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Differential expression of cell adhesion molecules in an
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Abstract. Cell-cell adhesion is mediated by members of the
cadherin-catenin system and among them E-cadherin and
[-catenin are important adhesion molecules for epithelial cell
function and preservation of tissue integrity. To investigate the
importance of cell adhesion molecules in breast carcinogenesis,
we developed an in vitro breast cancer model system wherein
immortalized human breast epithelial cell line, MCF-10F, was
malignantly transformed by exposure to low doses of high
linear energy transfer (LET) a particle radiation (150 keV/
pm) and subsequent growth in the presence or absence of
17B-estradiol. This model consisted of human breast epithelial
cells in different stages of transformation: i) parental cell line
MCF-10F; ii) MCF-10F continuously grown with estradiol at
10°® (Estrogen); iii) a non-malignant cell line (Alpha3); and iv)
a malignant and tumorigenic cell line (Alpha5) and the Tumor2
cell line derived from the nude mouse xenograft of the Alpha5
cell line. Expression levels of important cell adhesion molecules
such as a-catenin, 3-catenin, y-catenin, E-cadherin and integrin
were found to be higher at the protein level in the Alpha5 and
Tumor?2 cell lines relative to these levels in the non-tumorigenic
MCF-10F, Estrogen and Alpha3 cell lines. In corroboration,
cDNA expression analysis revealed elevated levels of genes
involved in the cell adhesion function [E-cadherin, integrin $6
and desmocollin3 (DSc3)] in the Alpha5 and Tumor?2 cell lines
relative to the levels in the MCF-10F, Estrogen and Alpha3
cell lines. Collectively, our results suggest that cell adhesion
molecules are expressed at higher levels in malignantly trans-
formed breast epithelial cells relative to levels in non-malignant
cells. However, reduced levels of adhesion molecules observed
in the mouse xenograft-derived Tumor 2 cell line compared to
the pre-tumorigenic Alpha5 cell line suggests that the altered
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expression levels of adhesion molecules depend on the tumor
tissue microenvironment.

Introduction

Cell-cell adhesion is mediated by members of the cadherin-
catenin system and among them E-cadherin and [-catenin
are important adhesion molecules involved in the viability
and function of epithelial cells as well as tissue integ-
rity (1-10). B-catenin, a-catenin and y-catenin are proteins
that bind to the highly conserved intracellular cytoplasmatic
tail of E-cadherin (1,10). B-catenin, a 92-kDa protein, has
been found to be associated with the cytoplasmic portion of
E-cadherin and this association is critical for cell adhesion (4).
Differential expression of B-catenin has been reported in
human cancers (7). Loss of E-cadherin-f-catenin adhesion
is an important step in the progression of many epithelial
malignancies. The function of the cadherin-catenin system
in cell adhesion as well as in intracellular signaling appears
to be regulated by multiple factors and by different molecular
mechanisms (1,3,4,9). E-cadherin belongs to the family of cell
adhesion molecules that are Ca**-dependent (5,6). B-catenin
regulates the function of cadherin in cell-to-cell adhesion
which is critical for the maintenance of tissue structure and
morphogenesis. The intracellular domain of E-cadherin inter-
acts with a variety of cytoplasmic proteins such as -catenin,
a-catenin and o-actinin.

Interaction of a-actinin with the cadherin/catenin cell-
cell adhesion complex has been observed via a-catenin (4).
a-catenin, a 102-kDa protein, was initially described as an
E-cadherin-associated molecule (10), but it has been shown to
be associated with other members of the cadherin family, such
as N-cadherin and P-cadherin (1,5,6,8). It has crucial func-
tions in the E-cadherin-mediated cell-cell adhesion system
and also as a downstream signaling molecule in the Wnt
pathway (5). y-catenin, an 82-kDa protein, also known as the
fourth armadillo repeat of plakoglobin, is associated with high
affinity binding to the cytoplasmic domains of E-cadherin and
desmosomal cadherin DSg2. It also binds with a-catenin and
N-catenin (2).

Integrins are not considered to be bona fide target mole-
cules for oncogenes or tumor suppressors, yet their expression
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levels appear to be altered by transformation in breast cancer
cells (11,12). No characteristic integrin expression pattern can
be ascribed to all breast tumors and it is likely that several
subtypes of breast cancer may generate tumors with a distinct
expression pattern of integrins (13). Alteration of integrin
expression in the breast can be regarded as a marker of
pre-malignant origin (13). The markers used to characterize
cell lines include integrin receptors, which are cell adhesion
molecules that primarily mediate cell-matrix interactions,
being localized to focal contacts, or in the case of the a-6
(-4 integrin heterodimer to hemidesmosomes (14). High
expression level of a-6 integrin in human breast carcinomas
correlates with poor prognosis (14). The prognostic value of
0-6 B-4 integrin expression in breast carcinomas is influenced
by laminin production from tumor cells (11).

Cell-cell adhesion molecules including E-cadherin are
identified in adherent junctions whereas desmocollin (DSc)
glycoproteins are localized in desmosomes. Biological markers
used to differentiate between cell phenotypes also revealed
components of desmosomes such as desmocollin 1-3 (DSc).
These cell adhesion molecules are transmembrane proteins
of the cadherin family that form the adhesive core of desmo-
somes. Desmosomes are sites of adhesion between adjacent
cells in layers of epithelia, as well as in certain non-epithelial
tissues, and play an important role in the maintenance of tissue
architecture. DSc3 which is an important glycoprotein and
active member of the cadherin superfamily of calcium-depen-
dent cell-cell adhesion molecules and a principle component
of desmosomes plays a pivotal role in maintaining tissue
architecture; and therefore, loss of this component leads to a
lack of adhesion and a gain in cellular motility. DSc3 expres-
sion is usually downregulated in breast cancer cell lines and in
primary breast tumors.

In vitro model systems have been extensively used to gain
insights into the molecular events of cancer initiation and
promotion and to identify novel prognostic/diagnostic markers
for various types of cancer. The human breast epithelial cell
line MCF-10F, spontaneously immortalized and derived from
the breast tissue of a 36-year-old female, has the morphological
characteristics of normal breast epithelial cells (15-18). The
MCEF-10F cell line has been used to detect sensitivity to both
chemical carcinogens such as 7, 12, dimethylbenz(a)anthracene
(DMBA) and benzo(a)pyrene (BP) (15) and environmental
carcinogens such as ionizing radiation (16). It was previously
shown that estrogen was a prerequisite for the process of high
linear energy transfer (LET) radiation-induced carcinogen-
esis (16). Several phenotypic properties such as growth rate,
anchorage-independent growth and invasive characteristics
have also been reported to be grossly similar during the trans-
formation process induced by chemical carcinogens (19-25)
and environmental factors, e.g., ionizing radiation (16). The
chemo-invasion or the ability of transformed cells to infil-
trate the basement membrane in vitro was correlated well
with the in vivo malignant characteristics. A Previous study
demonstrated that cell adhesion molecules are highly altered
in malignantly transformed cells relative to non-tumorigenic
cell lines indicating that their altered expression may support
or promote breast carcinogenic events (25). Results from our
laboratory also found that a combination of estrogen and
the organophosphorous compound parathion increased the
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expression of certain adhesion molecules such as CD146 and
[-catenin and the combined treatment was found capable of
altering cell proliferation and inducing transformation of the
MCEF-10F cell line. To understand the importance of cell adhe-
sion molecules in carcinogenic events, we aimed to examine
their expression at different stages of our breast cancer model
system developed by the combined treatment of high LET
radiation and estrogen.

Materials and methods

Cell lines. MCF-10F cells were grown in DMEM/F-12 (1:1)
medium supplemented with antibiotics [100 U/ml penicillin,
100 pg/ml streptomycin, 2.5 pg/ml amphotericin B (all from
Life Technologies, Grand Island, NY, USA)] and 10 xg/ml and
5% equine serum (Biofluids, Rockville, MD, USA), 0.5 ug/ml
hydrocortisone (Sigma, St. Louis, MO, USA) and 0.02 pg/ml
epidermal growth factor (Collaborative Research, Bedford,
MA, USA) were added (15-25). An in vitro experimental
breast cancer model (Alpha model) developed by exposure of
the immortalized human breast epithelial cell line, MCF-10F,
to low doses of high LET a particle radiation (150 keV/um) and
subsequent growth in the presence or absence of 173-estradiol
was used in this study. This model consisted of human breast
epithelial cells at different stages of transformation: i) a control
cell line (MCF-10F); ii) MCF-IOF continually treated with
estradiol at 10 M (E or Estrogen) (Sigma-Aldrich) named
Estrogen cell line; iii) a malignant cell line (Alpha3); and iv) a
malignant and tumorigenic cell line (Alpha5) and the Tumor2
cell line derived from cells originating from a tumor after
injection of Alpha5 cells in nude mice.

Protein expression by immunocytochemistry. Exponentially
growing cells were plated on a glass chamber slide (Nunc
Inc., Naperville, IL, USA) as previously described (16) at a
density of 1x10* cells/ml of growth medium. Three indepen-
dent biological experiments were performed. The following
primary antibodies were used for detecting the protein expres-
sion: B-catenin (E-5) (Sc-7963), a-catenin E (G-11) (Sc-9988)
and y-catenin (H-1) (Sc-5415); E-cadherin (N-20) (Sc-1500)
and integrin B3 (N-20) (Sc-6627) (all from Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Rhodamine conjugated
secondary antibody was from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). All the antibodies were
used at a 1:500 dilution from the original stock concentra-
tions. Slides were mounted with coverslips using Vectashield
mounting medium (Vector Laboratories, Burlingame, CA,
USA). The cells were examined using a Zeiss Axiovert 100
TV microscope (Carl Zeiss, Thornwood, NY, USA) with a
40x 11.3 NA objective lens equipped with a laser scanning
confocal attachment (LSM 410 Carl Zeiss). The staining inten-
sity of cells was quantified as previously described (16,21).
Composite fluorescence images were generated and collected
by excitation at 488 nm using an argon/krypton laser (488 nm)
as previously described (16). A semi-quantitative estimation
based on the relative staining intensity of protein expression
was determined for the parental, non-tumorigenic and tumori-
genic cell lines. The number of immunoreactive cells (30 cells/
field) was counted in 5 randomly selected microscopy fields
per sample. Standard errors of the mean are shown in the
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representative figures. Statistical analysis was carried out
with the F-test (randomized block) and comparisons between
groups with the Bonferroni-t-test with significance at a P-value
of <0.05.

For evaluation of protein expression by immunoperoxidase
staining, exponentially growing cell lines were plated on a
glass chamber slide (Nunc Inc.), at a density of 1x10* cells/ml
of medium and allowed to grow for 2-3 days until 70% conflu-
ence (21). The cells were fixed with buffered paraformaldehyde
at room temperature, incubated with 1% H,0, in methanol to
block endogenous peroxidase and again washed twice with
buffer solution. Subsequently, cell cultures were then covered
with normal horse serum for 30 min at room temperature and
incubated with the anti-rabbit monoclonal antibody (Santa
Cruz Biotechnology) at a 1:500 dilution overnight at 4°C and
then incubated for 45 min with diluted biotinylated secondary
antibody solution (Vector Laboratories) and Vectastin Elite
ABC reagent (Vector Laboratories) was used. The experi-
ments were repeated thrice in cells with identical passages
in vitro. The number of immunoreactive cells (50 cells/fields)
was counted in several randomly selected microscopic fields
(x400) per sample; 10 fields were counted for each cell line.

Fluorescence-labeled probe preparation for the microarray
analysis. The poly(A) mRNA from normal, radiation-
and estrogen-treated breast cell lines were isolated using
QIA-Direct-mRNA Isolation kit (Qiagen, Valencia, CA, USA).
Fluorescence-labeled cDNA was prepared from 1 pg of each
of these poly(A) mRNAs by using oligo dT-primed polym-
erization and Superscript II reverse transcriptase kit (Life
Technologies) in the presence of either Cy3- or Cy5-labeled
dCTP following the standard procedure as described (http://
cmgm.stanford.edu/pbrown/protocols.html). The appropriate
Cy3- and Cy5-labeled probes were pooled and hybridized to
the microarray on glass coverslips for 16 h at 65°C and then
washed with high stringency for analysis.

Affymetrix HG-UI33A Plus 2.0 GeneChip microarray gene
expression analysis. The breast cancer model (Alpha model)
consisting of: i) MCF-10F, ii) Estrogen, (iii) Alpha3, iv) Alpha5
and v) Tumor2 cell lines was used to analyze gene expres-
sion by the Affymetrix U133A oligonucleotide microarray
(Affymetrix, Santa Clara, CA, USA) which contains 14,500
genes. Arrays were quantitatively analyzed for gene expression
using the Affymetrix GeneChip Operating software (GCOS)
with a dual global scaling option in the Genes@Work soft-
ware platform of the discovery algorithm SPLASH (structural
pattern localization analysis by sequential histograms) with a
false discovery rate of 0.05 (26).

Results

Previous morphological research (17) indicated that the
parental MCF-10 and Estrogen cell lines did not exhibit any
of the features that characterize malignant cells (anchorage-
independent growth in soft agar, invasion and tumor growth
in nude mice). In contrast to MCF-10F, the Alpha3 cell line
formed colonies in soft agar and invaded but failed to form
tumors in immunosuppressed mice. However, the Alpha5 cell
line induced mammary gland tumors in animals after cell
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Figure 1. Bars in the histograms represent the average and standard error
of (A) B-catenin (B) a-catenin and (C) y-catenin protein expression in the
MCEF-10F, Estrogen, Alpha3, Alpha5 and Tumor2 cell lines as determined
by immunofluorescence staining and quantified using confocal microscopy
and computer software, which provides the area and the intensity of the
staining as described in the text. The primary antibodies used were mouse
monoclonal antibodies.

injection. The cell line derived from such tumors was named
Tumor2. In the present study, all of these malignant and non-
malignant cell lines were used to analyze the expression of
adhesion molecules in breast carcinogenesis.

The immunofluorescence data obtained concerning the
relative expression of different adhesion molecules in the
MCF-10F, Estrogen, Alpha3, Alpha5 and Tumor2 cell lines
are shown in Fig. 1. a-catenin, 3-catenin and vy-catenin
expression was significantly (P<0.05) higher in the Alpha5
and Tumor?2 cell lines when compared to the levels in the
MCF-10F, Estrogen and Alpha3 cell lines. Representative
images of immunoperoxidase and fluorescence staining are
presented in Fig. 2. Fig. 3A and C show the average values of
the levels of E-cadherin and integrin $-6 protein expression
in the MCF-10F, Estrogen, Alpha3, Alpha5 and Tumor?2 cell
lines as determined by immunoperoxidase staining Fig. 3B
and D. Such expression was significantly (P<0.05) higher in
the Alpha5 and Tumor?2 cell lines than that in the MCF-10F,
Estrogen and Alpha3 cell lines. However, the Tumor?2
cell line had reduced expression levels of E-cadherin and
integrin $-6 protein when compared to that in the Alpha5
cell line, but was higher than that in the Alpha3, Estrogen
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Figure 2. Representative images of (A) -catenin (B) a-catenin and (C) y-catenin protein expression in the MCF-10F, Estrogen, Alpha5 and Tumor2 cell lines
using immunofluorescence and immunoperoxidase staining techniques.
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Figure 3. Bars in the histograms represent the average (A) E-cadherin and (C) integrin B 6 protein expression in the MCF-10F; Estrogen, Alpha3, Alpha5 and
Tumor?2 cell lines as determined by peroxidase staining. Representative images of (B) E-cadherin and (D) integrin §§ 6 protein expression in the MCF-10F,
Alpha3, Alpha5 and Tumor?2 cell lines as stained by peroxidase techniques. The primary antibodies used were mouse monoclonal antibody. (E) Cluster-
dendrogram of gene expression and (F) fold-change gene expression indicated by a scatter plot of the following pairwise comparative studies of the cell lines:
1, MCF-10F/E; 2, MCF-10F/Alpha3; 3, E/Alpha$5; 4, Alpha3/Alpha$5; 5, Alpha 3/Tumor2 and 6, Alpha5/Tumor2.
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Table I. Fold-change and pair-wise analysis of differentially expressed genes a breast cancer model.
Genes
E-cadherin Integrin -6 DSc3

Cell lines Fold-change Regulation Fold-change Regulation Fold-change Regulation
MCF-10F/Estrogen 1.3 I -10 | -14 |
MCF-10F/Alpha3 -19.9 ! 3.6 ! 32 !
Estrogen/Alpha5 =73 | -1.2 | 1.6 I
Alpha3/Alpha5 5.6 ! -4.7 | 3.6 !
Alpha3/Tumor2 2.6 I 3.1 ! 3.6 !
Alpha5/Tumor2 143 ! -1.5 | 13.1 f

1, upregulation; !, downregulation.

and MCF-10F cell lines. The levels of these proteins were
similar in the parental MCF-10F and Estrogen cell lines.

Genes that were found to be differentially expressed
between the cell lines of the established Alpha model were
studied. Cluster-dendrogram and fold changes in gene
expression of the cell line model are shown in Fig. 3E and F.
Histogram plots showed differential expression of E-cadherin,
integrin 3-6 and DSc3 genes in the cell lines as detected
by gene chip array. Results of the pairwise comparison of
the cell lines examined for the expression of the above-
mentioned genes are shown in Table I. The following pairs
of cell lines were analyzed: MCF-10F/Estrogen (E) (Fig. 3F);
MCF-10F/Alpha3; Estrogen/Alpha5; Alpha3/Alpha5;
Alpha5/Tumor2; and Alpha 3/Tumor2. Results indicated
that the pair-wise comparison did not reveal any alteration
in E-cadherin expression between MCF-10F/Estrogen (E)
cell lines whereas there was almost a 19- and 7-fold altera-
tion in MCF-10F/Alpha3 and MCF-10F/Alpha5 combinations.
Similarly, between Alpha3/Alpha5, there was a 6-fold change
in E-cadherin gene expression. Comparison of Alpha3/Tumor2
and Alpha5/Tumor2 cell lines revealed 14- and 3-fold
changes in expression, respectively. Comparison between
MCF-10F/Alpha3, Alpha3/Alpha5, and Alpha5/Tumor2
showed ~4-, 5- and 3-fold changes, respectively in integrin 3-6
gene expression. However, no significant changes in expres-
sion were observed in other pairwise combinations. Finally,
pairwise comparison of gene expression between MCF-10F/
Alpha3, Alpha3/Alpha5 and Alpha5/Tumor2 showed changes
of 3- to 4-fold whereas comparison of the Alpha3/Tumor2
cell lines revealed a 13-fold change in expression for the
DSc3 gene. MCF-10F/Estrogen (E) and MCF-10F/Alpha5
combinations showed no significant alterations in gene
expression.

Discussion

Our previous study indicated that the combined treatment
of ionizing radiation and estrogen yielded different stages in
a malignantly transformed breast cancer cell model system,
which we termed the Alpha model system (17). Utilizing this

model system, altered expression of different cell adhesion
molecules was detected in the parental, non-tumorigenic and
malignantly transformed cell lines originally derived from the
parental MCF-10A cell line. Results of this study indicated
that some of the cell adhesion molecules may have prognostic/
diagnostic significance for breast carcinogenesis.

Expression levels of a-catenin, f3-catenin and +y-catenin
were significantly greater in the Alpha5 and Tumor?2 cell lines
when compared to these levels in the MCF-10F, Estrogen and
Alpha3 cell lines. -catenin appears to be a critical component
of a complex signal transduction pathway that regulates the
central process of cellular proliferation and differentiation.
The intracellular 3-catenin level was found to be regulated
by its association with the adenomatous polyposis coli tumor-
suppressor protein and GSK-3-f (10). Consistent with our study,
a previous study also showed an increased level of -catenin
in human bronchial epithelial cells transformed by treatment
with the tobacco-specific nitrosamine, 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butatone (27). Other studies reported that
catenins, particularly when expressed in the cytoplasm with
the E-cadherin complex, are sensitive prognostic markers for
invasive breast cancer (3,7) since the E-cadherin/a-catenin
complex is capable of modulating cell-cell and cell-matrix
adhesive properties (3,7,11). In support of this finding, the
E-cadherin/a-catenin complex has also been shown to modu-
late cell-cell and cell-matrix adhesive properties of invasive
colon carcinoma cells (3). The E-cadherin-catenin complex is
also the target of many growth factors and hormone-dependent
signaling pathways that regulate its function and expres-
sion (24). E-cadherin expression correlates with poor survival
in breast carcinoma even though it is strongly expressed in both
luminal and myoepithelial cells (28). Adherent junctions and
desmosomes are characteristic of epithelial cells. In the present
study, we found that E-cadherin protein expression was higher
in the malignantly transformed Alpha5 cell line than that in
the parental MCF-10F cell line. However, reduced E-cadherin
expression was found in the xenograft derived Tumor?2 cell
line when compared to that in Alpha5 although the precise
reason for this is not clear. Both E-cadherin and integrin 3-6
proteins were overexpressed in Alpha5 when compared to the
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protein levels in the MCF-10F, Estrogen and Alpha3 cell lines
as determined by immunoperoxidase staining. Integrin [3-6
and the DSc3 genes were expressed at higher levels in both the
Alpha3 and Alpha5 cell lines. Gene expression analysis identi-
fied several of the adhesion molecules that were differentially
expressed in carcinogenesis. Reduced E-cadherin expression
similar to that observed in the Tumor 2 cell line probably indi-
cates the loss of the epithelial phenotype. Reduced E-cadherin
is common in many breast carcinomas and it is frequently
lost in infiltrating lobular carcinomas which otherwise clearly
exhibit an epithelial phenotype (29).

In previous studies, cell adhesion was also analyzed by
[-catenin protein expression and was also found higher in cells
treated with parathion alone and estrogen combined with para-
thion in comparison to control and estrogen-treated cells. The
function of the cadherin-catenin system in cell adhesion as well
as intracellular signaling appears to be subjected to multifac-
torial control by a variety of different mechanisms. (3-catenin
had a similar reaction in the presence of parathion alone and
combined with estrogen in comparison to the control and in
the presence of estrogen. However, it seems that estrogens did
not play a role in this pesticide-induced model mediated by
the cadherin-catenin complex since both substances had equal
effect. This complex seems to initiate signaling events impli-
cated in differentiation and growth control. Other studies have
indicated that the E-cadherin-catenin complex is the target
of many growth factors and hormone-dependent signaling
pathways which regulate its function and expression (25,30).
Other authors have found that catenin, particularly when it
is expressed in the cytoplasm, seems to be a very sensitive
prognostic marker with the E-cadherin complex in invasive
breast cancer (1,3,9,10). It may have invasive capabilities
since a possible role of the E-cadherin/a-catenin complex in
modulating cell-cell and cell-matrix adhesive properties of
invasive colon carcinoma cells has been reported (25). There
is evidence that changes in the shape of the epithelial surface
are features of the cell transformation of epithelial cells. Our
results suggest that aberrant expression of [3-catenin may be
involved in tumor metastasis.

Several genes involved in adhesion function such as
E cadherin, integrin (3-6, and Dsc3 were found through gene
expression microarray studies. E-cadherin was not signifi-
cantly different when the MCF-10F and Estrogen cell lines
were compared. Differential gene expression has been reported
in the literature between luminal and myoepithelial cells when
DSc2 and DSc3 were compared with the DSc3 gene expres-
sion solely found in myoepithelial population (30). Thus, the
expression profile of genes, particularly in conjunction with
other markers, can help to distinguish between luminal and
myoepithelial cells. In the present study, there was a decrease
in DSc3 gene expression. Integrin signaling is a well known
requirement for the complex process of metastasis which
seems to occur through a series of steps that involve local
tissue invasion, intravasation and survival in colonization and
circulation (14,30). The a-6 (-4 integrin complex is strongly
expressed in myoepithelial cells but not in luminal epithelium.
Expression of desmosomal cadherins is largely confined to
epithelial cells. Integrin -6 protein expression was signifi-
cantly greater in Alpha5 than in the MCF-10F and estrogen
cell lines while the Tumor?2 cell line exhibited a decreased
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protein expression when compared with Alpha5. The a-6 -4
integrin complex is strongly expressed by myoepithelial cells
but not in luminal epithelium (13,30).

Results of this study suggest that environmental agents
(e.g., ionizing radiation) in the presence of estrogen can
drastically affect human breast cell adhesion phenomena
thereby promoting or supporting the molecular events of the
process of cellular transformation. Future studies are required
to verify whether the altered expression of cell adhesion
molecules precedes or accompanies the cellular transforma-
tion process. Elucidation of the precise role of cell adhesion
molecules in carcinogenic events may be helpful to assess their
prognostic/diagnostic significance for breast carcinogenesis in
clinical settings.
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