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Summary

CEA cell adhesion molecule-1 (CEACAM1) is a cell–cell adhesion molecule that, paradoxically, is expressed in an apical
location in normal breast epithelium. Strong lumenal membrane staining is observed in 100% of normal glands (11/11), low
in atypical hyperplasia (2/6), high in cribiform ductal carcinoma in situ (DCIS) (8/8), but low in other types of DCIS (2/15).
Although most invasive ductal carcinomas express CEACAM1 (21/26), the staining pattern tends to be weak and cytoplasmic
in tumours with minimal lumena formation (grades 2–3), while there is membrane staining in well-differentiated tumours
(grade 1). The ‘normal’ breast epithelial line MCF10F forms acini with lumena in Matrigel with apical membrane expression
of CEACAM1. MCF7 cells that do not express CEACAM1 and fail to form lumena in Matrigel, revert to a lumen forming
phenotype when transfected with the CEACAM1-4S but not the -4L isoform. CEACAM1 directly associates with and down-
regulates the expression of β1-integrin. Immuno-electron microscopy reveals numerous vesicles coated with CEACAM1
within the lumena, and as predicted by this finding, CEACAM1 is found in the lipid fraction of breast milk. Thus, CEACAM1
is a critical molecule in mammary morphogenesis and may play a role in the absorption of the lipid vesicles of milk in the
infant intestinal tract.

Introduction

CEA cell adhesion molecule-1 (CEACAM1) is a member
of the carcinoembryonic antigen (CEA) gene family that
was originally described in the bile ducts of liver as biliary
glycoprotein (BGP) and shown to cross-react with anti-
CEA antibodies (Svenberg 1976). Later, it was shown to
be apically expressed in intestinal epithelia (Svenberg et al.
1979). Studies in rat hepatocytes demonstrated that it was
a cell–cell adhesion molecule and it was given the name
Cell-CAM-105 (Ocklind & Obrink 1982). The human gene
was cloned by Hinoda et al. (1988) and Barnett et al. (1989)
who showed that it was alternatively spliced into at least eight
isoforms (Barnett et al. 1993). The rat gene was originally
cloned as a Ca2+/Mg2+ ecto-ATPase (Lin & Guidotti 1989),
based on its ability to confer this activity to transfected COS
cells, and it has been cloned as a bile transporter gene (Sippel
et al. 1993), but neither of these activities have been repro-
ducibly assigned to the protein. CEACAM1 is a receptor for
murine hepatitis virus in the mouse (Dvesksler et al. 1993)
and for opa+ Nisseriae strains (Virji et al. 1996, Gray-Owen
et al. 1997, Bos et al. 1998) and H. influenzae (Virji et al.
2000) in man. CEACAM1 associates with the insulin receptor
in rat liver (Najjar et al. 1993), is rapidly phosphorylated
upon binding of insulin to its receptor (Najjar et al. 1995),

and upon mutation of Ser-503 in the cytoplasmic domain
of CEACAM1, confers insulin resistance in transgenic mice
(Poy et al. 2002a,b). CEACAM1 is down-regulated early in
>90% of colon cancers (Neumaier et al. 1993), in prostate
cancer (Kleinerman et al. 1995a), and to a lesser extent, in
breast cancer (Riethdorf et al. 1997, Huang et al. 1998).
Transfection of the rat gene into prostate (Hsieh et al. 1995),
bladder (Kleinerman et al. 1996), or breast cancer (Luo
et al. 1997) cells renders the tumours less tumourigenic in
nude mice.

The morphology of normal mammary gland is charac-
terized by an inner layer of polarized epithelial cells with
secretory surfaces facing a central lumen and basal surfaces
surrounded by an outer layer of myoepithelial cells. When
these cells are cultured ex vivo in Matrigel, a source of
extracellular matrix (ECM), they form alveolar structures
resembling their in vivo morphology (Gomm et al. 1997).
Other in vitro models that utilize the same Matrigel culture
system have shown that normal mammary epithelial cells
differentiate into acini or tubular structures (Barcellos-Hoff
et al. 1989, Petersen et al. 1992, Bergstraesser & Weitzman
1993, Gomm et al. 1997). Upon contact with ECM proteins
such as laminin and collagen IV, normal mammary epithelial
cells become polarized, form spherical acini or branched
tubules, and in the presence of prolactin initiate β-casein
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secretion (Muschler et al. 1999). In contrast to normal cells,
tumour mammary epithelial cells form large, non-polarized,
undifferentiated colonies without lumena when grown in
Matrigel (Petersen et al. 1992).

A variety of growth factors such as hepatocyte growth
factor (Brinkmann et al. 1995, Soriano et al. 1995), epidermal
growth factor (Gomm et al. 1997), keratinocyte growth factor
(Hirai et al. 1998), and fibroblast growth factor (Li & Shipley
1991) promote branching morphogenesis of cells grown
on ECM. In addition to growth factors, integrins play an
important role in establishing aveolar differentiation while
aberrant integrin expression confers a tumourigenic pheno-
type. Integrins α1 and α2 confer invasive behaviour by
regulating stromelysin-1 (matrix metalloproteinase) expres-
sion, and α6-integrin has been shown to regulate cell motility
(Lochter et al. 1999). Integrins α6 and β1 cause metastatic
invasion in mouse mammary carcinoma cells and are required
for cell movement in 2-dimensional (2D) cell assays on
reconstituted basement membranes. In agreement with these
findings, antibodies to α1, α2, α6, and β1-integrins were
able to block cell motility (Lochter et al. 1999). Moreover,
blocking antibodies which inhibit expression of β1-integrin
or EGFR in tumour cells grown in Matrigel have been shown
to induce down-regulation of β1 and EGFR, and cause growth
arrest and reversion to normal morphogenesis as indicated by
the formation of acinus-like structures (Li et al. 1997, Weaver
et al. 1997).

Assembled lipid droplets in the mammary gland are
secreted from the cytoplasm and enveloped by cellular
membranes. Milk lipids originate as small droplets of triacyl-
glycerol, synthesized in or on the surface of rough endo-
plasmic reticulum membrane and are released into the
cytoplasm with a surface coat of protein and polar lipid.
Droplets of varying size are transported to the apical cyto-
plasm, and when secreted from the cell, are coated with an
outer membrane bilayer. Thus, the cream fraction of milk
comprises lipid droplets coated with cellular membranes.
Two possible mechanisms for lipid secretion have been
proposed: an apical mechanism, in which lipid droplets are
enveloped with apical plasma membrane, and a secretory-
vesicle mechanism, in which fat droplets are surrounded by
secretory vesicles in the cytoplasm and are released from
the surface by exocytosis from intracytoplasmic vacuoles
(Mather & Keenan 1998, Mather et al. 2001, Oshima et al.
2002). A number of proteins are found on the surface
of secreted milk-fat globules including mucin 1 (Mather
et al. 2001) and milk fat globule-EGF factor 8, a peripheral
membrane glycoprotein abundantly expressed in lactating
mammary glands and thought to play a role in vesicle
secretion (Oshima et al. 2002). The presence of sialyl-
Lewis ligands on milk oligosaccharides and their known
role as selectin ligands suggests that they could either play
a role in inflammatory processes (Rudloff et al. 2002)
or milk uptake in the infant intestinal tract. Interestingly,
mastitis milk has the same anti-inflammatory components
and characteristics of normal milk, with elevations in selected
components/activities that may help protect the nursing infant
from developing infections due to feeding on mastitis milk

(Buescher 2001). High levels of cell adhesion molecules
ICAM-1 and VCAM-1 are also found in milk, which
could further augment the immune system of the neonate
(Xyni et al. 2000). Moreover, multimeric α-lactalbumin,
a potent Ca2+-elevating and apoptosis-inducing agent with
broad, yet selective, cytotoxic activity was found in milk.
Multimeric α-lactalbumin killed all transformed, embryonic,
and lymphoid cells tested, but spared mature epithelial
elements. These findings raise the possibility that milk
contributes to mucosal immunity not only by furnishing anti-
microbial molecules but also by activating lymphocytes and
epithelium (Hakansson et al. 1995).

We are currently studying the role of CEACAM1 in
normal and malignant breast. Previously, we demonstrated
that human CEACAM1 is expressed in the normal breast cell
line MCF10 and is essential for lumen formation when the
cells are cultured in Matrigel (Huang et al. 1999). Blocking
CEACAM1 expression either with an anti-sense gene or
anti-CEACAM1 antibodies reverts the cells to a more malig-
nant phenotype. Conversely, MCF7 breast cancer cells fail
to express CEACAM1 or produce lumena when grown in
Matrigel. When MCF7 breast cancer cells were transfected
with CEACAM1-4S, the short cytoplasmic domain isoform
that predominates in normal breast (Huang et al. 1998), rever-
sion to a more normal phenotype was evidenced by lumen
formation when the cells were grown in Matrigel (Kirshner
et al. 2003). In the study presented here, we examine the
expression of CEACAM1 in a wide variety of cancer cell lines
grown in Matrigel, in normal, pre-malignant, and malignant
breast tissue, and for the first time, show that CEACAM1 is
secreted in breast milk on the membrane of lipid vesicles and
in alveolar cells.

Materials and methods

Tissues and cells

With institutional review board approval, tissues were
obtained from the anatomic pathology file at the City of
Hope National Medical Center. Normal mammary epithe-
lial cells (HMEC, MCF10A, MCF10F), mammary carci-
noma cells (MCF7, MB-MDA-231, MB-MDA-468, ZR-75,
T47D, SKBR3, BT474), cervical carcinoma (HeLa),
and colon carcinoma (HT29) cells were obtained from
ATCC. MCF7-CEACAM1-4S-ectoGFP cells were gener-
ously provided by Dr. Charng-Jui Chen and were made as
described previously (Kirshner et al. 2003).

Culture conditions

MCF10Fe cells were grown in mammary epithelial cell
growth medium (MEGM) supplemented with SingleQuotes
(10 ng/ml hEGF, 5 µg/ml insulin, 0.5 µg/ml hydrocortisone,
50 µg/ml gentamicin, 50 ng/ml amphotericin-B, and
52 µg/ml bovine pituitary extract) (Clonetics). MCF10Fm
cells were grown in DMEM-F12 (Gibco-BRL) with 5 µg/ml
insulin, 5 µg/ml transferrin, 20 ng/ml hEGF, 5 × 10−8 M
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dexamethasone and 5% FBS (Huang et al. 1999). MCF7
and HeLa cells were grown in MEM with Earle’s salts and
10% FBS (Irvine Scientific). MCF7, HeLa, HT29 cells were
grown in RPMI 1640 (Irvine Scientific) and supplemented
with 10% FBS (Irvine Scientific), l-glutamine (GibcoBRL),
and penicillin/streptomycin (GibcoBRL). MB-MDA-231,
MB-MDA-468, ZR-75, T47D, SKBR3, HBL-100, and
BT474 were grown per ATCC instructions.

Matrigel culture

Cells (2.5 × 105) were plated in a thick layer (1 mm) of
Matrigel (Collaborative Biomedical Products) in two well
chamber slides (Nunc). Solidified Matrigel was overlaid
with MEGM. To harvest cells, the gels were incubated in
MatriSperse solution (Collaborative Biomedical Products)
for 1 h at 4 ◦C. Cells grown in Matrigel were scored for
the presence (acinus formation) or absence of lumena and
compared by Student’s t-test or the chi-squared test.

Gene array

GEArray Q Series Human Apoptosis and Human ECM
and Adhesion Molecules gene arrays were purchased from
SuperArray. Hybridization with the RNA from MCF/vector
and MCF7/CEACAM1-4S cells grown on tissue culture
plastic or in Matrigel for 4 days was performed according
to the manufacturer’s instructions. For cDNA positions and
identification lists, see http://www.superarray.com.

FACS analysis

For the detection of cell surface integrins 1 × 106 cells were
incubated with 1 µg/ml of anti-integrin mAbs (Chemicon) for
1 h, washed with phosphate buffered saline (PBS), and then
incubated with Alexa 488 conjugated goat anti-mouse IgG
(Molecular Probes) for 1 h followed by washes with PBS.
Cells were analysed on a MoFlo (Cytomation) FACS.

Immunohistochemistry

Matrigel cultures were fixed with 10% neutral buffered
formalin (NBF) (10% formalin in PBS) for 10 min,
embedded in 3% agar, and treated with 10% NBF overnight,
followed by 70% ethanol until processed. Paraffin-embedded
sections were prepared and used for haematoxylin and eosin
staining and immunohistochemistry. Monoclonal antibody
4D1C2 (1 µg/ml) (Drzeniek et al. 1991) was used to detect
CEACAM1. Immunohistochemical staining was performed
as described by Huang et al. (1999).

Confocal microscopy

Cells were grown in Matrigel and stained with MitoSensor
JC-1 cationic dye (Clontech), annexin V-FITC, or anti-
integrin mAbs (Chemicon) according to manufacturer’s
instructions. Confocal microscopy was performed on a Zeiss
Model 310 confocal microscope.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed
according to (Huang et al. 1999). In short, MCF10F,
MCF7/pHβ, and MCF7/CEACAM1-4S cells were grown in
Matrigel for 5–12 days or isolated from human breast milk
by centrifugation at 2000 rpm for 10 min. Acini were isolated
from Matrigel as previously described, fixed for 3 h with
1% glutaraldehyde in 0.2 M cacodylate buffer, washed 3×
in PBS, and post-fixed with 1% osmium tetroxide for 1 h at
4 ◦C. Following three PBS washes, the cells were placed in
microcentrifuge tubes for graded ethanol rinses. The samples
were treated with propylene oxide, embedded in Eponate with
araldite, and polymerized for 72 h at 70 ◦C. Sections (50 nm-
thick) were cut on an LKB Ultrotome III, placed on 300 mesh,
uncoated copper grids, and stained with 5% uranyl acetate for
10 min, followed by 1 min in Sato’s lead solution. TEM was
performed on a Philips CM 10 TEM.

Immuno-electron microscopy

MCF10Fe and MCF7/CEACAM1-4S cells were grown in
Matrigel for 5–12 days, resulting acini were isolated with
MatriSperse, fixed for 2 h with 4% paraformaldehyde–0.01%
glutaraldehyde in 0.2 M cacodylate buffer, pH 7.2, and
washed with cacodylate buffer. Following cryoprotection
with 2.3 M sucrose overnight, the specimen was frozen by
immersion into liquefied nitrogen and sectioned at 70 nm on
a Leica Ultracut UCT equipped with EMFCS cryoattachment
unit at −100 ◦C. The sections were picked up and transferred
to formvar coated, carbon coated, glow discharged 300 mesh
nickel grids. The grids were placed on drops of sucrose,
washed with 3× on 50 µl drops of PBS–6% BSA for 5 min
each and incubated for 45 min at room temperature on 30 µl
drops of PBS–6% BSA (negative control) or mAb T84.1
(1 µg/ml) diluted with PBS–6% BSA. Subsequently, the
grids were washed 3× on 50 µl drops of PBS–6% BSA for
2 min each and then incubated for 1 h on 50 µl drops of
1 : 100 Protein G gold (20 nm) diluted with PBS–6% BSA.
After washing with PBS–6% BSA 5× for 2 min each, grids
were incubated on a drop of PBS–1% glutaraldehyde for
5 min, washed 5× on nano-pure water, stained on a drop
of methylcellulose–uranyl acetate for 30 s, dried with filter
paper, and observed and photographed with the Philips
CM 10 TEM.

Immunoblotting

Fractionated or whole human milk samples were applied
to reducing gradient SDS-PAGE gels (Invitrogen) in SDS
loading buffer with 100 mM DTT. Following semidry electro-
transfer to PVDF membranes (BioRad) and blocking with
TBS (100 mM Tris–HCl, pH 7.5, 150 mM NaCl) buffer
containing 5% non-fat dry milk or 10% BSA (for phospho-
protein blotting) overnight, the blots were incubated for
1 h with mAb T84 or pAb 22.9 at a final concentration of
1 µg/ml, Following three TBS washes, the blots were incu-
bated with goat anti-mouse IgG-HRP or goat anti-rabbit
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IgG-HRP at a 1 : 3000 dilution (BioRad) for 1 h and washed
again. Detection was carried out using the SuperSignal
Chemiluminescent Substrate and Enhancer Kit (Pierce).

Reverse transcriptase–polymerase chain reaction

Mammary alveolar cells were isolated from milk by centri-
fugation and RNA was isolated using Totally RNA kit
(Ambion) as per the manufacturer’s instructions. Reverse
transcriptase–polymerase chain reaction (RT–PCR) was
performed with sense and anti-sense primers P1 and P2 as
described previously (Takahashi et al. 1993) using One Step
RT–PCR kit (QIAGEN) per manufacturer’s instructions.

Results

CEACAM1 expression in breast tissues

CEACAM1 was found to be down-regulated in 30% of
breast cancers (Riethdorf et al. 1997, Huang et al. 1998).
Riethdorf et al. (1997) assessed the pattern of CEACAM1
expression in ductal and lobular carcinomas, and found
predominantly membrane staining in the less differentiated,
and occasional lumenal staining in well-differentiated speci-
mens. We have now compared normal, pre-malignant, and
invasive breast cancers for their patterns of CEACAM1
expression in more detail (Table 1 and Figures 1 and 2).
Strong lumenal staining was observed in 11/11 normal glands
examined (Figure 1A). Similarly, strong lumenal staining was
observed for proliferative breast disease (13/15, Figure 1B).
Most atypical ductal hyperplasia specimens were negative
(2/6, Figure 1C and D). All cases of ductal carcinoma in situ
(DCIS) with a cribriform pattern were positive (Figure 2A),
but those with a solid, comedo, and micropapillary patterns
were negative or had only weak cytoplasmic staining (3/15,
Figure 2B). Although most invasive ductal carcinomas
showed expression of CEACAM1 (21/26) the strength and
pattern varied with morphologic features of the tumours.
Those tumours with well-formed tubules (Grade 1 and a
few Grade 2 tumours) showed strong lumenal membrane
expression (Figure 2C). Tumours growing as sheets and
cords with little if any tubule formation (most Grade 2 and
all Grade 3 tumours) had predominately weak to moder-
ate cytoplasmic staining (Figure 2D) with only occasional
membrane positivity. A rare high-grade tumour had strong
cytoplasmic expression (Figure 2E). Invasive lobular carcino-
mas were negative (Figure 2F) with only one of four showing
weak staining of signet ring cells. These results suggest
that in ductal breast cancers, the altered pattern of cellular
expression of CEACAM1 reflects the tubular-differentiation
state. Lower grade tumours retain the ability to localize
the protein to the apical surface while in the more poorly
differentiated ductal and in lobular carcinomas the protein is
cytoplasmic.

Previously, we examined the pattern of CEACAM1
isoform expression in normal and malignant breast and found

Table 1. Expression of CEACAM1 in breast lesions.

Histology CEACAM1 expression

N Pos % Notes

Normal 11 11 100 Strong lumenal membrane
staining of terminal ductules
and ductal epithelium.

PBD∗ 15 13 87 Most showed strong staining of
lumenal membrane but a few
had cytoplasmic staining
as well.

Fibroadenoma 2 2 100 Strong lumenal membrane
staining.

ADH∗∗ 6 2 33 Most were negative but two had
lumenal membrane staining
and some cytoplasmic
staining.

DCIS∗∗∗ 23 11 48
Cribiform 8 8 100 All showed some lumenal

membrane staining with or
without a cytoplasmic
component.

Solid 8 2 25 Both positive cases showed only
weak cytoplasmic staining.

Micropapillary 2 0 0
Comedo 5 1 20

Carcinomas
Ductal 26 21 80

Grade 1 2 2 100 Strong lumenal membrane
staining of tumors with
prominent tubule formation.

Grade 2 17 13 76 Most had only moderate to
weak cytoplasmic staining but
a sub group showed strong
membrane staining or lumenal
membrane staining of tubules.

Grade 3 7 6 86 Most showed only weak to
moderate cytoplasmic staining
but a few had membrane
accentuation.

Lobular 4 1 25 Only one showed weak
cytoplasmic staining
predominately in areas of
signet ring cells.

Papillary 1 1 100 Strong lumenal membrane
staining in one papillary case.

∗PBD – proliferative breast disease including ductal hyperplasia and
adenosis.
∗∗ADH – atypical ductal hyperplasia.
∗∗∗DCIS – ductal carcinoma in situ.

that patients either produced the CEACAM1-3S isoform only,
or a combination of the -4L, -4S, and -3S isoforms (Huang
et al. 1999). While the reason for these differences in isoform
production are not clear, we noted that the -4S or -3S isoforms
predominate. Later, we showed that transfection of the -4S
but not the -4L isoform into MCF7 cells was sufficient to
restore lumen formation in these cells when grown in Matrigel
(Kirshner et al. 2003). Thus, the -S isoform appears to be
the biologically relevant isoform in the human mammary
gland. In the majority of breast cancer patients examined,
the combined isotype expression pattern (-4L, -4S, -3S) was
observed (Huang et al. 1999). It remains to be seen if the
isoform expression pattern is changed during malignancy.
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Figure 1. Expression of CEACAM1 in normal and pre-malignant mammary tissue. Immunohistochemistry staining of tissues with CEACAM1 specific
antibody 4D1C2. (A) Normal mammary gland (200×). (B) Florid ductal hyperplasia in proliferative breast disease has strong staining of lumenal
surfaces of epithelial cells similar to that seen in normal epithelium (100×). (C) Atypical ductal hyperplasia minimal membrane staining of the
involved duct (100×). (D) Higher power of a duct with partial involvement by an atypical epithelial proliferation that demonstrates little staining of
some cribriform ducts while adjacent epithelium has miminal surface immunoreactivity (400×).

CEACAM1 expression in breast cancer cell lines

We examined the pattern of CEACAM1 expression in a
number of mammary epithelial cell lines grown in Matrigel to
determine if CEACAM1 expression confers lumen formation
across a wide range of cells. Both mammary epithelial
cells obtained from breast reduction surgery (HMECs)
and MCF10 cells, that are considered to mimic normal
mammary epithelial cells, expressed CEACAM1 and formed
acini with lumena, when grown in Matrigel (Figure 3,
Table 2). The pattern of expression was identical to that
of normal mammary gland, namely, strong membranous
staining surrounding the lumena. In the case of the breast
cancer cell lines, four out of seven formed acini in Matrigel,
and none of those had lumena. However, two of the four
that form acini expressed CEACAM1, demonstrating that
expression of CEACAM1 alone is not sufficient to confer
lumen formation. We conclude that CEACAM1 expression is
necessary but not sufficient for lumen formation. In the breast
tumour cell lines that expressed CEACAM1, the sub-cellular
distribution was similar to that of the mammary tumours,
where the staining was distributed throughout the cytoplasm
and not found exclusively at the membrane. Since CEACAM1
is a type 1 membrane glycoprotein, we speculate that it
remains trapped in endosomes in these cells, and is pre-
vented from transmitting its cell–cell signals that are crucial
for lumen formation (Kirshner et al. 2003).

CEACAM1 expression in other tumour cell lines

We also tested the expression of CEACAM1 in other types of
cancer cell lines grown in Matrigel and its potential effect on
lumen formation. All cells tested formed colonies in Matrigel,
but none formed lumena (Table 2). However, only the colon
cancer cell line HT29 expressed CEACAM1, thus making it
hard to judge if these other cell lines behave like the breast
cancer lines. We were especially interested in the prostate
cell line, since down-regulation of CEACAM1 expression has
been correlated with the progression from normal to malig-
nant (Kleinerman et al. 1995a), and normal prostate cells
can form acini with lumena when grown in a 3D culture
(Hudson et al. 2000). Studies are now underway to deter-
mine if CEACAM1 transfected LNCap cells form lumena
when cultured in Matrigel.

Function of CEACAM1 in cultured
mammary epithelial cells

Previously, we showed that transfection of CEACAM1 into
MCF7 cells restores lumen formation when the cells are
grown in Matrigel and lumen formation requires apoptosis
of the central cells in the colonies (Kirshner et al. 2003). In
those studies, we hypothesized that expression of CEACAM1
triggers apoptosis. For example, when MCF7 cells trans-
fected with a CEACAM1-GFP fusion protein are grown
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Figure 2. Expression of CEACAM1 in DCIS and carcinomas. Immunohistochemistry staining of tissues with CEACAM1 specific antibody 4D1C2.
(A) Ductal carcinoma in situ with a cribriform pattern showing strong membrane staining along the lumena as well as staining of the central
proteinaceous material (100×). (B) High-grade comedo type ductal carcinoma in situ, shows only faint cytoplasmic staining (100×). (C) Moderately
differentiated ductal carcinomas with tubular formation often expressed CEACAM1 on the membrane surface of the abortive lumena (200×). (D) Most
of the invasive ductal carcinomas, especially those growing as solid nests and sheets without lumena, showed weak cytoplasmic staining (400×).
(E) Though rare, poorly differentiated invasive ductal carcinoma occasionally showed strong cytoplasmic staining throughout the tumor. (F) Invasive
lobular carcinomas were generally negative for CEACAM1. Note the membrane staining of the residual normal ducts (200×).

in Matrigel and stained with the mitochondrial dye, JC1,
CEACAM1-GFP is seen between the cells at 7 d and in
the lumena at 12 d (Figure 4A and B). Since the JC-1 dye
stains the mitochondria of healthy cells red and apoptotic
cells green, one cannot distinguish whether the central green
cells are apoptotic, just express CEACAM1-GFP or both.
However, when MCF7 cells are transfected with CEACAM1
(no GFP fusion protein) and stained with JC1, the central
cells stain green (Figure 4C). Further evidence that the central
cells are apoptic is shown by annexin V staining super-
imposed on the phase contrast photo of an isolated 12 d colony
(Figure 4D). Based on these published results, we ask why
the central cells apoptose while the peripheral cells do not?
One answer consistent with a large body of data on the func-
tion of integrins and ECM is that only the peripheral cells
contact ECM and thus are spared. The literature suggests

that loss of contact of epithelial cells to ECM is sufficient
to cause death or anoikis; however, control cells, that do not
express CEACAM1 and are located in the centre of colonies,
are perfectly healthy (Figure 3B). Thus, a major function
of CEACAM1 appears to be induction of apoptosis in the
context of the presence or absence of ECM. The mechanism
of interaction between integrin subunits and CEACAM1 is
addressed in a later section.

The lumenal epithelium of the mammary gland is polar-
ized with microvilli and budding vesicles facing the apical
surface of the gland (Gomm et al. 1997). The polarized pattern
with microvilli and budding vesicles is faithfully repro-
duced when normal mammary epithelial cells are cultured
in Matrigel (Huang et al. 1999). Similarly, when MCF7
cells transfected with CEACAM1 are grown in Matrigel
and the lumen is examined by EM, microvilli with budding
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Figure 3. Expression of CEACAM1 in mammary cell lines grown in
Matrigel. Immunohistochemistry staining with anti-CEACAM1 anti-
body 4D1C2 of cells grown in Matrigel for 12 d. (A) MCF10F
cells (400×). (B) MCF7 cells (400×). (C) BT474 cells (100×).
(D) MDA-MB-231 cells (200×).

Figure 4. CEACAM1 transfected MCF7 cells form lumena by apop-
tosis of the central cells. This figure is reprinted with the authors’
permission from Kirshner et al. (2003). MCF7 cells were trans-
fected with either CEACAM1 or CEACAM1-eGFP fusion protein
and grown in Matrigel for 7 or 12 d. Cells were counterstained with
either JC1 or FITC-annexin V. (A) MCF7/CEACAM1-eGFP, 7 d,
counterstained with JC1. (B) MCF7/CEACAM1-eGFP, 12 d, counter-
stained with JC1. (C) MCF7/CEACAM1, 12 d, counterstained with JC1.
(D) MCF7/CEACAM1, 7 d, counterstained with FITC-annexin V and
superimposed on the phase contrast image.

vesicles are observed (Figure 5A). Since Frangsmyr et al.
(1995) had previously demonstrated CEACAM1 expression
on the tips of microvilli in colonic epithelia, we speculated
that CEACAM1 would also be localized to the microvilli of

Figure 6. Morphology of human milk alveolar cells. Alveolar cells were
isolated from human milk. (A) DAPI staining to show nuclei. (B) Phase
contrast image showing nuclei and lipid droplet. (C) Oil red staining to
show lipid droplets. (D) TEM (13,000×) showing nucleus (N) and a lipid
vesicle (L) enclosed in a membrane (arrows).

polarized breast epithelial cells. Applying immuno-electron
microscopy (immuno-EM) staining to MCF/CEACAM1
cells grown in Matrigel during the course of lumen forma-
tion, CEACAM1 was found between the cells of the 5-d
acinus (Figure 5B), and redistributed to the lumenal surface
by 12 d in culture, where it was found exclusively on
microvilli (Figure 5C). Furthermore, vesicles staining posi-
tive for CEACAM1 were found both in the cytoplasm of the
epithelial cells and in the central lumena (Figure 5B–D, and
see Figure 6D). No CEACAM1 staining was found in the
MCF7/vector cells grown in Matrigel (Figure 5E). Thus, we
conclude that CEACAM1 plays a role in cell–cell adhesion
in the early stages of mammary morphogenesis, and shifts to
a purely apical pattern of expression once mature glands are
formed. In mature alveolar cells CEACAM1 expression is
limited to the microvilli that appear to produce small, micron
sized vesicles that have abundant amounts of CEACAM1
on their surfaces. Based on this evidence, we predicted
that CEACAM1 should be found in the lipid fraction of
breast milk.

CEACAM1 in breast milk

Breast milk was centrifuged to remove cells and the super-
natant separated into the lipid and non-lipid fraction. Breast
milk is known to contain abundant alveolar cells that are
shed into the milk (Cross & Mercer 1993). Staining of these
cells revealed an intact nucleus and one or more mem-
brane enveloped lipid vesicles (Figure 6A–D). The lipid
vesicle found in these cells was often as large as the nucleus
and was filled with triglycerides. RT–PCR analysis of the
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Table 2. Expression of CEACAM1 in various cell lines.

Cell line Type Colony
formation

Lumen
formation

CEACAM1
expression in
Matrigel (IH)

CEACAM1
expression on
plastic (IB)

HMEC Breast, n + + +++ m +
MCF10F Breast, n + + ++++ m +
MCF7 Breast, t + − − −
BT-474 Breast, t + − ++++ m, c +
MDA-MB-2312 Breast, t − − − −
MDA-MB-468 Breast, t − − ++++ c +
SK-BR3 Breast, t +3 − + m, c −
T-47D Breast, t + − ++ m +
ZR-75 Breast, t +1 +/− + m, c −
HT29 Colon, t + − +++ m, c +
LNCap Prostate, t + − − −
A2780 Ovarian, t + − − −
HeLa2 Cervical, t +3 − − −
Panc-1 Pancreatic, t + − − −
MiaPaCa Pancreatic, t + +/− − −
IH – immunohistochemistry, IB – immunoblotting. n – normal, t – tumour; m – membrane, c – cytoplasmic staining pattern.
150% make colonies. 2Myoepithelial phenotype. 3Loose colonies.

DC

Figure 5. CEACAM1 is found associated with secretory vesicles. MCF7/CEACAM1-4S cells grown on Matrigel for 5 or 12 d and subjected to TEM
or immuno-EM. (A) TEM on a lumenal section from 12 d cells showing vesicles (4125×). (B) Immuno-EM on a lumenal section of 5 d cells showing
gold particles between the cells and on microvilli (22,250×). (C) Immuno-EM on a lumenal section showing gold particles on vesicles (28,750×)
and inset (115,000×). (D) Immuno-EM on intracellular lipid droplets showing gold particles on lipid membrane (13,000×). (E) Immuno-EM on
MCF7/vector control cells showing specificity of antibody (22,250×).

mRNA isolated from the alveolar cells revealed that both the
CEACAM1-4L and -4S isoforms were present (Figure 7A
and B). Western blot analysis of the lipid and non-lipid frac-
tions of milk from a second donor revealed that CEACAM1
was found only in the lipid fraction (Figure 7C), in agreement

with the prediction that it is on the surface of lipid vesicles. We
concluded that only the CEACAM1-4 isoform was present
in this specimen based on a molecular size comparison to
CEACAM1 isoforms expressed in Jurkat cells. However,
it was also possible that CEACAM1 was cleaved from its
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Figure 7. CEACAM1 is found in human milk. (A) RNA purified from
the alveolar cells isolated from fresh breast milk. (B) RT–PCR using
the RNA from (A) for CEACAM1 expression compared to RNA from
human colon carcinoma cell line HT-29. The two bands correspond
to CEACAM1-4L and CEACAM1-4S. (C) Immunoblot analysis of
CEACAM1 in breast milk. Lanes 1 and 10, Jurkat/CEACAM1-4L;
lanes 2 and 9, Jurkat/CEACAM1-4S; lane 3, CEACAM1-3sol; lane 4,
CEACAM1-4sol; lane 5, aqueous fraction of milk; lane 6, lipid fraction
of milk; lanes 7 and 8, whole milk. Proteins in lanes 1–7 were probed with
anti-CEACAM1 mAb T84.1, recognizing the N domain of CEACAM1,
and proteins in lanes 8–10 were probed with anti-CEACAM1-L pAb
22.9, recognizing the long cytoplasmic domain of CEACAM1.

transmembrane and cytoplasmic domains leaving a soluble
form somehow associated with the lipid vesicles. To test
this possibility, soluble forms of CEACAM1-3 and -4 were
expressed in NSO cells, purified, and compared to the CEA-
CAM1 found in milk. It can be seen that the molecular size
of CEACAM1 from milk aligns with CEACAM1-4S and
not with CEACAM1-4L or either of the soluble isoforms
(Figure 7C). The identity of the isoform was further con-
firmed by immunoblotting with an antibody that recognizes
only the long cytoplasmic domain of CEACAM1, where the
lack of signal indicates the absence of the long cytoplasmic
domain (Figure 7C). The lack of CEACAM1-4L expression
in the milk specimen and its presence in the alveolar cells
could be due to variations among individual donors. Indeed,
in our previous study we noted a short only versus a short
plus long isoform polymorphism in the breast tissue spec-
imens (Huang et al. 1998). Further studies are required to
determine if this is due to a genetic polymorphism.

The function of the CEACAM1 coated lipid vesicles is
worth a speculation. It is known that the membrane of
enveloped lipid vesicles in milk acts as a site of attachment
to the newborn intestine (Cross & Mercer 1993). A simple
mechanism of attachment of these vesicles to the newborn
epithelium could involve a homophilic cell–cell adhesion
molecule like CEACAM1. Since CEACAM1 is expressed
on both the lipid vesicles and the epithelium of the gut, it is in
position to play this role. Furthermore, bacterial cells which

bind to CEACAM1 on epithelial cells are rapidly internal-
ized (Chen et al. 2001, Muenzner et al. 2001), suggesting
that CEACAM1 is an internalizing receptor. Further studies
are required to establish if our hypothesis is correct.

Association of CEACAM1 with integrins

Previous studies on the 3D model of mammary morphogensis
have focussed on the role of ECM–integrin interactions
(for a review see Bissell et al. 2002). It seems likely that
the integration of these signals with the cell–cell adhe-
sion signals conveyed by molecules such as CEACAM1
(or E-cadherin) are essential for establishing the complete
morphogenic programme. An obvious possibility is a direct
association between integrins and CEACAM1 receptors on
the cell surface. Indeed, Brummer et al. (2001) have shown
that when the phosphorylated form of the long cytoplasmic
domain of CEACAM1 is used as bait for interacting proteins
in neutrophil lysates, β3 integrin was isolated. However,
extension of this finding to breast epithelial cells, to other
integrin subunits, and especially to the short cytoplasmic
domain isoform of CEACAM1 is lacking. As a first step in
assessing the level of CEACAM1 involvement in integrin–
ECM communication, a gene array analysis was performed
comparing the expression of cell adhesion and ECM proteins
in MCF7/vector and MCF7/CEACAM1-4S cells grown on
plastic versus Matrigel (Table 3). After normalization for
housekeeping genes, no gene regulation (up or down) was
seen in CEACAM1 versus vector transfected cells grown on
either plastic or Matrigel. Aside from several housekeeping
genes, the gene array showed that several genes like CEA and
E-cadherin are highly expressed in MCF7 cells. However,
the mRNA levels for these genes were unchanged before
and after growth of control and transfected cells on Matrigel.
Based on the limited selection of genes probed, it appears that
CEACAM1 alone is responsible for reverting breast cancer
cells to a normal phenotype.

Since the role of integrins in a 3D model of mammary
morphogenesis is well established, including changes in the
surface levels of the β1 and β4 subunits (Weaver et al. 1997),
we speculated that either the protein or its cell surface levels
must be regulated in CEACAM1 transfected MCF7 cells. To
examine this possibility, cell surface levels of various inte-
grins was measured on control and CEACAM1 transfected
cells grown on plastic or in Matrigel (Figure 8A). Quite
surprisingly, no or very low cell surface expression of inte-
grins was seen in either control or CEACAM1 transfected
cells grown on plastic (Figure 8A, blue and purple traces);
however, when the cells were grown in Matrigel, the cell
surface levels of all the integrins tested increased dramati-
cally (Figure 8A, yellow and red traces). Since mRNA levels
of the integrins are unchanged, we conclude that exposure
of the cells to the ECM in Matrigel induces their cell sur-
face expression. Comparison of the control versus transfected
cells grown in Matrigel revealed that integrins α1 and β1
were down-regulated in MCF7/CEACAM1-4S compared to
the vector controls (yellow vs. red traces in Figure 8A), while
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Table 3. Matrix adhesion genes expressed by CEACAM1 transfected
MCF7 cells.

Gene Vector/ Vector/ CEACAM1/ CEACAM1/
plastic Matrigel plastic Matrigel

Caveolin-1 2+ 2+ 2+ 2+
CD44 2+ 2+ 2+ 2+
E-Cadherin 4+ 4+ 4+ 4+
CEA 4+ 4+ 4+ 4+
Collagen IV 2+ 2+ 2+ 2+
Cystatin C 1+ 1+ 1+ 1+
α-Catenin 2+ 2+ 2+ 2+
β-catenin 2+ 2+ 2+ 2+
δ-catenin 1+ 1+ 1+ 1+
Cathepsin D 4+ 4+ 4+ 4+
Cathepsin-L 1+ 1+ 1+ 1+
α1-integrin 1+ 1+ 1+ 1+
α2-integrin 1+ 1+ 1+ 1+
α4-integrin 1+ 1+ 1+ 1+
α6-integrin 1+ 1+ 1+ 1+
αV -integrin 1+ 1+ 1+ 1+
β1-integrin 2+ 2+ 2+ 2+
β3-integrin 1+ 1+ 1+ 1+
β4-integrin 2+ 2+ 2+ 2+
β7-integrin 1+ 1+ 1+ 1+
Laminin-γ 1+ 1+ 1+ 1+
Hyaluronidase 1+ 1+ 1+ 1+
MMP14 2+ 2+ 2+ 2+
MMP15 1+ 1+ 1+ 1+
MMP26 3+ 3+ 3+ 3+
NRCAM 2+ 2+ 2+ 2+
PECAM 2+ 2+ 2+ 2+
PAI-1 4+ 4+ 4+ 4+
Thrombospon.-1 1+ 1+ 1+ 1+
Thrombospon.-2 1+ 1+ 1+ 1+
TIMP-1 1+ 1+ 1+ 1+
TIMP-2 3+ 3+ 3+ 3+
House Keepers∗ 4+ 4+ 4+ 4+
∗The following housekeeping genes were included: GAPD,
cyclophilin A, ribosomal protein L13a, and β-actin.

all other subunits showed no changes. Weaver et al. (1997)
had previously shown that the down-regulation of β1 and
up-regulation of β4 integrin correlates with the induction of
lumen formation in T4-2 cells arising from spontaneously
transformed HMT-3522 cells, and that β1 function blocking
antibodies restore lumen formation to the transformed T4-2
cells grown in Matrigel. While the corresponding α subunit
was not identified in their studies, it is interesting to speculate
that it may be α1, since it is down-regulated together with β1
in our study. Integrin β1 has been shown to be critical for
murine mammary morphogenesis (Klinowska et al. 1999)
where implanted blocking antibodies prevented mammary
gland development. Since down-regulation of β1 correlates
with restoration of lumen formation in mammary tumour
cells grown in Matrigel, we speculate that the absolute levels
of β1 are the critical factor, especially in terms of compe-
tition with other β subunits for paired α subunits. In this
respect, α1β1 binds laminin-1 and α2β1 binds collagen IV,
the major components of basement membrane that surround
the alveolar structures.

Confocal microscopy was performed to evaluate the
possible direct association of CEACAM1 with the above

Figure 8. Effects of ECM on integrin expression in MCF/CEACAM1-4S
cells. (A) MCF7/vector and MCF7/CEACAM1-4S cells were grown on
plastic or in Matrigel (2 d) and cell surface expression of integrins was
assessed using FACS analysis. On the histograms, black peaks corre-
spond to unstained MCF7 cells used as a negative control, and blue to
MCF7/vector cells grown on plastic and yellow, in Matrigel. The purple
peaks correspond to MCF7/CEACAM1-4S cells grown on plastic and
red, in Matrigel. The yellow peaks (indicated by arrows) are under the
red peaks for α2 and α3. (B) MCF7/CEACAM1-4S-ectoGFP cells were
isolated from a 2 day Matrigel culture and stained with anti-integrin anti-
bodies (red channel). Colocalization is indicated by the overlap of the
two channels (yellow) on the periphery of the colonies where contact
with ECM is established.

integrin subunits (Figure 8B). A strong co-localization of
CEACAM1 with α2 and β1, and a weaker association with
α1, and α3 was observed. The co-localization occurred on the
periphery of the colonies where contact with the basement
membrane occurs. Even though the predominant location of
CEACAM1 is between the cells during the early stages of
morphogenesis, clearly it also has a basal–lateral localiza-
tion that allows direct interaction with the integrin subunits
and ECM. This suggests that CEACAM1-4S and β1 integrin
participate in a common pathway leading to lumen for-
mation. These findings further support our hypothesis that
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CEACAM1-4S communicates with the ECM during the
initial stages of mammary gland development.

Discussion

CEACAM1 is constitutively expressed in the epithelium
of a variety of normal tissues, including colon, bladder,
prostate, and breast. The early down-regulation of CEA-
CAM1 in >90% of colon cancers (Neumaier et al. 1993)
and its ability to render prostate, bladder, and breast cancer
cells less tumourigenic (Kleinerman et al. 1995b, 1996,
Luo et al. 1997) have led some investigators to propose
that CEACAM1 is a tumour suppressor gene. However,
the gene is only down-regulated in about 30% of breast
cancers (Riethdorf et al. 1997, Huang et al. 1998), casting
some doubt on this assignment. This discrepancy prompted
us to re-examine the pre-malignant and malignant breast
tissues for further clues. Strong CEACAM1 expression on
the lumenal surfaces of hyperplastic ductal cells in benign
proliferative breast disease is similar to that seen in the
normal breast. Minimal expression was seen in the limited
number of atypical hyperplasia cases examined. Cribriform
DCIS, which retains lumenal structures stain strongly for
CEACAM1, while those types that do not (solid and comedo
types of DCIS) showed only cytoplasmic staining. Most inva-
sive ductal carcinomas (80%) were positive and only those
that had tubular formation expressed the protein on lumenal
or membrane surfaces, otherwise cytoplasmic staining pre-
dominated. We conclude that, while a drop in CEACAM1
expression and alteration of its staining pattern correlates
with the differentiation state of both the pre-malignant and
invasive lesions, by classical definition, CEACAM1 is not a
tumour suppressor gene. It is especially noteworthy that no
genetic changes involving the CEACAM1 gene have been
reported.

The finding of CEACAM1 in breast milk was a direct
result from our ultrastructure studies on breast epithelial
cells grown in Matrigel. These polarized cells produce abun-
dant vesicles that are secreted from the tips of microvilli
into alveolar lumena. As predicted by these results, the
CEACAM1 positive vesicles are found in the lipid fraction
of milk and the molecular size of CEACAM1 is identical to
that found in intact cells. Others have speculated that lipid
droplets in milk are surrounded by membranes to increase
their absorption in the infant intestinal tract (Cross & Mercer
1993). If this is correct, CEACAM1 is an ideal molecule for
this purpose, since it is found on intestinal epithelia, is a cell–
cell adhesion molecule, and is know to cause internalization
upon ligation with bacteria (Chen et al. 2001, Muenzner et al.
2001). Further studies involving uptake of milk lipid vesicles
by cultured intestinal epithelial cells are planned.

The finding that transfection of CEACAM1 into
CEACAM1 negative breast cancer cells restores lumen
formation in Matrigel culture is exciting. It appears that
CEACAM1 plays an essential role in the morphogenic
process. However, we found several breast cancer cell lines

that express CEACAM1, but fail to form a lumen when
cultured in Matrigel. This means that CEACAM1 is essen-
tial but not sufficient for lumen formation. It is possible
that these cells are either lacking another essential compo-
nent of the programme or express an additional gene that
overrides the programme. In the first case, other candidate
essential genes may include the integrins which bind ECM
and help to establish polarity. While this possibility has not
been fully explored, we have shown that CEACAM1 asso-
ciates with the β1 integrin subunit that previously has been
shown to be essential for murine mammary gland develop-
ment (Klinowska et al. 1999). CEACAM1 also lowers the
cell surface expression level of the β1 integrin subunit in
transfected MCF7 cells, a finding that correlates well with
studies on reversion of malignant breast cancer cells with
anti-β1 integrin antibodies (Weaver et al. 1997). A possible
explanation of these apparently contradictory results is that
the β1 subunit may compete for other essential α subunits.
Since α1 was also down-regulated in our study, we believe
that there may be a competition among α1β1 and α2β1 which
bind laminin 1 and collagen IV, respectively, both components
of the basement membrane that surrounds the alveolar cells
and establishes polarity. The other possibility to be explored
is that additional genes expressed suppress the morphogenic
program. A likely candidate gene is Her2 which overrides the
growth inhibitory signalling in breast cells. In support of this
idea, both CEACAM1 and Her2 are expressed in BT474 cells
(Table 2), and studies with Her2 transfected cells demonstrate
continued growth disrupting lumen formation (Muthuswamy
et al. 2001).

In summary, CEACAM1 expression, found in an apical
location in normal breast glands, is altered in both
pre-malignant and malignant disease. It is secreted into milk
on vesicles, and while its function there is unknown, it may
play a role in intestinal absorption of lipid. Using a 3D
model of morphogenesis, we have shown that CEACAM1
is required for lumen formation in CEACAM1 positive
MCF10F cells, and transfection of CEACAM1 into the
MCF7 breast cancer cell line restores lumen formation.
The mechanism of lumen formation involves apoptosis of the
central cells and requires both ECM–integrin and CEACAM1
interactions.

References

Barcellos-Hoff MH, Aggeler J, Ram TG, Bissell MJ (1989) Functional
differentiation and alveolar morphogenesis of primary mammary
cultures on reconstituted basement membrane. Development 105:
223–235.

Barnett TR, Drake L, Pickle WI (1993) Human biliary glycoprotein gene:
Characterization of a family of novel alternatively spliced RNAs and
their expressed proteins. Mol Cell Biol 13: 1273–1282.

Barnett TR, Kretschmer A, Austen DA, Goebel SJ, Hart JT, Elting JJ,
Kamarck ME (1989) Carcinoembryonic antigens: Alternative splicing
accounts for the multiple mRNAs that code for novel members of the
carcinoembryonic antigen family. J Cell Biol 108: 267–276.

Bergstraesser LM, Weitzman SA (1993) Culture of normal and malignant
primary human mammary epithelial cells in a physiological manner



298 J. Kirshner et al.

simulates in vivo growth patterns and allows discrimination of cell
type. Cancer Res 53: 2644–2654.

Bissell MJ, Radisky DC, Rizki A, Weaver VM, Petersen OW (2002) The
organizing principle: Microenvironmental influences in the normal and
malignant breast. Differentiation 70: 537–546.

Bos MP, Kuroki M, Krop-Watorek A, Hogan D, Belland RJ (1998) CD66
receptor specificity exhibited by neisserial Opa variants is controlled
by protein determinants in CD66 N-domains. Proc Natl Acad Sci USA
95: 9584–9589.

Brinkmann V, Foroutan H, Sachs M, Weidner KM, Birchmeier W (1995)
Hepatocyte growth factor/scatter factor induces a variety of tissue-
specific morphogenic programs in epithelial cells. J Cell Biol 131:
1573–1586.

Brummer J, Ebrahimnejad A, Flayeh R, Schumacher U, Loning T,
Bamberger AM, Wagener C (2001) Cis interaction of the cell adhesion
molecule CEACAM1 with integrin beta(3). Am J Pathol 159: 537–546.

Buescher ES (2001) Anti-inflammatory characteristics of human milk:
How, where, why? Adv Exp Med Biol 501: 207–222.

Chen T, Bolland S, Chen I, Parker J, Pantelic M, Grunert F,
Zimmermann W (2001) The CGM1a (CEACAM3/CD66d)-mediated
phagocytic pathway of Neisseria gonorrhoeae expressing opacity pro-
teins is also the pathway to cell death. J Biol Chem 276: 17413–17419.

Cross PC, Mercer KL (1993) Cell and Tissue Ultrastructure. New York:
W.H. Freeman and Company.

Drzeniek Z, Lamerz R, Fenger U, Wagener C, Haubeck HD (1991)
Identification of membrane antigens in granulocytes and colonic carci-
noma cells by a monoclonal antibody specific for biliary glycoprotein,
a member of the carcinoembryonic antigen family. Cancer Lett 56:
173–179.

Dvesksler GS, Dieffenbach CW, Cardellichio CB, McCuaig K,
Pensiero MN, Jiang G-S, Beauchemin N, Holmes KV (1993) Several
members of the mouse carcinoembryonic antigen-related glycoprotein
family are functional receptors for the coronavirus mouse hepatitis
virus A-59. J Virol 67: 1–8.

Frangsmyr L, Baranov V, Prall F, Yeung MM-W, Wagener C,
Hammarstrom S (1995) Cell and region specific expression of biliary
glycoprotein and its messenger RNA in normal human colonic mucosa.
Cancer Res 55: 2963–2967.

Gomm JJ, Coope RC, Browne PJ, Coombes RC (1997) Separated human
breast epithelial and myoepithelial cells have different growth factor
requirements in vitro but can reconstitute normal breast lobuloalveolar
structure. J Cell Physiol 171: 11–19.

Gray-Owen SD, Lorenzen DR, Haude A, Meyer TF, Dehio C (1997)
Differential Opa specificities for CD66 receptors influence tissue inter-
actions and cellular response to Neisseria gonorrhoeae. Mol Microbiol
26: 971–980.

Hakansson A, Zhivotovsky B, Orrenius S, Sabharwal H, Svanborg C
(1995) Apoptosis induced by a human milk protein. Proc Natl Acad
Sci USA 92: 8064–8068.

Hinoda Y, Neumaier M, Hefta SA, Drzeniek Z, Wagener C, Shively L,
Hefta LJF, Shively JE, Paxton RJ (1988) Molecular cloning of a
cDNA coding biliary glycoprotein I: Primary structure of a glycopro-
tein immunologically crossreactive with carcinoembryonic antigen.
Proc Natl Acad Sci USA 85: 6959–6963.

Hirai Y, Lochter A, Galosy S, Koshida S, Niwa S, Bissell MJ (1998)
Epimorphin functions as a key morphoregulator for mammary epithe-
lial cells. J Cell Biol 140: 159–169.

Hsieh J.-T, Luo W, Song W, Wang Y, Kleinerman DI, Van NT, Lin S-H
(1995) Tumor suppressive role of an androgen-regulated epithelial cell
adhesion molecule (C-CAM) in prostate carcinoma cell revealed by
sense and anti-sense approaches. Cancer Res 55: 190–197.

Huang J, Hardy JD, Sun Y, Shively JE (1999) Essential role of biliary
glycoprotein (CD66a) in morphogenesis of the human mammary
epithelial cell line MCF10F. J Cell Sci 112: 4193–4205.

Huang J, Simpson JF, Glackin C, Riethorf L, Wagener C, Shively JE
(1998) Expression of biliary glycoprotein (CD66a) in normal and
malignant breast epithelial cells. Anticancer Res 18: 3203–3212.

Hudson DL, O’Hare M, Watt FM, Masters JR (2000) Proliferative hetero-
geneity in the human prostate: Evidence for epithelial stem cells. Lab
Invest 80: 1243–1250.

Kirshner J, Chen CJ, Liu P, Huang J, Shively JE (2003) CEACAM1-1S,
a cell–cell adhesion molecule, mediates apoptosis and reverts mam-
mary carcinoma cells to a normal morphogenic phenotype in a
3D culture. Proc Natl Acad Sci USA 100: 521–526.

Kleinerman DI, Dinney CP, Zhang WW, Lin SH, Van NT, Hsieh JT (1996)
Suppression of human bladder cancer growth by increased expression
of C-CAM1 gene in an orthotopic model. Cancer Res 56: 3431–3435.

Kleinerman DI, Troncoso P, Lin S-H, Pister LL, Sherwood ER, Brooks T,
von Eschenbach AC, Hseih J-T (1995a) Consistent expression of an
epithelial cell adhesion molecule (C-CAM) during prostate develop-
ment and loss of expression in prostate cancer: Implication as a tumor
suppressor. Cancer Res 55: 1215–1220.

Kleinerman DI, Zhang W-W, Lin S-H, Van NT, von Eschenbach AC,
Hseih J-T (1995b) Application of a tumor suppressor (C-CAM1)-
expressing recombinant adenovirus in androgen-independent human
prostate cancer therapy: A preclinical study. Cancer Res 55:
2831–2836.

Klinowska TC, Soriano JV, Edwards GM, Oliver JM, Valentijn AJ,
Montesano R, Streuli CH (1999) Laminin and beta1 integrins are cru-
cial for normal mammary gland development in the mouse. Dev Biol
215: 13–32.

Li M, Liu X, Robinson G, Bar-Peled U, Wagner KU, Young WS,
Hennighausen L, Furth PA (1997) Mammary-derived signals acti-
vate programmed cell death during the first stage of mammary gland
involution. Proc Natl Acad Sci USA 94: 3425–3430.

Li S, Shipley GD (1991) Expression of multiple species of basic
fibroblast growth factor mRNA and protein in normal and tumor-
derived mammary epithelial cells in culture. Cell Growth Differ 2:
195–202.

Lin S-H, Guidotti G (1989) Cloning and expression of a cDNA cod-
ing for a rat liver plasma membrane ecto-ATPase. J Biol Chem 264:
14408–14414.

Lochter A, Navre M, Werb Z, Bissell MJ (1999) Alpha1 and alpha2 inte-
grins mediate invasive activity of mouse mammary carcinoma cells
through regulation of stromelysin-1 expression. Mol Biol Cell 10:
271–282.

Luo W, Wood CG, Earley K, Hung M-C, Lin SH (1997) Suppression
of tumorigenicity of breast cancer cells by an epithelial cell adhe-
sion molecule (C-CAM1): The adhesion and growth suppression are
mediated by different domains. Oncogene 14: 1697–16704.

Mather IH, Jack LJ, Madara PJ, Johnson VG (2001) The distribution
of MUC1, an apical membrane glycoprotein, in mammary epithelial
cells at the resolution of the electron microscope: Implications for the
mechanism of milk secretion. Cell Tissue Res 304: 91–101.

Mather IH, Keenan TW (1998) Origin and secretion of milk lipids.
J Mammary Gland Biol Neoplasia 3: 259–273.

Muenzner P, Naumann M, Meyer TF, Gray-Owen SD (2001) Pathogenic
Neisseria trigger expression of their carcinoembryonic antigen-related
cellular adhesion molecule 1 (CEACAM1; previously CD66a) recep-
tor on primary endothelial cells by activating the immediate early
response transcription factor, nuclear factor-kappaB. J Biol Chem 276:
24331–24340.

Muschler J, Lochter A, Roskelley CD, Yurchenco P, Bissell MJ (1999)
Division of labor among the alpha6beta4 integrin, beta1 integrins,
and an E3 laminin receptor to signal morphogenesis and beta-
casein expression in mammary epithelial cells. Mol Biol Cell 10:
2817–2828.

Muthuswamy SK, Li D, Lelievre S, Bissell MJ, Brugge JS (2001)
ErbB2, but not ErbB1, reinitiates proliferation and induces luminal
repopulation in epithelial acini. Nat Cell Biol 3: 785–792.

Najjar SM, Accili D, Philippe N, Jernberg J, Margolis R, Taylor SI (1993)
pp120/ecto-ATPase, an endogenase substrate of the insulin receptor
tyrosine kinase, is expressed as two variably spliced isoforms. J Biol
Chem 268: 1201–1206.

Najjar SM, Philippe N, Suzuki Y, Ignacio GA, Formisano P, Accili D,
Taylor SI (1995) Insulin-stimulated phosphorylation of recombinant



CEACAM1 expression in mammary gland morphogenesis 299

pp120/HA4, an endogenous substrate of the insulin receptor tyrosine
kinase. Biochemistry 34: 9341–9349.

Neumaier M, Paululat S, Chan A, Matthaes P, Wagener C (1993) Biliary
glycoprotein, a potential human cell adhesion molecule, is down-
regulated in colorectal carcinomas. Proc Natl Acad Sci USA 90:
10744–10748.

Ocklind C, Obrink B (1982) Intercellular adhesion of rat hepatocytes.
Identification of a cell surface glycoprotein involved in the initial
adhesion process. J Biol Chem 257: 6788–6795.

Oshima K, Aoki N, Kato T, Kitajima K, Matsuda T (2002) Secretion of a
peripheral membrane protein, MFG-E8, as a complex with membrane
vesicles. Eur J Biochem 269: 1209–1218.

Petersen OW, Ronnov-Jessen L, Howlett AR, Bissell MJ (1992)
Interaction with basement membrane serves to rapidly distinguish
growth and differentiation pattern of normal and malignant human
breast epithelial cells. Proc Natl Acad Sci USA 89: 9064–9068.

Poy MN, Ruch RJ, Fernstrom MA, Okabayashi Y, Najjar SM (2002a)
Shc and CEACAM1 interact to regulate the mitogenic action of insulin.
J Biol Chem 277: 1076–1084.

Poy MN, Yang Y, Rezaei K, Fernstrom MA, Lee AD, Kido Y,
Erickson SK, Najjar SM (2002b) CEACAM1 regulates insulin clear-
ance in liver. Nat Genet 30: 270–276.

Riethdorf L, Lisboa BW, Henkel U, Naumann M, Wagener C, Loning T
(1997) Differential expression of CD66a (BGP), a cell adhesion
molecule of the carcinoembryonic antigen family, in benign, premalig-
nant, and malignant lesions of the human mammary gland. J Histochem
Cytochem 45: 957–963.

Rudloff S, Stefan C, Pohlentz G, Kunz C (2002) Detection of ligands for
selectins in the oligosaccharide fraction of human milk. Eur J Nutr 41:
85–92.

Sippel CJ, Suchy FJ, Ananthanarayanan M, Perlmutter DH (1993) The
rat liver ecto-ATPase is also a canalicular bile acid transport protein.
J Biol Chem 268: 2083–2091.

Soriano JV, Pepper MS, Nakamura T, Orci L, Montesano R (1995)
Hepatocyte growth factor stimulates extensive development of branch-
ing duct-like structures by cloned mammary gland epithelial cells.
J Cell Sci 108: 413–430.

Svenberg T (1976) Carcinoembryonic antigen-like substances of human
bile. Isolation and partial characterization. Int J Cancer 17: 588–596.

Svenberg T, Hammarstrom S, Zeromski J (1979) Immunofluorescence
studies on the occurrence and localization of the CEA-related biliary
glycoprotein I (BGP I) in normal human gastrointestinal tissues. Clin
Exp Immunol 36: 436–441.

Takahashi H, Okai Y, Paxton RJ, Hefta LJ, Shively JE (1993) Differential
regulation of carcinoembryonic antigen and biliary glycoprotein by
gamma-interferon. Cancer Res 53: 1612–1619.

Virji M, Evans D, Griffith J, Hill D, Serino L, Hadfield A, Watt SM
(2000) Carcinoembryonic antigens are targeted by diverse strains of
typable and non-typable Haemophilus influenzae. Mol Microbiol 36:
784–795.

Virji M, Makepeace K, Ferguson DJ, Watt SM (1996) Carcinoembryonic
antigens (CD66) on epithelial cells and neutrophils are receptors for
Opa proteins of pathogenic neisseriae. Mol Microbiol 22: 941–950.

Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C,
Bissell MJ (1997) Reversion of the malignant phenotype of human
breast cells in three-dimensional culture and in vivo by integrin
blocking antibodies. J Cell Biol 137: 231–245.

Xyni K, Rizos D, Giannaki G, Sarandakou A, Phocas I, Creatsas G (2000)
Soluble form of ICAM-1, VCAM-1, E- and L-selectin in human milk.
Mediators Inflamm 9: 133–140.


