-L and
activated L61Cdc42. PAKR includes an autoinhibitory region
that blocks the kinase activity of PAK in vitro and in vivo (69,
80). Coinjection of CEACAM1-L and PAKR revealed a punc-
tate localization of CEACAMI-L (Fig. 3C) similar to results
obtained with CEACAMI1-L alone, showing that this construct
has no effect by itself on CEACAMI1 localization. When
PAKR was coinjected with L61Cdc42, a weak intercellular
CEACAMLI staining was observed (Fig. 3D), suggesting that

shown). The arrows in panel a indicate the punctate localization of CEACAMI-L. The arrows in panels ¢ to h coincide with either filopodia/
microspike (c) or lamellipodial (e and f) CEACAMI1 expression. The arrowheads indicate CEACAMI1 localization at cell-cell contacts (c and e).
Either 0% (a), 82% (c), or 81% (e) of CEACAMI-positive cells expresssd CEACAML at cell junctions, respectively. Coinjections of the
Ceacaml-L cDNA with an activated L63RhoA mutant did not result in targeting to cell-cell contacts, as none of the CEACAM1-positive cells
expressed this protein at cell junctions. Instead, the protein was present in a punctate pattern at the cell surface (arrows in panels g and h). Stress
fibers were consistently seen in these cells. (B) Expression levels of the CEACAMI-L protein upon coinjection of the activated Rho-GTPases.
MDCK cells were transiently transfected with Lipofectamine 2000 liposomes with either the empty vector alone or the vector expressing the
Ceacaml-L cDNA alone and together with Myc-tagged L61Cdc42 or L61Racl or L63RhoA mutants. After 18 h of expression, the cells were
collected and lysed. Equivalent amounts of total cell lysate proteins were separated by SDS-PAGE. The CEACAMI-L protein was detected with
a polyclonal antibody (Ab 2456) and the activated Rho-GTPase mutants were revealed with a monoclonal anti-Myc (a-Myc) antibody (Ab 9E10).

Immune complexes were detected with the ECL system.
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FIG. 3. Activated PAK targets CEACAMLI to cell-cell contacts. The cDNA encoding CEACAMI1-L was microinjected with constructs encoding
either Myc-tagged L61Cdc42 (A and D) or L107FPAKI1 (B), PAKR (C and D), L61A37Cdc42 (E), and L61C40Cdc42 (F). Expression of
CEACAMI-L was detected in microinjected MDCK cells by immunofluorescence with an anti-CEACAMI1 antibody (Ab 2456), and Myc-tagged
proteins in injected cells were detected by immunofluorescence with an anti-Myc antibody (Ab 9E10) (data not shown). The arrowheads indicate
significant localization of CEACAMI at cell-cell contacts, and the arrows indicate faint detection of CEACAMI at cell-cell contacts. The
percentages of CEACAM1-positive cells expressing CEACAMI at cell junctions were 82% (A), 67% (B), 0% (C), 71% (D), and 90% (E and F).

inhibition of the Cdc42-induced PAK activation decreases
CEACAMI targeting at cell contacts but does not completely
abolish it. Therefore, other Cdc42 effector(s) may contribute to
CEACAM1 localization at cell-cell contacts.

To corroborate the partial contribution of PAK in
CEACAM1 targeting, we used the L61C40Cdc42 effector mu-
tant that is unable to interact with PAK and that eliminates
both PAK activation and the JNK/SAPK mitogen-activated
protein kinase pathway (37). As a control, we used the
L61A37Cdc42 mutant that retains these functions. Coinjection
of CEACAMI1-L with the L61A37Cdc42 mutant resulted in
CEACAM1 localization at cell-cell contacts (Fig. 3E), which
was comparable to effects observed with the L61Cdc42 mutant.
On the other hand, the L61C40Cdc42 mutant induced
CEACAMI relocalization, but the staining observed at cell
contacts in this case is notably weaker (Fig. 3F) than the
L61Cdc42 results. Therefore, these results suggest that PAK is
not the only effector involved in the Cdc42-induced localiza-
tion of CEACAMI, but it largely contributes to this effect.

Hence, activated Cdc42 may also mediate CEACAM1 relocal-
ization via PAK-independent signaling pathways.
Down-regulation of Rho pathway activity leads to CEACAM1
at cell-cell boundaries. Contrary to activated Cdc42 and Racl,
the activated L63RhoA mutant did not influence cell-cell con-
tact localization of CEACAMI1 in MDCK cells (Fig. 2A-g and
Fig. 4A). Upon activated RhoA coexpression, the CEACAM1
protein was condensed at the cell surface. RhoA binds to the
Rho-associated Ser/Thr kinase isoforms (ROKa, pl60ROCK),
which then localize to the cell membrane and act as RhoA
effectors (11, 27, 38, 43). We therefore tested whether the
effect seen with RhoA was mediated by ROK. Coinjection of a
constitutively activated ROK (ROK catalytic domain, or ROK
CAT) with CEACAMI-L led to a localization pattern (Fig.
4B) similar to what had been noticed with activated RhoA. In
contrast to results obtained with ROK CAT, when the C-
terminal portion of ROK encompassing the RB domain
(ROK-RB), which acts as a dominant-negative mutant, was
coinjected with CEACAMI-L, the glycoprotein was found at
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FIG. 4. The abolition of Rho-mediated signaling targets

CEACAML to cell-cell contacts. pRK5-CEACAMI1-L was coinjected
with either (A) Myc-L63RhoA, Myc-ROK CAT (B), or Myc-ROK-RB
(C and D) into subconfluent MDCK cells. (E and F) Cells microin-
jected with the CEACAMI-L construct were treated with 10 pM
Y27632 ROK inhibitor for 30 min prior to fixation. Anti-CEACAM1
antibody (Ab 2456) staining indicated that CEACAMI-L was ex-
pressed diffusely at the cell surface (no CEACAMI at cell junctions in
panels A and B) or in cell-cell contacts (84 and 80% of CEACAMI-
positive cells had CEACAMI at cell junctions, arrowheads in panels C
and E). TRITC-coupled phalloidin staining (D and F) showed that
stress fibers were absent from injected cells (arrows in panel D) or in
Y27632-treated cells (F). The expression of Myc-tagged proteins was
detected with an anti-Myc antibody (Ab 9E10) (data not shown).

sites of cell-cell contacts (Fig. 4C). Moreover, when cells were
treated with the Y27632 ROK inhibitor, competing with ATP
for binding to the ROK domain (71), CEACAMI-L was again
localized at intercellular contacts (Fig. 4E). As expected, loss
of stress fibers was observed in cells injected with ROK-RB
(Fig. 4D) or in cells treated with the Y27632 compound (Fig.
4F). We conclude that the effect of RhoA on CEACAMI1
localization is mediated by ROK. Moreover, inhibition of this
signaling pathway reversed the effect on CEACAMI localiza-
tion, conferring a similar pattern to that observed with acti-
vated Cdc42 or Racl.

The CEACAM1 intracellular and extracellular domains are
dispensable for intercellular localization. The long intracyto-
plasmic domain present in CEACAMI-L is essential for many
CEACAMI-L functions such as tumor growth control (28).
We questioned whether, in MDCK epithelial cells, the
CEACAMI1-S and CEACAMI-L splice isoforms (Fig. 5) lo-
calized at intercellular contacts when activated forms of Racl
or Cdc42 were coinjected. CEACAMI1-S encompasses only a
10 amino acid cytoplasmic domain (Fig. 5), but it behaves like

CEACAMI1 TARGETING TO CELL-CELL CONTACTS 7297

CEACAMI-L relative to its targeting at epithelial cell-cell
contacts in the presence of activated Cdc42 (Fig. 6B). Several
Ser residues are found within the short cytoplasmic tail, one or
several of which are phosphorylated by protein kinase C (13).
We replaced Serd449, Serd52, and Ser449,452 with nonphopho-
rylatable Ala residues to verify whether Ser phosphorylation of
these sites interfered with the localization of CEACAMI-S.
None of these amino acid substitutions produced any signifi-
cant differences on CEACAMI-S intercellular location in the
absence or presence of activated Cdc42 (Fig. 6C and D and
data not shown). We then completely truncated the cytoplas-
mic domain by introducing a stop codon at Ser449, producing
the mutant CEACAMI-Acyto. Eliminating the CEACAMI1
cytoplasmic domain did not alter its intercellular junction lo-
calization in the presence of activated Cdc42 (Fig. 6F). These
results strongly suggest that the cytoplasmic domain of
CEACAML is not required for its proper localization to cell-
cell contacts.

To determine the role of the CEACAMI extracellular do-
main in cell-cell contact localization, we substituted the 4
CEACAMI1 Ig-like domains with the 5 extracellular Ig do-
mains of the CSFR (10) (a kind gift of Martine Roussel) (Fig.
5). The chimeric proteins were anchored to the cell membrane
via the CEACAMI transmembrane domain and contained ei-
ther the short (CBB-S) or long (CBB-L) CEACAMI cytoplas-
mic domains (Fig. 5). We first verified whether the chimeric
proteins were properly synthesized in MDCK cells by transient
transfection of the respective constructs and detection by im-
munoblotting after migration on SDS-PAGE. As seen in Fig.
7A, transfection of the CSFR construct generated a protein of
approximately 145 kDa corresponding to the known molecular
mass of CSFR (10). A second band of lower molecular mass
was also detected on the immunoblot and corresponds to a
degradation product (as discussed in the technical brochure
from Upstate Biotechnology). The CBB-S and CBB-L con-
structs produced proteins of approximately 115 and 120 kDa,
consistent with their predicted molecular masses.

Injection of the wild-type CSFR construct in MDCK cells
with or without activated Cdc42 revealed a dispersed localiza-
tion after staining with the anti-CSFR antibody (Fig. 7B-a and
b), demonstrating that this transmembrane protein structurally
related to CEACAMI-L does not respond to Cdc42 activation
in the same way as CEACAM1-L. When the chimeric CBB-S
or CBB-L proteins were injected alone into MDCK cells, they
remained disperse in a punctate pattern as detected with an
anti-CSFR antibody (Fig. 7B-c and e, respectively). However,
when coexpressed with activated Cdc42, the chimeric proteins
were again found at intercellular contacts (Fig. 7B-d and f,
respectively), similar to the wild-type CEACAMI1 cell expres-
sion pattern. Filopodia can be seen extending from the cell
surface. Therefore, these results suggest that neither the trun-
cation of the CEACAMI1 cytoplasmic domain nor the replace-
ment of its extracellular domain changed the cell-cell contact
targeting of the protein, thereby identifying the transmem-
brane domain as most likely essential.

The CEACAMI1 transmembrane domain is sufficient for tar-
geting to cell-cell contacts. To confirm this hypothesis, a chi-
meric protein where the transmembrane domain of CSFR was
replaced by that of CEACAM1 (CBC) was produced. When
expressed in MDCK by transient transfection, the CBC protein
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FIG. 5. Graphic representation of the CEACAMI1 and chimeric constructs used to define the CEACAM1 domain involved in cellular targeting.
The stippled boxes represent the CEACAMI extracellular Ig domains linked by its transmembrane domain (black box) to a 73-amino-acid long
(L) or 10-amino-acid short (S) cytoplasmic domain (stippled box). A tailless CEACAM1 protein was generated by inserting a stop codon in the
cDNA at nucleotides corresponding to S449 (CEACAM1-Acyto). The CSFR contains five extracellular Ig domains (white boxes) linked by its
transmembrane domain (grey box) to a cytoplasmic kinase domain (white box). Chimeric proteins expressing the CSFR Ig domains (white boxes)
linked via the CEACAMI transmembrane domain (black box) to either the long (CBB-L) or short (CBB-S) CEACAMI cytoplasmic domains
(stippled boxes) or to the CSFR (CBC) cytoplasmic kinase domain were also produced and tested.

behaved like the CSFR protein upon SDS-PAGE (Fig. 7A).
When injected alone into MDCK cells, CBC was localized at
the cell surface in a punctate pattern (Fig. 7B-g). When CBC
was injected with the activated L61Cdc42, the chimeric CBC
protein was detected at cell-cell contacts (Fig. 7B-h) and in
lamellipodia and membrane ruffles (Fig, 7B-h). We conclude
that introducing the CEACAMI transmembrane domain
within the CSFR construct is sufficient to confer to this protein
the cell localization properties observed with CEACAM1 upon
Cdc42 activation. Therefore, the transmembrane domain of
CEACAMI plays a crucial role in CEACAMI targeting to
cell-cell contacts.

DISCUSSION

In this work, we show that activated Cdc42, Racl, and their
common effector PAK can direct CEACAMI to intercellular
contacts, as depicted by the model in Fig. 8. Our results have
highlighted that unknown effector(s) are also likely targeting
CEACAMI1 to intercellular boundaries. Indeed, inhibiting
PAK activity through a dominant-negative PAKR protein or
disengaging PAK from Cdc42 interactions and eliminating
PAK activation resulted in consistently present, albeit weak,
CEACAM1 staining at cell-cell contacts. In contrast to acti-
vated Racl, Cdc42, and PAK, activated RhoA or ROK CAT
coexpression does not result in CEACAMI1 intercellular tar-
geting. Moreover, inhibition of the Rho pathway led to the
addressing of CEACAMI to sites of cell-cell contacts. These
results suggest that a fine balance between the Rho GTPase
pathways must be established for proper CEACAMI1 localiza-
tion to occur. According to this hypothesis, Cdc42 and Racl,
on one hand, and RhoA, on the other hand, would induce two
different pathways, leading to opposite effects by either target-
ing CEACAM1 at cell-cell contacts or concentrating it at the
top of the cells, respectively. At an equilibrium between the

two pathways, CEACAM1 would be homogeneously diffuse at
the cell membrane. Upon Rho pathway inactivation, the Cdc42
and Racl pathways, involving at least the PAK effector, would
predominate and CEACAM1 would be targeted to cell con-
tacts. This situation is reminiscent of other reports demonstrat-
ing the opposite effects of PAK and ROK in the hepatocyte
growth factor-induced epithelial-mesenchymal transition (59)
or the different effects of the Rho GTPases in neuronal growth
(34). Similarly, Rac-mediated down-regulation of Rho in NIH
3T3 fibroblasts is another example of the antagonistic effects of
Rho GTPase pathways (52). The model proposed in this study
of MDCK cells may correspond to the regulation of
CEACAM1 expression in kidney tissue, a tissue that expresses
CEACAMI1 endogenously. Accordingly, this model could ex-
plain the heterogeneity observed in the localization of endog-
enous CEACAMI1 in primary hepatocytes or CMT-93 cells,
where CEACAMI is dispersed at the cell surface in most cells
and present at cell contacts in only a few cells. Attempts to
pharmacologically activate the Rho GTPases or to express
either activated Rho GTPase proteins or cDNA constructs in
the CMT-93 cells or primary hepatocytes have been unsuccess-
ful at provoking alterations in cytoskeletal structures or
CEACAMI relocalization. Whether the model defined in
MDCK cells would also prevail in primary or transformed
epithelial cells will need to be clarified in the future. In this
case, more studies will be needed to verify whether the
CEACAM1 localization at cell contacts is correlated with ac-
tivation of Cdc42 or Racl and inhibition of RhoA in these
particular cells.

In E-cadherin-mediated cell adhesion, Racl and Cdc42 both
induce the accumulation of E-cadherin, B-catenin, and actin
filaments to sites of cell-cell contacts in MDCKII cells (31, 36,
68). As discussed by Fukata and Kaibuchi (19), Racl and
Cdc42 positively regulate E-cadherin-mediated adhesion by
modulating the cadherin-catenin complex, whereas RhoA al-
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FIG. 6. The cytoplasmic domain of CEACAMI is not involved in intercellular targeting. CEACAMI1 mutant constructs were microinjected
either alone (A, C, and E) or together with activated L61Cdc42 (B, D, and F) into subconfluent MDCK cells. Cells were stained with an
anti-CEACAMI antibody (Ab 2456) recognizing extracellular epitopes. Expression at cell-cell contacts is denoted by the presence of arrowheads.
(A and B) CEACAML-S; (C and D) CEACAMI-S-Ser449 mutant; (E and F) CEACAMI1-Acyto mutant. Eighty-four and eighty percent of
CEACAMI1-positive cells expressed CEACAMI at cell junctions in panels D and F, respectively.

ters adhesion through changes in the actin cytoskeleton or
other components. However, Sahai and Marshall (61) have
recently shown that inhibition of RhoA activity in MDCK cells,
but not that of its effector ROK, led to reduced expression of
B-catenin at sites of cell-cell contacts and this severely dis-
turbed the columnar organization of these cells. They further
demonstrated that Dial, another Rho effector, was involved in
stabilizing the adherens junctions at the cell periphery,
whereas ROK disrupted them by establishing contractile forces
(61). We do not know what role Dial might play in CEACAM1
cell-cell contact targeting and adhesion and this will need to be
further investigated. On the other hand, it has been shown that
cadherins trigger signaling that regulates Rho GTPase activity
(79). As shown by Noren et al., cadherin-elicited adhesion
activates Racl and Cdc42 and inhibits RhoA activation (49). It
is possible that within an epithelial layer, cadherin engagement
and its consequent effects on Rho GTPase activity lead to
CEACAM1 localization at cell contacts.

CEACAM1 functions as an intercellular adhesion molecule
through its first Ig domain (28, 58, 76, 77). We anticipate that

the localization of CEACAMI at cell contacts triggered by
activation of Cdc42 and/or Racl in MDCK cells is crucial for
the CEACAM1 adhesive function. Unfortunately, it is difficult
to evaluate the effect of Rho GTPase activity on CEACAM1-
mediated cell adhesion in this cellular model. In these cells, the
E-cadherin intercellular adhesion system is predominant and
elimination of this adhesion activity by reduction of the cal-
cium concentration or antibody inhibition leads to complete
disorganization of cell morphology and multicellular organiza-
tion (19). However, there are two major lines of evidence that
currently validate the adhesive activities of CEACAMI1 at cell
contacts. First, in fibroblast cells, where there is no interfer-
ence from the E-cadherin adhesion complex, targeting of
CEACAMI-L at Swiss 3T3 cell contacts provoked its engage-
ment in homophilic interactions (60) and induced cell aggre-
gation in NIH 3T3 cells (28). Second, the role of CEACAM1
as a cell adhesion molecule in epithelial cells has been studied
by Sundberg and Obrink in fully polarized MDCK cells trans-
fected with CEACAMI1-L (67). The localization of this protein
in the lateral membrane with consequent blockage of the N-
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FIG. 7. The CEACAMI transmembrane domain mediates CEACAMI localization to cell contacts in response to L61Cdc42. (A) Expression
of the chimeric constructs in transiently transfected MDCK cells. MDCK cells were transiently transfected with Lipofectamine 2000 liposomes with
either the empty vector alone or the vector expressing either the wild-type CSFR ¢cDNA or those encompassing the CBB-S, CBB-L, or CBC
chimeric constructs. After 24 h of expression, the cells were collected and lysed. Equivalent amounts of total cell lysate proteins were separated
by SDS-PAGE. The chimeric proteins were detected with a rabbit polyclonal antibody recognizing the human c-Fms protein. Immune complexes
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FIG. 8. Model of pathways involved in targeting CEACAMI to intercellular contacts. Both Racl and Cdc42 activities lead to CEACAM1
cell-cell contact targeting. Since PAK activity reproduces this effect, we propose that the pathway involved in CEACAMI1 relocalization includes
this kinase (arrows). However, inhibiting the PAK activity with a PAKR dominant-negative mutant (bar) or disengaging PAK from Ccd42 binding
with the L61C40Cdc42 mutant (arrow) still resulted in faint expression of CEACAMI at sites of cell-cell contacts. This suggests that alternate and
as yet unknown effector(s) (question mark) might be activated in these circumstances. Activated RhoA functions through its effector ROK (arrow)
to inhibit CEACAMI1 targeting to cell-cell contacts (bar). Inhibition of RhoA activity by expression of the RB domain of ROK (bar) or inhibition

of ROK activity by the Y27632 inhibitor (bar) both restore CEACAMI1 targeting to cell-cell contacts.

epitope to antibody recognition represented the state of ho-
mophilic, antiparallel binding observed when CEACAMI is
engaged in adhesion. Hyperosmotic treatment provoked
shrinkage and retraction of the cells, thereby freeing the N
epitope for antibody recognition (67). The same study showed
that in polarized MDCK cells, CEACAMI-L is localized at the
apical and lateral surfaces where it engages in intercellular
adhesion, whereas CEACAMI1-S is expressed exclusively at the
apical membrane (67), suggesting a discrepancy in the ability
of the two isoforms to trigger cell adhesion. In our study, we
did not notice any differences in the localization of
CEACAMI-S versus CEACAMI1-L, indicating that both of
them relocalize upon Rho-GTPase mutant coexpression. This
can be explained by the fact that we have investigated
CEACAM1 localization in cells organized as individual colo-
nies (50% confluence). In these conditions, cells are not po-
larized and the two compartments, basolateral and apical, are
not fully differentiated. However, it is likely that the presence
of CEACAMI at cell-cell contacts still favors intercellular ad-
hesion in nonpolarized cells, as seen in fibroblasts.

In addition to its accumulation at cell contacts, CEACAM1
is also relocalized in either filopodia or lamellipodia, depend-
ing on the activation of Cdc42 or Racl, respectively. This
suggests another functional property, in addition to trafficking
to intercellular contacts for adhesion purposes. In filopodia,
CEACAML is at the very tip of the protrusion. Filopodia are
dynamic structures, extending and retracting constantly. They

adhere to the substratum, pulling the motile cell forward and
acting in concert with lamellipodia that interdigitate between
protrusions (45, 66). The localization of CEACAMI1 within
these structures suggests a potential role for CEACAMI in cell
motility. Consistent with these observations, CEACAMI1-L ex-
pression enhances the chemotaxis and formation of capillary
tubes of a human microvascular endothelial cell line (15) and
the migration of colon carcinoma cells (B. Fournés, S. Testay,
C. Turbide, and N. Beauchemin, unpublished data).

As the two isoforms behave similarly in their targeting to
cell-cell contacts, we investigated which CEACAMI1 structural
elements might be involved in this phenotype. Our results
demonstrate that none of the phosphorylated Ser residues in
the short cytoplasmic domain of CEACAMLI participate in the
targeting of CEACAMI. A deletion construct, completely
eliminating the CEACAMI cytoplasmic domain, confirmed
that the site of intercellular targeting does not lie in this do-
main. We therefore tested the role of the extracellular domain,
since it is the main player in cell adhesion. The extracellular
region of CEACAMI1 did not apparently contain any specific
targeting signals, as its substitution with that of CSFR (CBB-S
and CBB-L chimeras) does not disturb the cell-cell contact
targeting upon Cdc4?2 activation. We then tested the role of the
transmembrane domain. Interestingly, the replacement of the
CSFR transmembrane domain with that of CEACAM1 (CBC
chimera) demonstrated that this amino acid sequence was suf-
ficient for localization of the chimera to intercellular contacts

were detected by horseradish peroxidase-conjugated secondary antibodies and an ECL kit. (B) Expression of chimeric constructs in microinjected
MDCK cells. The wild-type (WT) CSFR or chimeric constructs were microinjected either alone (a, c, e, and g) or together (b, d, f, and h) with
the activated L61Cdc42 mutant into subconfluent MDCK cells. Cells were stained with an anti-CSFR antibody. Wild-type CSFR (a and b), CBB-S
(c and d), and CBB-L (e and f), and CBC (g and h) constructs were used. Arrowheads indicate localization to cell-cell contacts. Arrows point to
filopodial structures induced by the activated Cdc42 activity. Seventy-seven, eighty-one, and fifty-three percent of positive cells expressed the
protein at cell junctions in panels d, f, and h, respectively. Photographs in panels g and h are from 0.25-um-thick confocal sections (B).
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upon Cdc42 activation. Therefore, we propose that the
CEACAMI1 transmembrane region is the target of Rho
GTPase-triggered pathways.

Other investigators have described the involvement of trans-
membrane regions of cell surface proteins in many signaling
functions. For instance, the transmembrane domain of the
adhesion molecule P-selectin, within the context of the P-
selectin cytoplasmic domain, mediates its granular targeting in
rat insulinoma cells (18). In addition, the juxtamembrane re-
gion of the erythropoietin receptor contains three hydrophobic
motifs that are crucial for JAK2 activation and downstream
signaling (9). Finally, the adhesive functions of E-cadherin are
preferentially mediated by its cis-dimerization, and its trans-
membrane domain is required for this lateral association (52).
As CEACAML1 also forms dimers (26), it is possible that its
transmembrane domain plays a significant role in maintaining
the cis-dimers in an adhesive configuration and then stabilizing
the protein at cell contacts.

Moreover, there is some evidence suggesting that Rho-
GTPases are related to membrane microdomains. For in-
stance, Cdc42 is localized in the caveolae-enriched domains in
endothelial cells (20), and Field et al. proposed that Cdc42
plays a role in lipid raft biosynthesis in mast cells (17). In
addition, membrane raft microdomains mediate the front-rear
polarity in migratory cells. Upon induction of MCF-7 cell mi-
gration, lipid raft domains cluster and accumulate at the cell
front in structures such as pseudopodia and lamellipodia (40).
Since Cdc42 and Racl stimulate the formation of these struc-
tures in fibroblasts and epithelial cells (22) and since
CEACAMI, via its transmembrane domain, is enriched in
these regions, we propose the following model: Racl- or
Cdc42-induced modifications in the organization of the lipid
bilayer would result in the formation of microdomains at spe-
cific sites of the cell surface such as cell contacts, filopodia, and
lamellipodia. The CEACAMI1 transmembrane domain would
target the protein to these membrane microdomains or lipid
rafts, where CEACAMI can function as a cell adhesion mol-
ecule or as a mediator of cell migration. Such relocalization has
been observed with another member of the Ig superfamily,
CD44, which gets targeted to basolateral lipid rafts of EpH4
mammary epithelial cells (51) by its transmembrane domain
(53), whereupon it interacts with the actin cytoskeleton
through its association with the ezrin-radixin-moesin complex
(51). Finally, under conditions where MDCK cells become
fully polarized, the CEACAMI1-L cytoplasmic domain would
play a significant role in partitioning some of the CEACAMI1-L
protein to the lateral membrane, where it would engage in
intercellular adhesion, and some of the CEACAMI1-S isoform
to the apical domain, where its function is still unclear.

Given the importance of CEACAMI in a number of phys-
iological processes, the proper localization of CEACAMI1 at
sites of cell-cell contacts and membrane extensions in response
to the Rho GTPase balance ensures proper interconnections
within intracellular signaling pathways. Our findings provide
new insight into understanding the molecular mechanisms un-
derlying CEACAMI localization at specific sites of cell-cell
boundaries.
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