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Carcinoembryonic antigen-related cell adhesion molecules

(CEACAMs) belong to a group of mammalian immunoglobulin-

related glycoproteins. They are involved in cell–cell recognition

and modulate cellular processes that range from the shaping of

tissue architecture and neovascularization to the regulation of

insulin homeostasis and T-cell proliferation. CEACAMs have

also been identified as receptors for host-specific viruses and

bacteria in mice and humans, respectively, making these

proteins an interesting example of pathogen–host co-evolution.

Forward and reverse genetics in the mouse now provide

powerful novel models to elucidate the action of CEACAM

family members in vivo.
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Introduction
In multicellular organisms, cell–cell adhesion is vital to

guide cells to their proper location during embryonic

development and to mediate the integration of single

cells into functional tissues and organs. Members of the

immunoglobulin superfamily of cell adhesion molecules

(IgCAMs) constitute a large group of cell surface glyco-

proteins with ancient roots in the animal kingdom that

specialize in cell–cell adhesion. All IgCAMs posses at

least one immunoglobulin (Ig)-like domain, a compact

structure �85–110 amino acids long characterized by two

b-sheets packed against each other [1]. The Ig fold comes

in minor variations that allow subdivision into Ig variable

(IgV) and Ig constant (IgC)-1 and -2 domains. In evolu-

tionary terms, the Ig-fold is a success story that has made

Ig-domain-encoding sequences the most abundant genes

in the human genome. This does not come as a surprise,

as the Ig domain seems to be perfectly suited to provide

proteins with a universal interface that can be fine-tuned

for almost every binding task. In the case of IgCAMs, the

binding specificity is often directed towards molecules of
www.sciencedirect.com
their own class or towards themselves, a feature that has

been well studied on the genetic, biochemical and struc-

tural levels for several neuronal IgCAMs, in particular

N-CAM [2,3].

Another prominent member of the IgCAM superfamily is

the carcinoembryonic antigen (CEA), which is involved

in homotypic and heterotypic interactions with other

closely related IgCAMs and which constitutes a clinically

relevant diagnostic marker in the surveillance of colon

tumors. Together with its paralogues, CEA has been

grouped in the CEA-related cell adhesion molecule

(CEACAM) family, a subdivision of IgCAMs so far only

known from mammals [4]. The overall domain organiza-

tion of human CEACAMs, the number of known splice

variants and the distribution of orthologues in other

mammalian species is presented in Figure 1. It is impor-

tant to note that over the years members of the CEACAM

family have been going through a number of name

changes; for example, the original biliary glycoprotein

(Bgp), later classified as the CD66a antigen, has now

become CEACAM1 (for current and historic nomencla-

ture of the CEACAM family see also Figure 1). Though

CEACAMs have been studied for decades with regard to

their tumor-associated features [5], it appears from recent

studies that members of this family are critical modulators

of several physiological processes. Moreover, these recep-

tors have been found to be targets for bacterial and viral

pathogens that employ CEACAM-binding adhesins to

successfully colonize their host [6]. This review aims to

summarize recent findings with regard to the physiologi-

cal functions of CEACAMs and, by discussing individual

members of the family, will also try to highlight the

specific features of these closely related molecules.

CEA
In the mid-1960s, CEA was identified as a prominent

tumor-associated antigen in human colon cancer [7]. CEA

is the product of the CEACAM5 gene and is characterized

by having seven extracellular Ig domains and a glycosyl-

phosphatidylinositol (GPI) anchor. This kind of semi-

penetrating membrane anchorage is also found in several

other human (but not rodent) CEACAM family members,

such as CEACAM6 or CEACAM8, and might be one of

the reasons why soluble CEA can be detected in serum.

Normal expression of this family member is restricted to

epithelial cells and CEA is most abundantly found on the

apical surface of the gastrointestinal epithelium, but also

on other mucosal epithelia such as the nasopharynx, the

lung and the urogenital tract as well as in sweat glands [8].

Importantly, to date no orthologues of this molecule have

been identified in non-primate species, making this
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Figure 1

Overview of the human CEACAM family. Schematic representation of major isoforms of the different CEACAM family members are depicted.

Further information with regard to alternative splice variants can be found at http://cea.klinikum.uni-muenchen.de/. Species abbreviations: c,

cow; d, dog; e, elephant; h, human; m, mouse; o, opossum; r, rat.
protein a unique primate invention. CEA can mediate

homotypic binding to itself or heterotypic binding to one

of several other CEACAM family members and thereby

mediate cell–cell adhesion [9]. These interactions are

predominantly mediated by the IgV-like N-terminal

domain and appear to involve one of the two b-sheets

(the CFG-face) of the Ig-fold [10]. 10–30-fold overexpres-

sion of CEA (a level similar to what is observed in human

tumors) or overexpression of CEACAM6, another GPI-

linked CEACAM family member, have been shown to

disturb the ordered tissue architecture that is seen in 3D

cultures of several colon carcinoma cell lines [11] and
Current Opinion in Cell Biology 2006, 18:565–571
transgenic mice that overexpress several human CEA-

CAMs display increased colon tumor formation after

azoxymethane treatment [12�]. When myoblasts expres-

sing CEA or CEACAM6 were grown in the absence of

matrix attachment, apoptosis was reduced, again arguing

for a role of these CEACAM family members in promot-

ing aberrant growth of adherent cells [13]. As shown for

CEA, the inhibition of apoptosis required the IgV-like N-

terminal domain, suggesting that adhesive interactions

mediated by this part of CEA are involved [13]. However,

transgenic mice overexpressing CEA under its native

control elements (CEAtg) do not show an increased tumor
www.sciencedirect.com
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incidence, even in the absence of a functional adenoma-

tous polyposis coli (APC) protein [14,15]. Therefore,

the physiological function of CEA and its potential invol-

vement in tumor formation and progression still await

clear-cut demonstration.

CEACAM1
CEACAM1 (formerly designated Bgp or CD66a) has the

widest tissue distribution of all characterized family

members. This receptor is not only found on epithelial

cells, but also on various leukocytes and its expression can

be induced on other cells, such as endothelial cells or T

cells. CEACAM1 comes in a number of splice variants

(see the CEA homepage at http://cea.klinikum.uni-

muenchen.de/) with most isoforms harboring a transmem-

brane domain and either a long (L) or a short (S)

cytoplasmic domain. The ‘L’ isoforms encompass �70

amino acids (71 in humans) in the cytoplasm including

several serine, threonine and tyrosine residues that can be

phosphorylation targets and can participate in signal

transduction and protein–protein interactions. In contrast,

the ‘S’-isoforms only encode 10 cytoplasmic residues

lacking any phosphorylation sites. Both isoforms are co-

expressed in most CEACAM1-expressing tissues, and the

ratio between the two isoforms determines the signaling

outcome [16,17]. Importantly, two tyrosine residues

within the long cytoplasmic domain constitute a func-

tional immunoreceptor tyrosine-based inhibitory motif

(ITIM) [18] that appears to be the basis for the inhibitory

activity of CEACAM1 in different contexts (discussed

later). Homologues of CEACAM1 have been identified in

rodents and a number of other mammals [19], making this

family member accessible to in vivo experimentation.

Indeed, the genetic deletion of CEACAM1 from the

mouse genome and the generation of transgenic mice

expressing defined mutants have recently demonstrated a

modulatory role for CEACAM1 in neovascularization,

insulin metabolism, T-cell regulation and tumorigenesis

[20��,21,22��,23��].

CEACAM1 in angiogenesis
A number of previous studies have implicated CEA-

CAM1 in angiogenesis. For example, soluble CEACAM1

exhibits pro-angiogenic effects by stimulating the prolif-

eration, chemotaxis and capillary-like tube formation of

human microvascular endothelial cells in vitro, as well as

increasing the vascularization of the chorioallantoic mem-

brane of chicken embryos in vivo [24]. The finding that

vascular endothelial growth factor (VEGF) increases

CEACAM1 expression in endothelial cells and that

VEGF-induced endothelial tube formation is blocked

by a monoclonal CEACAM1 antibody leads to the con-

clusion that CEACAM1 might be a major effector of

VEGF in early microvessel formation [24]. Consistent

with the results of Ergun and colleagues, Chen et al. [25]

found an increase in the expression of CEACAM1 in

H9c2 cells after incubation with VEGF.
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Analyses with cDNA arrays revealed that CEACAM1 is

part of the hypoxia-induced genetic program, as it is

prominently induced on the microvessels of the left

ventricle of chronically hypoxic rats as well as upon

myocardial infarction of mice [25,26]. It is therefore

not surprising that CEACAM1 appears to be involved

in tumor angiogenesis, as it is expressed on tumor-asso-

ciated small endothelia but not in large and quiescent

blood vessels [27,28]. In agreement with the idea that

CEACAM1 helps to promote neovascularization, CEA-

CAM1-deficient mice poorly vascularize implanted

extracellular matrix gels that contain pro-angiogenic fac-

tors such as angiopoietin-1, basic fibroblast growth factor

or VEGF [22��]. In addition, neovascularization and

vascular remodeling after ischemia in the adult animals

is severely impaired [22��]. In contrast, overexpression of

CEACAM1-4L in endothelial cells promotes vessel

growth and vessel integrity in vitro and in vivo, further

demonstrating that CEACAM1 is a critical modulator of

neovascularization [22��]. The molecular mechanism

behind CEACAM1’s angiogenic properties is currently

not known and it is unclear if CEACAM1-mediated

adhesion is critical for this process. However, it has

been reported that CEACAM1 overexpression alters

the adhesive and migratory properties of rat endothelial

cell lines [29]. In addition, stimulation of CEACAM1 in

human epithelial cells has been shown to result in the

expression of CD105 (endoglin), a member of the

TGFb1 receptor family that is critical for angiogenesis,

and a similar mechanism could operate in endothelial

cells [30��].

CEACAM1 helps to limit the action of insulin
Besides its function in angiogenesis, CEACAM1 plays a

role in the regulation of insulin action. Insulin binding to

the insulin receptor (IR) promotes the phosphorylation of

specific cellular target molecules, including members of

the insulin receptor substrate (IRS) family, Shc, and

CEACAM1. Indeed, the ‘L’ isoform of CEACAM1 is a

direct substrate of the IR, which phosphorylates CEA-

CAM1 at Tyr-488, and this modification requires an

intact Ser-503 residue in the cytoplasmic tail of CEA-

CAM1 (reviewed in [31]). Expression of wild-type

CEACAM1, but not of its phosphorylation-defective iso-

forms, decreases growth of hepatocytes in response to

insulin, suggesting that CEACAM1 phosphorylation by

the IR negatively regulates the mitogenic action of

insulin. This down-regulation of insulin signaling can

be attributed to the fact that CEACAM1 promotes endo-

cytosis of the IR–insulin complex, leading to insulin

degradation in lysosomes. The N-terminal domain of

CEACAM1 is dispensable for enhancing insulin endo-

cytosis, suggesting that the adhesive properties of CEA-

CAM1 are not required in this context [32]. Recent

studies from Poy et al. [33] demonstrate that CEACAM1

directly associates with Shc, another substrate of the IR.

Binding of the SH2 domain of Shc to phosphorylated
Current Opinion in Cell Biology 2006, 18:565–571
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Tyr-488 of CEACAM1 competes with Shc binding to the

IR and not only down-regulates the Ras/MAP kinase

pathway but also interferes with IRS-1 phosphorylation,

leading to reduced PI-3 kinase/Akt stimulation in

response to insulin.

To investigate the role of CEACAM1 on hepatic insulin

metabolism in vivo, transgenic mice (L-SACC1) over-

expressing a dominant-negative, phosphorylation-defec-

tive mutant of CEACAM1 (CEACAM1 S503A) in hepa-

tocytes were generated [21]. In contrast to normal mice,

L-SACC1 mice developed hyperinsulinemia resulting

from impaired insulin clearance in the liver. The elevated

insulin levels in L-SACC1 mice caused secondary insulin

resistance in these mice that was linked to hyperglycemia,

increased serum free fatty acids and visceral obesity

[21,34]. Therefore, hepatic CEACAM1 is likely to reg-

ulate systemic insulin concentration by associating with

the insulin receptor and regulating insulin-induced sig-

nalling events as well as insulin uptake and degradation.

In addition to being a substrate for the insulin receptor,

CEACAM1 serves as a substrate for the epidermal growth

factor receptor (EGFR) [35]. Similar to insulin-receptor-

induced signalling, EGFR phosphorylates CEACAM1 at

Tyr-488, leading to association with the adaptor molecule

Shc and resulting in reduced EGF-stimulated Ras/MAPK

pathway activation.

CEACAM1 knock-out mice and the role of
CEACAM1 in tumorigenesis
Surprisingly, CEACAM1 knock-out mice (CEACAM1�/�

mice) do not show dramatic phenotypic alterations; they

are viable and fertile, are not overweight and do not

exhibit any vascular abnormalities or form spontaneous

tumors [20��]. A more detailed analysis has yet to be

published, but it has already been noted that these mice

are hyperinsulinemic and insulin resistant as a result of

defects in hepatic insulin clearance, confirming the data

obtained by liver-specific expression of a dominant-

negative CEACAM1. Furthermore, CEACAM1�/� mice

show reduced neovascularization and vascular remodel-

ling in adult animals [22��], and T-lymphocytes isolated

from CEACAM1�/� mice display altered proliferation

and cytokine secretion (mentioned in [20��]). The latter

report highlights previous findings regarding the inhibi-

tory role of the ‘L’-isoform of CEACAM1 in lymphocyte

activation [36,37], a topic that has been reviewed recently

[38].

CEACAM1 expression has also been linked to tumori-

genesis. In contrast to CEA or CEACAM6, CEACAM1

appears to function as a tumor suppressor and this prop-

erty depends on the long cytoplasmic isoform (CEA-

CAM1-4L), in particular on the integrity of Tyr-488

and Ser-503, as well as on its expression levels in relation

to the ‘S’-isoform (reviewed [39,40]). Surprisingly, the

tumor inhibitory capacity of CEACAM1 does not rely on
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homotypic binding, as a mutant of CEACAM1-4L that

lacks the N-terminal IgV-like domain necessary for CEA-

CAM1-mediated cell–cell aggregation is still able to

interfere with tumor formation in nude mice [41]. Never-

theless, in human tumor samples and carcinoma cell lines

a negative correlation between CEACAM1 expression

and tumor progression has been observed [42,43]. Accord-

ingly, one would expect an increase in the incidence of

tumor formation in CEACAM1�/� mice. Though spon-

taneous tumors are not formed in different organs in the

absence of CEACAM1 expression, CEACAM1�/� mice

do show an increase in the number and size of azoxy-

methane-induced colon tumors in comparison to wild-

type littermates [23��]. The tumor-suppressing activity of

CEACAM1 can be partially explained by the fact that

cell-cycle inhibitors such as the Cdk inhibitors p21Cip1

and p27Kip1 show reduced expression in colon tissue of

CEACAM1-deficient animals. Furthermore, the rate of

apoptosis is reduced in colon cells from CEACAM1�/�

mice, demonstrating that CEACAM1 operates in vivo as a

suppressor of cell proliferation and a promoter of apop-

tosis [23��].

CEACAM1 as a pathogen receptor
In mice, CEACAM1 is encoded by two alternative alleles,

CEACAM1a and CEACAM1b. Interestingly, CEA-

CAM1a serves as a receptor for mouse hepatitis virus

(MHV), a murine coronavirus, and inbred mice strains

carrying the CEACAM1a allele are sensitive to MHV

[44]. Importantly, CEACAM1�/� mice are completely

resistant to MHV [21]. In humans, carbohydrate moieties

in CEACAM1 appear to be recognized by enterobacteria

such as E. coli and Salmonella strains [45,46], and the N-

terminal domain of CEACAM1 is the main target of

several bacterial pathogens specialized to colonize the

human mucosa (for review see [6]). In addition to Neisseria
gonorrhoeae and N. meningitidis, Haemophilus influenzae and

Moraxella catarrhalis also express specific surface proteins

that bind to CEACAM1 and several other CEACAM

family members expressed on the apical membrane com-

partment of polarized epithelial cells. CEACAM engage-

ment by these microbes not only results in tight

association between the bacterium and the cell surface,

but also stimulates the internalization of the micro-organ-

isms and can trigger CEACAM-initiated gene expression

events. A limited set of host genes is specifically induced

upon infection of CEACAM-expressing cells with CEA-

CAM-binding bacteria, and the increased expression of

CD105, a member of the TGFb1 receptor family, has

been found to be necessary and sufficient to enhance

matrix adhesion of the infected cells [30��]. Importantly,

the enhanced adhesiveness counteracts the innate exfo-

liation response of the epithelium, prohibiting the

detachment and sloughing of infected cells [30��]. There-

fore, CEACAM recognition might be a specific adaptation

of these microbes to facilitate the colonization of the

human mucosa.
www.sciencedirect.com
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CEACAM3
In addition to CEACAM1, CEA and CEACAM6, which

are found on epithelial cells, several bacterial adhesins

recognize CEACAM3, a member of the family exclusively

expressed on human granulocytes [47,48]. CEACAM3 has

a single extracellular IgV-like domain, but does not engage

in homo- or heterophilic interactions with other family

members. The most distinctive feature of CEACAM3

resides in the 71-amino-acid cytoplasmic domain, and

comprises an amino acid sequence reminiscent of an

immunoreceptor tyrosine-based activation motif (ITAM).

Several studies have demonstrated that CEACAM3 is

phosphorylated by protein tyrosine kinases of the Src

family, in particular Hck and Fgr, which are activated

upon bacterial infection of human phagocytes [49,50].

CEACAM3-bound bacteria are efficiently engulfed by

an actin-cytoskeleton-dependent process by CEA-

CAM3-transfected cell lines as well as human phagocytes

in an opsonin-independent manner [49,50]. The rapid

uptake mediated by CEACAM3 requires an intact ITAM

as well as the stimulation of the small GTPase Rac, a

critical regulator of actin cytoskeleton dynamics and the

oxidative burst [51�]. Uptake and killing of CEACAM-

binding bacteria by primary human granulocytes can be

prevented by CEACAM3-blocking antibodies or by trans-

ducing the phagocytes with dominant-negative versions of

Rac, but not dominant-negative forms of the closely

related GTPase Cdc42 [51�]. Together, these findings

suggest that CEACAM3, for which no endogenous ligand

has yet been identified and for which no homologue has

been found in other mammalian species, is a specialized

member of the CEACAM family that has specifically

evolved to allow innate immune control of human-specific

bacterial pathogens.

Conclusions
Considerable progress in understanding the molecular

interactions and the functional role of cell–cell adhesion

molecules of the CEACAM family has been made. From

a number of in vitro and in vivo studies, it appears that

GPI-linked human CEACAMs have a role in shaping the

architecture of epithelia, whereas CEACAM1 has a mod-

ulatory role in multiple cell types such as epithelial cells,

endothelial cells, T-cells and hepatocytes and also con-

tributes to tumor suppression. Several family members

serve as receptors for viruses and bacteria and deletion of

these family members can render the host resistant

against particular pathogens. Recently, novel CEACAM

family members have been detected in the human gen-

ome, but also in other mammalian species, further

expanding the range of tissues with CEACAM expression

as well as adding to the repertoire of potential physiolo-

gical functions of these molecules [52��]. It will be

interesting to observe the further elucidation of CEA-

CAM function and the phylogenic diversification of these

glycoproteins in light of their exploitation as pathogen

receptors in multiple mammalian species.
www.sciencedirect.com
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