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Abstract
CEACAM1 (carcinoembryonic antigen-related cell adhesion molecule 1), a type I transmembrane
glycoprotein involved in cell-cell adhesion, undergoes extensive alternative splicing, resulting in
isoforms with 1–4 Ig-like extracellular domains (ECDs) with either long or short cytoplasmic tails.
We have previously shown that CEACAM1-4L (4 ECDs with a long cytoplasmic domain) formed
glands with lumena in humanized mammary mouse fat pads in NOD/SCID mice. In order to identify
the key residues of CEACAM1-4L that play essential roles in lumen formation, we introduced
phosphorylation mimic (e.g., Thr-457 or Ser-461 to Asp) or null mutations (Thr-457 or Ser-461 to
Ala) into the cytoplasmic domain of CEACAM1-4L and tested them in both the in vivo mouse model
and in vitro Matrigel model of mammary morphogenesis. MCF7 cells stably expressing
CEACAM1-4L with the single mutation T457D or the double mutant T457D+S461D, but not the
null mutants induced central lumen formation in 3D Matrigel and in humanized mammary fat pads.
However, the single phosphorylation mimic mutation S461D, but not the null mutation blocked
lumen formation in both models, suggesting that S461 has inhibitory function in glandular lumen
formation. Compared to our results for the -4S isoform (Chen et al., J. Biol. Chem, 282: 5749–5760,
2008), the T457A null mutation blocks lumen formation for the -4L but not for the -4S isoform. This
difference is likely due to the fact that phosphorylation of S459 (absent in the -4L isoform) positively
compensates for loss of T457 in the -4S isoform, while S461 (absent in the -4S isoform) negatively
regulates lumen formation in the -4L isoform. Thus, phosphorylation of these key residues may exert
a fine control over the role of the -4L isoform (compared to the -4S isoform) in lumen formation.
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Introduction
CEACAM1 (carcinoembryonic antigen-related cell adhesion molecule 1) is a type I
transmembrane glycoprotein involved in cell-cell adhesion [1,2]. As a member of the CEA
(carcinoembryonic antigen) gene family, CEACAM1 was originally identified in liver and bile
as biliary glycoprotein (BGP) [3] and later shown to be expressed in epithelia of mammary
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glands, gastrointestinal tract, prostate, and in immune cells as well [4]. Through extensive
alternative splicing, CEACAM1 has 11 different splice variants with most isoforms consisting
of a transmembrane domain and either a long (L) or a short (S) cytoplasmic domain [5]. The
long isoforms comprise 71 amino acids in the cytoplasmic tail, which has several serine (Ser),
threonine (Thr) and tyrosine residues that may undergo posttranslational phosphorylation
modifications that participate in signal transduction and protein–protein interactions with actin
[6,7], tropomyosin [7], calmodulin [8,9], β3-integrin [10], and β-catenin [11]. In contrast, while
the short isoforms only encode 12 cytoplasmic residues, this domain is still able to bind annexin
II [12], actin, tropomyosin, and calmodulin [7]. Both long and short isoforms are co-expressed
in most CEACAM1-expressing tissues, and the ratio between the two isoforms determines the
signaling outcome [13,14]. Importantly, two tyrosine residues within the long cytoplasmic
domain form a functional immunoreceptor tyrosine-based inhibitory motif (ITIM) that appears
to have inhibitory activity in different contexts [15–17].

CEACAM1 is believed to be a tumor suppressor for various types of cancer [4]. In normal
breast tissue and benign lesions, CEACAM1 is consistently expressed at the apical sites of
epithelial cells, however, the apical expression of CEACAM1 is lost upon development of
malignant carcinomas, resulting in a predominant uniform membrane staining surrounding the
atypical cells [18]. Furthermore, about 30% of breast cancer exhibit down-regulation of
CEACAM1 [19], and transfection of the CEACAM1 gene into breast cancer cell lines reduces
the tumorigenic phenotype in both cell culture and animal models [20].

Normal mammary glands are a collection of ductal and lobular structures [21]. During puberty
in the female, the tissue of the mammary glands responds to the ovarian release of female sex
hormones including estrogen and progesterone. These hormones stimulate the formation of
additional ducts and milk secreting glands. There is also an increase in volume and elasticity
of connective tissue, deposition of adipose tissue and increased vascularity in the mammary
glands. In lactating mammary glands, the lobulo-alveolar structures are further developed due
to hormonal stimulations [22]. A single layer of polarized epithelial cells surrounds central
lumena where milk is secreted. These epithelial cells, in turn, are surrounded by myoepithelial
cells that function in milk ejection, and a vascularized stroma that contains adipocytes and
fibroblasts.

During breast cancer development, normal tissue architecture including glandular lumen
formation is disrupted [23]. Previously, we have shown that CEACAM1 plays an essential role
in reverting tumor cells to a normal lumen formation morphology in both the three-dimensional
Matrigel model and the in vivo humanized mouse fat pad model of mammary morphogenesis
[19,24–26]. First, anti-CEACAM1 antibody and CEACAM1 anti-sense blocked lumen
formation of the nonmalignant human breast cell line MCF10F that expresses CEACAM1
when grown in Matrigel [19]. Second, transfection of the CEACAM1-4S isoform into MCF7
mammary carcinoma cells that do not express CEACAM1 or form lumena when grown in
Matrigel, reverted these cells to a normal morphogenic program [24,26]. Third, when
CEACAM1-4L transfected MCF7 cells were grown in a humanized mouse fat pad, they formed
lumena with a single-layer of epithelium [25]. We have also shown that both CEACAM1-4S
and CEACAM1-4L promoted lumen formation by mediating apoptosis of the central acinar
cells that are not in contact with extracellular matrix [24,25]. Although CEACAM1-4S
transfected MCF7 cells did not form lumena in the humanized mouse mammary fat pad, the
phosphorylation mimic mutations of Thr-457 (T457D) or Ser-459 (S459D) were able to induce
lumen formation [25], suggesting that phosphorylation of Thr-457 or Ser-459 are essential for
lumen formation. These results leave open the question of the role of CEACAM1-4L and its
key residues in lumen formation, especially since both long and short isoforms are expressed
in the human mammary gland [27] and they share amino acid residues through Thr-457, but
differ after Gly-458 (Fig 1A).
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In order to address key residues involved in functions for lumen formation of CEACAM1-4L,
we employed the in vivo mouse model developed by Kuperwasser and Weinberg, in which
both the stromal and epithelial cells of the reconstructed mammary gland are of human origin
[28]. Earlier studies have proposed that Thr-457 and Ser-461 in rat CEACAM1-4L could be
phosphorylated [29], phosphorylation of Thr-457 in CEACAM1-4S is essential for lumen
formation in vivo [25], and Thr-457 is shared by both CEACAM1-4L and CEACAM1-4S
isoforms (Fig 1A). Therefore, we focused on two residues: Thr-457 and Ser-461 respectively.
First, we show that the long cytoplasmic domain isoform CEACAM1-4L transfected MCF7
cells is sufficient to form glands with lumena in both the Matrigel and the in vivo model, but
not as efficient as CEACAM1-4S in the Matrigel model. Second, mutational analysis of the
long cytoplasmic domain isoform revealed that residues Thr-457 and Ser-461 are indeed key
residues involved in lumen formation, but act in an opposite way. Cells with the T457A null
mutant lost the capacity to form glandular lumena, while the phosphorylation mimic mutation
T457D were as efficient as the wild type. In contrast, cells with the S461A null mutation formed
lumena, while the phosphorylation mimic mutation S461D blocked glandular lumen formation,
indicating that phosphorylation of Ser-461 has an inhibitory effect on lumen formation of
CEACAM1-4L. Taken together, these results indicate that phosphorylation of these two
residues may fine tune the lumen formation process, and that over-expression of
CEACAM1-4L with phosphorylation of S461 may lead to diminished lumen formation, a
situation mimicking lobular in situ carcinoma (Lobular Carcinoma in situ). These results
strengthen our recent observation that breast cancers often over express the long isoform of
CEACAM1 [30]. Thus, alteration of CEACAM1 isoform expression and/or its
phosphorylation pattern may lead to an altered mammary gland morphology.

Materials and Methods
Cell Lines

The human mammary adenocarcinoma cell line MCF7 was obtained from ATCC
(HTB-22™). Note: this cell line was found to be positive for mycoplasma on testing with a
PCR kit (Boca Scientific, cat. No. 25233) and was cured of contamination with the
MycoSolutions kit (Boca Scientific, Cat. No. MYC-BIOK100). MCF7 cells were cultured in
MEM medium supplemented with 10% Fetal Bovine Serum, 1% Penicillin/Streptomycin/Am,
1% Sodium Pyruvate, 2% Sodium Bicarbonate, and 1% Non-essential Amino Acid. The
primary human fibroblasts immortalized with human telomerase and stably expressing GFP
(RMF/EG) were a gift from Dr. C. Kupperwasser (Tufts New England Medical Center, Boston,
MA). RMF/EG cells were maintained in DMEM media supplemented with 10% Fetal Bovine
Serum and 1% Penicillin/Streptomycin/Am.

Transfection and Selection of Stable Cell Lines
The cloning of CEACAM1-4L into the pHβ-actin expression vector was previously described
[24]. The phosphorylation-mimic and null mutants of the cytoplasmic domain of
CEACAM1-4L, Thr-457 to Ala (T457A), Ser-461 to Ala (S461A), both Thr-457 and Ser-461
to Ala (T457A+S461A), Thr-457 to Asp (T457D), Ser-461 to Asp (S461D), and both Thr-457
and Ser-461 to Asp (T457D+S461D) were generated on the pHβ–CEACAM1-4L vector using
the QuickChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA). CEACAM1-4L
mutant plasmids were transfected into MCF7 cells with Lipofectamine 2000 (Invitrogene, CA).
Forty-eight hours later transfected MCF7 cells were selected in 1.0 mg/ml Geneticin (G418)
and stable transfected cells were maintained in MEM medium containing 0.5 mg/ml of
Geneticin (G418).
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Western blotting
Proteins (15μg) from 1% NP40 cell lysates were separated by SDS-gel electrophoresis,
transferred to nitrocellulose membranes and probed with mAb T84.1 (1 μg/ml) [31] at room
temperature (RT) for 1 hour, followed by infrared-labeled secondary antibody (LI-COR
Biosciences, Lincoln, Nebraska) at RT for 1 hour. β-Actin was detected with 1:5,000 diluted
mouse anti-β-actin primary antibody (Abcam, Cambridge, UK). Signals were detected with
the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, Nebraska).

Immunofluorescence
CEACAM1 expression was detected on cells plated on 12-well plate using anti-CEACAM1
monoclonal antibody 5F4 (kind gift from Dr. Richard Blumberg, Boston, MA). 5F4 (1 μg/ml)
was added to culture media for 40 min at 37 °C followed by goat anti-mouse Alexa 488
(Molecular Probes, Carlsbad, CA) adding to culture media for 30 min at 37 °C. Staining was
visualized on an inverted Olympus IX81 microscope.

Matrigel Culture and Staining
The three-dimensional Matrigel Sandwich assay has been previously described [26]. Briefly,
12-well plates were coated with 150μl Matrigel and incubated at 37 °C for 30 min until the
Matrigel solidified. Cells (1×105) in 500 μl of mammary epithelial basal medium (MEBM)
(Clonetics, CA) plus pituitary gland extract (Cambrex, East Rutherford, NJ) were added to
each well. After 3 hr of incubation, the floating cells were removed and the bound cells were
overlaid with 150μl Matrigel. The MEBM culture medium covering the top layer of Matrigel
was changed every other day. After 10 days, the Matrigel cultures were fixed with 2%
paraformaldehyde at RT for 20 min and permeablized with PSG (0.01% saponinin phosphate-
buffered saline) containing 0.1% Nonidet P-40 for 20 min at RT. Cells were stained for F-actin
with Texas Red-conjugated phalloidin (Molecular Probes, Carlsbad, CA). MCF7 cells grown
in a Matrigel sandwich assay were scored for lumen formation in about a hundred acini.
Statistical analysis was performed using Fisher’s exact test.

Animals and Surgery
The procedures were described previously [25]. Briefly, NOD/SCID mice were anesthetized
and the fourth mammary glands were removed. Two weeks later, 2.0 × 105 unirradiated RMF/
EG fibroblasts and 2.0 × 105 irradiated (4 Gy) fibroblasts suspended in 50μl PBS were injected
into each cleared fat pad 24 hr after irradiation. Two weeks later, MCF7 or CEACAM1
transfected MCF7 cells (2.0 × 105) with 2.0 × 105 RMF/EG fibroblasts were injected into the
humanized fat pad sites. MCF7 or CEACAM1 transfected MCF7 cells were mixed with
fibroblasts and resuspended in 100μl of a 3:1 rat Collagen I (Upstate Biotechnology, Lake
Placid, NY): Phenol-red free Matrigel (Becton Dickinson, Bedford, MA) mixture and 50μl
were injected into each site. Eight weeks later, mice were sacrificed. All animal studies were
approved by the Research Animal Care Committee of the City of Hope (RACC# 05024).

Histology and Immunohistochemistry
Fresh xenograft tissue was obtained from humanized mammary fat pads and fixed in 10%
neutral buffered formalin. Five-micron sections were deparaffinized, rehydrated through
graded alcohols, and subjected to antigen retrieval [32]. Immunohistochemistry was performed
using antibodies against CEACAM1 (5F4, kind gift from Dr. R. S. Blumberg), and M30
(Roche, Nutley, NJ). Immune complexes were visualized by the ABC peroxidase method, and
sections were counterstained with hematoxylin.
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Results
Generating CEACAM1-4L mutants in transfected MCF7 cell lines

Previous studies have shown that CEACAM1-4L transfected MCF7 cells were fully capable
to form glandular lumen in an in vivo model of mammary morphogenesis, while CEACAM1-4S
transfected MCF7 cells were not able to form lumen in this model [25]. In this in vivo model,
human mammary epithelial cells are grown in humanized mammary fat pads in NOD/SCID
mice [28]. Yokoyama et al. have also demonstrated that phosphorylation mimic mutations at
either or both Thr-457 and Ser-459 of CEACAM1-4S protein can induce glandular lumen
formation in this in vivo mouse model, indicating that posttranslational changes such as
phosphorylation play essential roles in lumen formation [25]. In fact, the short isoform and the
long isoforms share the same the sequence through Thr-457, but differ after Gly-458 (Figure
1A). Previous work by Obrink and coworkers has proposed that residues Thr-457 and Ser-461
in rat CEACAM1-4L could be phosphorylated [29]. Thus, the corresponding residues Thr-457
and Ser-461 of human CEACAM1-4L may be candidates for phosphorylation and play a role
in lumen formation. In order to understand if these two residues of CEACAM1-4L are involved
in lumen formation, we generated four single and two double mutants: T457D, T457A, S461D,
S461A, T457D+S461D and T457A+S461A (Figure 1A). The acidic D (Asp) mutations were
made to mimic phosphorylated forms of T457 and S461, while the A (Ala) mutations were
considered null mutants. MCF7 cells stably expressing each CEACAM1-4L mutant as well as
wild type and vector controls were established. Each mutant cell line (but to a lesser extent in
the T457D mutant) as well as the wild type had high expression of CEACAM1 as shown by
western blot analysis, while there were no expression of CEACAM1 in the vector control cell
line (Figure 1B). On the other hand, the expression of β-actin was similar among these different
cells (Figure 1B). To confirm the localization of CEACAM1-4L in stably transfected MCF7
cells, immunofluorescence with monoclonal antibody against CEACAM1 was performed.
Strong surface expression was observed on the wild type and six mutant cell lines, but not on
the vector control cells (Figure 2).

Comparison of CEACAM1-4L mutants transfected MCF7 cells in the three-dimensional
Matrigel model

To investigate the effects of different mutants of CEACAM1-4L on lumen formation, we first
cultured these stably transfected MCF7 cells in the three-dimensional Matrigel model of
mammary morphogenesis. MCF7 cells stably expressing wild type CEACAM1–4L were
grown in a sandwich Matrigel assay for 10 days (see “Materials and Methods”), and about 44%
formed lumena with a defined lumenal ring of actin as seen by staining with phalloidin for F-
actin (Figure 3, Table 1). In contrast, the majority (over 90%) of vector control transfected
MCF7 cells formed acini without lumena when grown in the sandwich Matrigel assay (Figure
3, Table 1), which is significantly different from wild type CEACAM1-4L (p< 0.0001).
Notably, this result is in contrast to the short isoform CEACAM1-4S that forms over 90%
lumena in Matrigel compared to vector transfected control cells [26]. When MCF7 cells stably
expressing the T457D mutant, S461A mutant or T457D+S461D double mutants were
analyzed, the percentage of lumen formation was similar to that found for wild type
CEACAM1-4L (Table 1, Figure 3) and markedly higher than vector control (p< 0.0001).
However, MCF7 cells expressing the T457A mutant, S461D mutant, or T457A+S461A double
mutants had similar percentages of lumen formation compared to vector control cells (Table
1, Figure 3). Overall, the T457D mutant, S461A mutant or T457D+S461D double mutants-
transfected MCF7 cells formed about 4-fold more acini with lumena compared to vector
control-transfected cells (Table 1) (p<0.0001).
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Comparison of CEACAM1-4L mutants transfected MCF7 cells in the humanized mouse
mammary fat pad model

Next, to evaluate CEACAM1-4L and mutants’ function in vivo, we adapted the humanized
chimeric murine mammary fat pad model, an orthotopic xenograft model in which both the
stromal and epithelial cells of the reconstructed mammary gland are of human origin [28]. In
this model, cleared mammary fat pads of NOD/SCID mice are first inoculated with
immortalized but nontumorigenic human mammary fibroblasts, followed by trypsinized cell
suspension of MCF7 cells transfected with vector, CEACAM1-4L or mutants two weeks later.
After 8 weeks of growth, nodules 5–10 mm in diameter were harvested from the humanized
mouse fat pads and subjected to analysis by immunohistochemistry. H&E staining for
xenografts from either the vector control (Figure 4A) or CEACAM1-4L (Figure 4D)
transfected MCF7 cells showed that the CEACAM1-4L transfected MCF7 cells were capable
of forming glandular structures with a single layer of epithelium surrounding a central lumen
populated with apoptotic cells (characterized by condensed nuclei), while the vector control
cells formed solid tumors (Figure 4A). This is consistent with our previous observations [25].
Immunostaining of serial sections with an anti-CEACAM1 antibody revealed no staining for
the vector controls (Figure 4B), and intense lumenal staining for the CEACAM1-4L transfected
cells (Figure 4E). In addition, staining with antibody M30 that recognizes cleaved cytokeratin
18 and is specific for apoptotic cells [33,34], revealed intense staining in the lumena of
CEACAM1-4L transfected cells (Figure 4F), consistent with our previous data that
demonstrated lumen formation is a result of apoptosis of the central luminal cells [24].

Similarly, single CEACAM1-4L mutants T457D, T457A, S461D, S461A and double mutants
T457D+S461D, T457A+S461A in transfected MCF7 cells were inoculated in humanized fat
pads of female NOD/SCID mice. The phosphorylation mimic T457D mutant formed simple
epithelium (Figure 4G), with a single layer of epithelial cells surrounding a central lumen that
was moderately positive for CEACAM1 (Figure 4H) in the central apoptotic cells and strongly
positive for cleaved CK18 (Figure 4I). To the contrary, the null mutant T457A in transfected
MCF7 cells exhibited diminished lumen formation forming solid tumors (Figure 4J–L). These
results demonstrate that phosphorylation at Thr-457 of CEACAM1-4L is required in glandular
formation with simple glandular epithelium in the in vivo model, which is consistent with our
findings in Matrigel culture (Figure 3).

The opposite result was found for mutations at S-461. The null mutation (S461A) formed acini
with central lumena surrounded by a single layer of epithelial cells in vivo (Figure 4P–R). The
lumena were strongly stained for CEACAM1 (Figure 4Q) and for cleaved CK18 (Figure 4R).
On the other hand, the phosphorylation mimic mutant S461D in transfected MCF7 cells
exhibited diminished lumen formation in vivo (Figure 4M–O). In the tumors formed by S461D
transfected MCF7 cells, CEACAM1 staining was strong in tumor cells (Figure 4N), while there
were no staining of cleaved CK18 (Figure 4O). This result is consistent with our findings in
Matrigel culture (Figure 3). Thus, the null mutation of Ser-461 (S461A) was able to form lumen
both in vitro and in vivo, while the phosphorylation mimic mutation at Ser-461 (S461D)
blocked lumen formation in both cases, suggesting that phosphorylation at Ser-461 of
CEACAM1-4L has an inhibitory role in lumen formation.

We also tested the double mutants, T457D+S461D and T457A+S461A. Double mutants
T457D+S461D in transfected MCF7 cells formed central lumena with single layer of epithelial
cells (Figure 4S), that were strongly positive for CEACAM1 (Figure 4T) in the central apoptotic
cells which were also strongly positive for cleaved CK18 (Figure 4U); while the double null
mutants T457A+S461A in transfected MCF7 cells failed to form lumen in vivo (Figure 4V–
X), with no positive staining for cleaved CK18 (Figure 4X). These results suggest that
phosphorylation at Thr-457 of CEACAM1-4L is required and essential for glandular formation
with simple glandular epithelium in the in vivo model. Furthermore, we conclude that if
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Thr-457 is already “phosphorylated”, as in the double mutant T457D+S461D, then the
phosphorylation of Ser-461, which otherwise is inhibitory, is unable to inhibit lumen formation.
Vice versa, when Thr-457 cannot be phosphorylated, as in the double mutant T457A+S461A,
the null mutation of Ser-461 (removal of its inhibitory activity) by itself is unable to promote
lumen formation.

Discussion
The normal mammary gland is comprised of lobulo-alveolar structures with central lumena
into which milk is secreted. During breast cancer development, breast carcinomas start to lose
their ability to differentiate into a normal structure, thus presenting an abnormal histological
morphology, including less lumen formation and development of stratified epithelium [35].
Although only 30% of breast cancer exhibit down-regulated CEACAM1 expression [18,19],
it appears that this decrease of CEACAM1 in mammary gland is linked to diminished lumen
formation, as introducing CEACAM1 into breast carcinoma cells restored normal morphology
both in vitro and in vivo [24–26]. Furthermore, stratified epithelium development may also
result from less phosphorylation of key residues in the short cytoplasmic domain isoforms, as
phosphorylation mimic mutations of these residues (Thr-457 and Ser-459) of CEACAM1-4S
could induce lumen formation in the humanized mouse fat pad [25], while the wild type failed
to form lumen in this in vivo model. In contrast, expression of the wild type long cytoplasmic
domain isoforms could provoke lumen formation in vivo and in vitro by itself [25] (and see
Results). Obviously, the difference between short and long cytoplasmic domain isoforms
resides in the cytoplasmic tail, and importantly, both isoforms share the first five amino acids
including the potential phosphorylation site Thr-457. Indeed, phosphorylation of Thr-457 is
also essential for lumen formation of CEACAM1-4L, because a null mutation of this amino
acid (T457A) blocks normal glandular lumen formation, while a phosphorylation mimic
mutation (T457D) is still able to form lumena. Moreover, CEACAM1-4L appears to have
additional regulatory residues in lumen formation functions. A phosphorylation mimic
mutation at Ser-461 (S461D) blocked glandular lumen formation of CEACAM1-4L both in
vitro and in vivo, while non-phosphorylated Ser-461 (S461A) was able to form lumena,
suggesting phosphorylation of Ser-461 has inhibitory functions for lumen formation of
CEACAM1-4L. This difference is likely due to the fact that phosphorylation of S459 (absent
in the -4L isoform) positively compensates for loss of T457 in the -4S isoform, while S461
(absent in the -4S isoform) negatively regulates lumen formation in the -4L isoform.

Thus there is a fundamental difference in regulation of lumen formation between
CEACAM1-4S and CEACAM1-4L. This may explain why wild type CEACAM1-4L is only
able to make only 44% lumena in Matrigel, or less than half the lumen formation of
CEACAM1-4S [26]. Nonetheless, wild type CEACAM1-4L is more efficient at lumen
formation in humanized fat pads than wild type CEACAM1-4S, perhaps because
phosphorylation of CEACAM1-4S’s T457 residue is catalyzed by a different kinase or is
inhibited by an unknown mechanism that is operative in vivo, but not in vitro.

It should be noted that in an earlier publication [24], we found that MCF7 cells transfected
with the -4L isoform underwent cell death by necrosis in Matrigel. Subsequent studies in our
lab demonstrated that this phenomenon was due to contamination of the parent MCF7 cell line
with a low level of mycoplasma (detected only by PCR or EM) and that even fresh cells from
ATCC were similarly contaminated. Once the MCF7 cells were cured of contamination and
retransfected with the -4L isoform, the cells no longer necrosed in Matrigel. However, it is
interesting that this phenomenon was not observed with the -4S isoform, suggesting some
subtle difference between the behavior of the two isoforms in Matrigel.
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A major question is which kinases are responsible for the phosphorylation of Thr-457 or
Ser-461 in CEACAM1-4L? Edlund et al. have shown that Serine and Threonine residues in
rat CEACAM1-4S can be phosphorylated by PKC isozymes [29], however, human CEACAM1
sequences differ sufficiently from the murine, making the human sequence an unlikely
candidate for phosphorylation by PKC isozymes. When synthetic peptides containing the
cytoplasmic domains of either the short or long cytoplasmic domains of human CEACAM1
are subjected to in vitro phosphorylation with various PKC isozymes, little or no
phosphorylation is observed (unpublished data). Therefore, we have begun to look into other
kinases that are potential candidates, but so far without much luck. Although we haven’t
identified the kinase(s) responsible for the phosphorylation of Thr-457 or Ser-461 in
CEACAM1-4L, we speculate that these two residues are phosphorylated by two different
kinases, because the phosphorylation of these two residues appears to have distinct effects on
the lumen inducing capacity of CEACAM1-4L. Thus, the ultimate control of lumen formation
by CEACAM1-4L may depend on at least two kinases, activated by different environmental
cues such as extracellular matrix and cell-cell adhesion, as well as others.

In addition, the long cytoplasmic domain of CEACAM1-4L has about 70 amino acids; thus its
down-stream sequences and their interaction partners may also influence its activity. For
instance, this long cytoplasmic domain has been shown to interact with actin [6,7], tropomyosin
[7], calmodulin [8,9], β3-integrin [10], and β-catenin [11]. Its function in lumen formation
appears to involve cytoskeletal reorganization and inhibition of mitogenesis associated with
the differentiated phenotype. Thus, the cytoplasmic domain of CEACAM1-4L may recruit
various components of a signaling complex through activation of the cytoskeleton at specific
locations between interacting cells, and its phosphorylation status may be a key event in
triggering these interactions. Noteworthy, not all CEACAM1-4L transfected MCF7 cells
(about 44%), when cultured in three-dimensional Matrigel, formed lumena. This suggests that
lumen formation is a finely controlled process, requiring not only a proper microenvironment
of extracellular matrix but also the correct ratio of CEACAM1 isoforms. In addition, two
tyrosine residues within the long cytoplasmic domain form a functional immunoreceptor
tyrosine-based inhibitory motif (ITIM) that appears to have the inhibitory activity in different
contexts [15–17]. We have not yet explored the potential role of these residues, nor the more
recently discovered β-catenin binding motif [11] in the control of lumen formation.

Notably, phosphorylation of Thr-457 and Ser-461 has opposite effects on glandular lumen
formation of CEACAM1-4L, i.e., phosphorylation of Thr-457 promotes lumen formation,
whereas which of Ser-461 inhibits lumen formation. These intriguing results may suggest there
is a delicate balance between phosphorylation of Thr-457 and Ser-461 residues of
CEACAM1-4L in a mammary gland that has a preponderance of the long isoform. During
breast cancer development, tumor cells might disrupt this balance via activity changes in key
kinases, resulting in decreased phosphorylation of Thr-457 or increased phosphorylation of
Ser-461. Either change would lead to aberrant acinous formation, thus leading to the kind of
hyperplasia seen in LCIS (Lobular Carcinoma in situ) and perhaps in DCIS (Ductal Carcinoma
in situ). This hypothesis needs to be further evaluated.

In conclusion, wild type CEACAM1-4L formed glandular epithelia with central lumena in both
three-dimensional Matrigel and in humanized mouse mammary fat pads. Phosphorylation
mimic mutation at Thr-457 (T457D) was also able to induce glandular lumen formation, while
null mutation at Thr-457 (T457A) in CEACAM1-4L inhibited lumen formation. Thus,
phosphorylation of Thr-457 is essential for the lumen formation function of CEACAM1-4L,
which is similar to CEACAM1-4S isoforms. Furthermore, phosphorylation mimic mutation
of Ser-461 (S461D) blocked lumen formation of CEACAM1-4L, suggesting phosphorylation
of Ser-461 has inhibitory effect for lumen formation. These findings suggest that both Thr-457
and Ser-461 are key residues involved in lumen formation of CEACAM1-4L.
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Figure 1. Amino acid sequences and mutational analysis of CEACAM1-4L cytoplasmic domain
A) The partial amino acid sequences of the cytoplasmic domains of human CEACAM1-4S
and CEACAM1-4L are shown for comparison. The three most N-terminal residues (shown to
the left in bold and italic font) are assigned to the transmembrane region. The mutations made
in this study are shown in single letter code: potential phosphorylation sites Thr-457 and
Ser-461 were mutated to Asp (D) or Ala (A). B) Stably transfected MCF7 cell clones vector
control (V(C)), CEACAM1-4L wild type (4L), T457D (TD), T457A (TA), S461D (SD), S461A
(SA), T457D+S461D (DD), and T457A+S461A (AA) were analyzed by western blotting with
CEACAM1 mAb T84.1 (β-actin was used as a loading control).
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Figure 2. Surface expressions of CEACAM1-4L on stably transfected MCF7 cells
Stable MCF7 cell clones transfected with vector control (V(C)), CEACAM1-4L wild type (4L),
T457D (TD), T457A (TA), S461D (SD), S461A (SA), T457D+S461D (DD), and T457A
+S461A (AA) were grown in 12-well plates and were stained with CEACAM1 mAb 5F4
followed by Alexa-488 conjugated rabbit anti-murine IgG staining. Cells were analysed by
inverted fluorescence microscope. (Magnification 100×)
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Figure 3. Lumen formation of different stably transfected MCF7 cells grown in three-dimensional
Matrigel model of mammary morphogenesis
Stable MCF7 cell clones transfected with vector control (V(C)), CEACAM1-4L wild type (4L),
T457D (TD), T457A (TA), S461D (SD), S461A (SA), T457D+S461D (DD), and T457A
+S461A (AA) were grown in Matrigel Sandwich for 10 days and were stained for F-actin with
Texas Red-conjugated phalloidin. Cells were analysed by inverted fluorescence microscope.
(Magnification 200×)
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Figure 4. Lumen formation of CEACAM1-4L and mutants transfected MCF7 cells grown in
humanized mammary fat pads in NOD/SCID mice exhibiting apoptosis of the central cells
Paraffin sections of xenograft outgrowths of CEACAM1-4L and mutants in MCF7 cells grown
in humanized mammary fat pads were stained with hematoxylin and eosin (H&E). Stable
MCF7 cell clones transfected with vector control (A), CEACAM1-4L wild type (D), T457D
(G), T457A (J), S461D (M), S461A (P), T457D+S461D (S), and T457A+S461A (V) are
shown. Immunostaining was performed with anti-CEACAM1 antibody 5F4 for stable MCF7
cell clones transfected with vector control (B), CEACAM1-4L wild type (E), T457D (H),
T457A (K), S461D (N), S461A (Q), T457D+S461D (T), and T457A+S461A (W).
Immunostaining with M30 antibody was performed for stable MCF7 cell clones transfected
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with vector control (C), CEACAM1-4L wild type (F), T457D (I), T457A (L), S461D (O),
S461A (R), T457D+S461D (U), and T457A+S461A (X). (Magnification 400×)
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Table 1

Lumen formation of CEACAM1-4L mutants in Matrigel and in humanized mammary fat pads1

Cell Line/Mutant Percent Lumen Formation in Matrigel Lumen Formation in Humanized Mammary Fat Pads
Vector control 9% No
Wild type 44%*** Yes
T457D 44%*** Yes
T457A 7% No
S461D 6% No
S461A 47%*** Yes
T457D+S461D 35%*** Yes
T457A+S461A 14% No
1
MCF7 cells transfected with vector, wild type, or various mutants of CEACAM1 were grown in Matrigel for 10 days and scored for percent lumen

formation. A hundred acini were counted for each experiment and the p value calculated versus vector control using Fisher’s exact test (

***
, p<0.0001). The ability of the transfectants to form lumena in humanized mammary fat pads could not be qunatitated, but is listed as positive or

negative based on histochemistry.
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