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Breast ductal carcinoma in situ is an intraductal pro-
liferation of malignant epithelial cells that diffuse
within the ductal system without stromal invasion.
Our finding that a subset of these tumors express
CD31/platelet endothelial cell adhesion molecule-1
suggests that breast cancer represents an informative
model for studying the involvement of the molecule
in the morphogenesis, differentiation, and diffusion
of this disease. Transfection of CD31 in MDA-MB-231
cells caused reduction in growth, loss of CD44, and
acquisition of a ductal morphology. The same effects
were maintained in vivo , in which CD31� tumors
grew with in situ-like aspects, papillary differentia-
tion, and a secretory phenotype. CD44 was down-
modulated, with the CD31� cells blocked in the G1

phase. The morphology was highly similar to what
was observed in some human CD31� ductal carcino-
mas in situ. MDA-MB-231 mock cells grew in solid
sheets, lacking stromal material, and displaying high
levels of CD44 and proliferation. CD31� cells acquired
motility characteristics in in vitro assays, a finding
confirmed in vivo by the diffusion of human tumor
cells throughout the normal ducts residual in the mu-
rine mammary gland. In conclusion, CD31 expres-
sion reverts the undifferentiated morphology and ag-
gressive behavior of MDA-MB-231 cells, indicating its
active role in the morphogenesis of breast ductal in
situ carcinomas. (Am J Pathol 2003, 162:1163–1174)

Human CD31/platelet endothelial cell adhesion molecule
(PECAM)-1 is a 130-kd cell surface molecule belonging
to the immunoglobulin superfamily and expressed by
endothelial cells, platelets, monocytes, polymorphonu-

clear cells, as well as by discrete populations of circulat-
ing lymphocytes.1 CD31 functions as an adhesion recep-
tor molecule, playing a key role in leukocyte trafficking
across the endothelial layer.2,3 A number of reports have
indicated that CD31 may engage in homophilic (CD31-
CD31) and heterophilic (CD31-X) bindings to other cell
surface or matrix proteins. Ligand-receptor binding re-
sults in lymphocyte rolling, adhesion, and extravasation,
as well as in the implementation of a signaling pathway,
partly intertwined with the one controlled by integrins.4

The proposed counterreceptors for CD31 include the
integrin �v�3,5,6 a molecule present on red blood cells,7

an as yet unidentified ligand expressed by T cells,8 and
CD38.9,10

In addition to its role as an adhesion molecule, recent
work has established that CD31 acts as a signaling re-
ceptor on leukocytes. Tyrosine and threonine residues in
the cytoplasmic tail of CD31 are phosphorylated by Src
and PKC family kinases, leading to the recruitment of
cytoplasmic signaling and adaptor molecules including
the protein tyrosine phosphatases SHP-1 and SHP-2,11,12

as well as �-catenin13 and �-catenin.14 Moreover, CD31
possesses two immunoreceptor tyrosine-based inhibitory
motif domains within its cytoplasmic tail.15,16

We recently reported on the expression of CD31 by a
subset of ductal in situ carcinomas (DCIS) of the breast,
characterized by high nuclear grade, hormone indepen-
dence, and a clear propensity to invade the lobules and
eventually to give rise to Paget’s disease of the nipple.17

CD31� DCIS may or may not express CD44, an adhesion
molecule involved in tumor metastatization,18 whereas
CD31� invasive carcinomas are constantly CD44�.
These findings suggest that different clones are engaged
in invasive growth and intraductal diffusion, although the
exact contribution of the two partners remains to be de-
fined.
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Sanità), Biotechnology (CNR/MURST), and Cofinanziamento (MURST),
the Compagnia di San Paolo, Cariverona, and the FIRMS Foundations.

L. R. and S. D. contributed equally to this work.

L.R. is member of a Ph.D. program in Human Oncology; S. D. is a
student of the Postgraduate School of Medical Oncology, University of
Torino Medical School, Torino, Italy.

Accepted for publication December 30, 2002.

Address reprint requests to Fabio Malavasi, M.D., Laboratory of Immuno-
genetics, Via Santena, 19, 10126 Torino, Italy. E-mail: fabio.malavasi@unito.it.

American Journal of Pathology, Vol. 162, No. 4, April 2003

Copyright © American Society for Investigative Pathology

1163



The present work provides evidence that CD31 is a
cause and not an effect of the events connected with the
intraductal modality of tumor growth. Indeed, we show
that CD31 is responsible for the acquisition of in situ-like
features, of papillary differentiation, and of a secretory
phenotype by the MDA-MB-231 breast cancer cell line.
Moreover, the soundness of this work is confirmed by the
transferability of the findings obtained in vitro to animal
models, with pathological pictures closely reminiscent of
those naturally occurring in humans.

Materials and Methods

Cells and Cell Lines

The hormone-independent breast cancer cell line MDA-
MB-23119 and murine L-fibroblasts transfected with the
human CD31 cDNA (L-CD31�) or with the empty plasmid
(L-mock)9 were cultured in RPMI 1640 medium (Sigma,
Milano, Italy) in the presence of 10% fetal calf serum
(Seromed, Berlin, Germany), 100 U/ml penicillin, and 100
�g/ml streptomycin (all from Sigma), hereafter referred to
as complete medium. Human umbilical vein endothelial
cells were obtained and cultured as detailed else-
where.20

Antibodies

The anti-CD31 monoclonal antibodies (mAbs) included
JC70 (DAKO, Glostrup, Denmark), 5F4.9 (from F. Busso-
lino, Torino, Italy) and Moon-1.20 Other mAbs used were
anti-CD44 (DF1485, DAKO), anti-CD54 (CB-ICAM-1),21

anti-CD11a (CB11a),22 anti-CD29 (Moon-4),9 anti-E-cad-
herin (H276; Santa Cruz Biotechnology, Santa Cruz, CA),
anti-VE-cadherin (F8, Santa Cruz Biotechnology), anti-
CD71 (CB26),23 anti-HLA class I (O1.65),23 anti-laminin
(2233PLA; Euro-Diagnostica, Firenze, Italy), anti-colla-
gen-IV (CIV22, DAKO), anti-human milk fat globule mem-
brane protein (HMFG-2; from J. Taylor-Papadimitriou,
London, UK), anti-Ki-67 (MIB-1, DAKO), anti-p27/Kip-1
(11D11; BD Biosciences, Milano, Italy), and anti-p21/
WAF/Cip-1 (H164, Santa Cruz Biotechnology).

A fluorescein isothiocyanate-conjugated goat anti-
mouse Ig (G�MIg) (Caltag, Burlingame, CA) was used in
indirect immunofluorescence studies and a horseradish
peroxidase-conjugated G�MIg (Amersham, Cologno
Monzese, Italy) was used in Western blot analyses.
G�MIgG-coated magnetic beads (Dynal, Oslo, Norway)
were used to continuously select CD31� cells.

Constructs

CD31 cDNA, contained in a pCDM8 plasmid (from H.
Stockinger, Vienna, Austria), was amplified by polymer-
ase chain reaction with the primers designed according
to the published sequence (GenBank Accession no.
M37780). Polymerase chain reaction amplification was
performed using an automated DNA thermal cycler (Per-
kin Elmer, Monza, Italy) for 30 cycles and the reaction
product was visualized by electrophoresis.

An aliquot (1 �l) of the polymerase chain reaction
product was ligated to a pcDNA3.1 expression vector by
the TA-cloning system and transformation was performed
on Escherichia coli TOP10 cells (all from Invitrogen, Carls-
bad, CA). Positive transformants were analyzed for the
presence and correct orientation of CD31 cDNA by poly-
merase chain reaction (using a combination of the T7
forward primer and of a specific reverse primer that
bound to the inner sequence of CD31 cDNA) and by
digestion with the Apal (10 IU/�g) restriction enzyme
(New England Biolabs, Beverly, MA). The selected trans-
formant was analyzed by sequencing, grown in LB me-
dium and purified by the Quantum Prep plasmid mi-
diprep kit (Bio-Rad, Hercules, CA).

Transfection

Twenty �g of the CD31/pcDNA3.1 were linearized by
treatment with 20 IU/�g of the Scal restriction enzyme
(New England Biolabs), purified, and used to stable
transfect MDA-MB-231 cells by electroporation (250
V/0.4 cm and 960 �F), as described.24 After a 2-week
incubation in a medium containing 1 mg/ml of G418
(Sigma), neomycin-resistant colonies were isolated and
recloned by limiting dilution. The three selected clones
(namely, 2C1, 3D2, and 4B5) as well as a bulk prepara-
tion of transfected cells were referred to as MDA-MB-231
CD31�. The same cell lines were similarly transfected
with the empty pcDNA3.1 vector, selected using G418
and referred to as MDA-MB-231 mock-transfected cells
(for short, MDA-MB-231 mock cells).

Cell Proliferation

MDA-MB-231 CD31� and control MDA-MB-231 mock
cells (5 � 104 cells/ml) were seeded in 6-well plates in
complete medium that was replaced every 48 hours.
After 3, 4, 5, 6, and 7 days in culture, cells were detached
with trypsin/ethylenediaminetetraacetic acid (Gibco BRL,
Life Technologies, Paisley, Scotland) and counted by
three independent observers after trypan blue dye exclu-
sion. Fold increase was calculated as the ratio between
the mean cell numbers scored and the number of cells
plated at the beginning of the experiments. At least three
separate experiments were performed, with the results
confirmed by 3H-thymidine incorporation assay [1 �Ci of
3H-thymidine/well (Amersham) added 8 hours before
stopping the experiment], with the radioactivity measured
in a �-counter.25

Immunophenotyping

Cells were grown on glass coverslips, rinsed twice with
RPMI 1640 medium, and fixed [4% paraformaldehyde in
phosphate-buffered saline (PBS) with 2% sucrose, pH
7.6] for 5 minutes, to evaluate expression of surface
molecules. Intracytoplasmic proteins were visualized by
exposure to ice-cold methanol (5 minutes at �20°C),
followed by ice-cold acetone (5 seconds at �20°C) and
air-drying. Coverslips were then washed three times with
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PBS and incubated (1 hour at 37°C) with the relevant
mAb. A fluorescein isothiocyanate-conjugated G�MIg
was added (30 minutes at 37°C) before mounting the
coverslips on slides. Analysis was performed with a
C-VIEW-12-BUND camera fitted to an Olympus 1 � 70
microscope (Milano, Italy), with the images being col-
lected using the ANALYSIS software.

As an alternative, live cells were collected from culture
using ethylenediaminetetraacetic acid and convention-
ally stained with an indirect assay. Intensity of fluores-
cence was recorded on a logarithmic scale using a flow
cytometer (FACSort, BD Biosciences), by scoring at least
10,000 cells/sample.

Western Blot Analysis

MDA-MB-231 cells were lysed in 1% Nonidet P-40 lysis
buffer (20 mmol/L HEPES, pH 7.6, 150 mmol/L NaCl, 50
mmol/L NaF, 1 mmol/L Na3VO4, 1 mmol/L EGTA, 50
�mol/L phenylarsine oxide, 10 �mol/L iodoacetamide
and chymostatin, leupeptin, and pepstatin) for 20 min-
utes on ice. After removal of nuclei by centrifugation, an
aliquot of the lysates was run in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (10% or 7.5%) under
reducing conditions and transblotted on nitrocellulose
membranes (Amersham, Little Chalfont, Buckingham-
shire, UK), as described.24 The membranes were then
blocked in 5% bovine serum albumin and incubated for 1
hour with the primary antibody of interest. After washing,
horseradish peroxidase-conjugated G�MIg was added
and the membrane was washed and developed using
enhanced chemiluminescence reagents (Amersham).
Full-range rainbow molecular weight markers (Amer-
sham) were used to determine the weight of the proteins
under analysis.

Tri-Dimensional Cultures

Cells (75 � 103 cells/ml) were harvested from culture
using trypsin-ethylenediaminetetraacetic acid, resus-
pended in RPMI 1640 medium plus 20% fetal calf serum
and mixed with a gel matrix consisting of 1 part of RPMI
1640 medium (concentrated 10-fold), 1 part of 0.5 mol/L
HEPES, pH 7.9, and 7 parts of ice-cold matrix formed by
50% bovine collagen type I (4.1 mg/ml stock solution)
and 50% Matrigel basement membrane matrix (10 mg/ml
stock solution, both from BD Bioscience), at a final con-
centration of 2.5 mg/ml. Five hundred-�l aliquots were
dispensed into a preheated 24-well plate and allowed to
gel (20 minutes at 37°C). One hundred �l of RPMI 1640
medium plus 20% fetal calf serum were overlaid and
replaced twice a week. The plates were observed daily
under a phase-contrast inverted microscope (Olympus).
After 2 weeks, gels were fixed with neutral buffered for-
malin for 24 hours, embedded in paraffin, and stained by
hematoxylin and eosin (H&E). Ducts were defined as
aggregates composed of cells organized around a cen-
tral lumen, as previously described.26

SCID Mice Experiments

MDA-MB-231 CD31� and control MDA-MB-231 mock
cells (7 � 106) were injected monolaterally into the ingui-
nal mammary fat pad of female SCID mice at 4 to 5 weeks
of age (Charles River, Calco, Italy). Cells were resus-
pended in 150 �l of RPMI 1640 medium in the presence
of an equal volume of Matrigel. Mice were sacrificed at 4,
5, 6, and 7 weeks after cell injection and the primary
tumors, the liver, lungs, pancreas, kidneys, spleen,
omentum, brain, heart, bones, skeletal muscles, uterus,
and ovaries were removed, formalin-fixed, and paraffin
embedded. A sample of the primary tumor was collected
in sterile conditions to recultivate the cells after the period
of in vivo growth.

Histology and Immunohistochemistry

Multiple sections of the primary tumor were deparaf-
finized and stained by H&E, by periodic acid-Schiff (PAS)
reaction, and by trichrome stain to evaluate morphology.
Multiple sections from each organ were also stained by
H&E to screen for metastatic diffusion.

Sections from frozen tissues were fixed in methanol
and acetone and air-dried for immunohistochemical anal-
ysis. Endogenous peroxidase of formalin-fixed paraffin-
embedded tissues was inhibited by incubating (5 min-
utes) the specimens with 3% H2O2, before the incubation
with the primary mAb.27 The sections were first incubated
with specific avidin- and biotin-blocking reagents (Bio-
genex, San Ramon, CA) when antigen retrieval was
needed. Heat-induced antigen retrieval was performed
by pretreatment in a microwave oven (three times for 3
minutes at 750 W) of the sections incubated in 1 mmol/L
of ethylenediaminetetraacetic acid buffer, pH 8.0, or in 10
mmol/L of citrate buffer, pH 6.0. The reaction was re-
vealed using the streptavidin-peroxidase-conjugated
StrAviGen Multilink kit for 20 minutes at room temperature
and developed in a solution of 3,3�-diaminobenzidine in
0.3% H2O2. Slides were counterstained in Mayer he-
malum (all from Biogenex) for 30 seconds, dehydrated,
and mounted.

Cell Migration through Matrigel

The ability of cells to migrate through Matrigel porous-
coated filters was measured in a Boyden chamber (BD
Biosciences) by a transwell migration assay.28 Cells (105

cells/ml) were resuspended in RPMI 1640 medium plus
1% bovine serum albumin and plated in the upper part of
the chamber for 24 hours, while complete medium was
added as a chemoattractant in the lower part. The direct
contribution of CD31 to migration was tested by adding
specific blocking mAbs (ie, Moon-1, JC70, and SF4.9,
final concentration of 10 �g/ml) to the upper part of the
chamber, together with the cells. After incubation, the
cells that had not penetrated were wiped away with cot-
ton swabs and the cells that had migrated to the lower
surface of the filter were stained with H&E, examined by
bright-field microscopy, and photographed.
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Comparative Analysis with Human CD31� DCIS

The tumors obtained from MDA-MB-231 CD31� cells
grown in SCID mice were compared to a human sample
selected as paradigmatic of a population of breast can-
cers recently reported.17 The human specimen was ob-
tained from a 63-year-old woman, who underwent
quadrantectomy and sentinel lymph node biopsy in the
surgical department of the local breast unit for a ductal
carcinoma. The poorly differentiated invasive tumor
(18-mm diameter) was associated with a DCIS of 28 mm.
The patient underwent a re-excision of the lesion be-
cause foci of DCIS were on the resection margins of the
surgical specimen. The second specimen also contained
diffuse foci of DCIS. The morphology of the DCIS was
characterized by papillary and solid growth. The cells
forming the papillary structures of the DCIS were CD31�,
while lacking surface CD44, whereas the invasive ductal
carcinoma expressed simultaneously CD31 and CD44.

Results

Establishment of CD31� Breast Cancer Cell
Lines

The MDA-MB-231 CD31� cells obtained by transfection
of the full-length human CD31 cDNA were used as such
or subcloned by limiting dilution and constantly kept un-
der positive selection by immunomagnetic beads and
CD31 mAb separation. The de novo surface expression of
CD31 was demonstrated on the three selected clones
(namely, 2C1, 3D2, and 4B5) using cells in suspension
(Figure 1A) and in adhesion to glass substrates (Figure
1B), using anti-CD31 mAbs (ie, Moon-1, JC70, and
SF4.9). The presence of CD31 was further confirmed by
Western blot analysis, which highlighted a single chain of
�130 kd in the three clones and in the bulk preparation of
CD31� cells. Transfection with the empty pcDNA3.1
plasmid was uneventful (Figure 1, A and C). The table in
Figure 1 shows that human umbilical vein endothelial
cells and the three MDA-MB-231 CD31� clones display
similar mean fluorescence intensity values for CD31
staining.

In Vitro Effects of CD31 Expression

Breast cancer cells de novo expressing CD31 were com-
pared to the MDA-MB-231 mock cells for growth poten-
tial. Seven-day proliferation assays indicate that MDA-
MB-231 CD31� cells increased approximately fourfold
the number of cells seeded, as compared to the �10-fold
increase of the MDA-MB-231 mock cells (Figure 2A). The
trypan blue dye exclusion test confirmed that both cell
lines were alive. These findings were confirmed by
means of 3H-thymidine incorporation tests, resulting
�40% lower in MDA-MB-231 CD31� after a 72-hour cul-
ture than in the control cell line (data not shown). Over-
lapping results were obtained using the three clones
established as well as a bulk preparation of cells. The
diminished growth ability acquired by the MDA-MB-231

CD31� cells might be secondary to qualitative and quan-
titative modifications of the surface molecules involved in
cell-cell interactions and signal transduction. The expres-
sion of CD44 observed in MDA-MB-231 CD31� (clone
2C1, 3D2, and 4B5, and bulk cells) was significantly
lower than in mock cells (Figure 2B). The diminished
expression of CD44 was also confirmed using a Western
blot system, which clearly showed that MDA-MB-231
CD31� cells have significantly less CD44 than mock cells
(Figure 2B). The event is specific, because no modifica-
tions could be found when analyzing a selected panel of
molecules expressed (ie, CD29, CD11a, and CD54 ad-
hesion molecules, along with HLA class I and CD71), and
not expressed (ie, E-cadherin and VE-cadherin) by MDA-
MB-231 mock cells (data not shown).

The next step was to determine whether the phenotype
modifications were followed by the acquisition of differ-
entiation features. The marker adopted was the human
milk fat globule (HMFG) protein, present in normally se-

Figure 1. Preparation of CD31� clones of the MDA-MB-231 cell line. Stable
transfection by electroporation of a plasmid containing the full-length human
CD31 gene results in the production of three MDA-MB-231 clones (2C1, 3D2,
and 4B5) and a bulk preparation of cells homogeneously expressing CD31,
as determined by examining cells in suspension (A, empty profiles) and in
adherence (B). Western blot analysis highlights a single chain of �130 kd in
the MDA-MB-231 cells transfected with CD31 (C). Control MDA-MB-231
mock cells do not show detectable levels of CD31 (A, full panels, and C,
mock lanes). A: Cells were analyzed using a FACSort equipment and scoring
10,000 events/sample. x axis, fluorescence intensity/cells; y axis, number of
cells registered/channel. B: Cells were grown on glass coverslips, fixed
using methanol and acetone, and stained. C: Cells were lysed using 1%
Nonidet P-40, run on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transblotted onto a nitrocellulose membrane, and the
reactivity was examined using JC70 mAb and horseradish peroxidase-
conjugated G�MIg. Molecular weight markers are indicated on the right.
Original magnifications, �60.
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creting breast epithelial cells and in selected carcino-
mas.29 The HMFG protein is clustered in intracytoplasmic
granules in MDA-MB-231 CD31� cells (clone 2C1, 3D2,
and 4B5, and bulk cells), witnessing the acquisition of a
secretory phenotype (Figure 2C). On the contrary, HMFG
granules are scattered throughout the cytoplasm in the
MDA-MB-231 mock cells. The difference in localization of
the protein was not followed by significant modifications
in terms of protein quantity, as evidenced in a Western
blot system (Figure 2C).

Despite that conventional phase contrast microscopy
of cells growing on plastic surfaces did not provide evi-
dence for morphological changes, CD31 transfection
profoundly affected the ability of cells to grow in a tri-
dimensional modality when using collagen as a gel ma-
trix. By day 4, �80% of cells formed ductal-like structures

(Figure 3A). On the contrary, MDA-MB-231 mock cells
formed colonies of simple cell clusters (Figure 3C). In
addition, MDA-MB-231 CD31� cells built up intraductal
structures similar to papillae inside the lumen, as ob-
served by paraffin sections of the collagen-gel matrix
cultures (Figure 3B). Paraffin sections of the collagen
matrix containing MDA-MB-231 mock cells revealed solid
aggregates (Figure 3D). These experiments were re-
peated using the three separate clones obtained and the
bulk preparation of MDA-MB-231 CD31� cells.

Expansion of CD31� Breast Tumors in
SCID Mice

The main question at this point was whether the events
observed in vitro had a counterpart in an in vivo model,
reproducing the unique growth pattern observed in hu-
man CD31� carcinomas. To this aim, MDA-MB-231
CD31� and control MDA-MB-231 mock cells were in-
jected into the mammary fat pads of female SCID mice.
The experiments were repeated using the clones 2C1,
3D2, and 4B5 separately, as well as a bulk preparation of
CD31� cells. Engraftment was successful in all of the
animals injected, provided that Matrigel was added to the
cell suspensions.

In line with the clinical examination of the mice (Figure
4A), the tumor derived from MDA-MB-231 CD31� cells
(clones 2C1, 3D2, 4B5, and bulk) were constantly and
significantly smaller in size as compared to the tumors
derived from mock cells (Figure 4B). At gross observation
the MDA-MB-231 CD31� tumors were rubber-like solid
masses, while control tumors displayed centrally colli-
quated necrosis. Neither set of animals had macroscopic

Figure 2. In vitro effects of CD31 transfection. CD31 transfection reduces
MDA-MB-231 growth rate (A). MDA-MB-231 CD31� 2C1, 3D2, and 4B5
clones and mock cells were seeded in complete medium, detached, and
counted after 4 to 7 days by three independent observers. Fold increase was
calculated as the ratio between the mean cell numbers scored and the
number of cells plated at the beginning of the experiments. Data are the
mean � SD (vertical bars) from four independent experiments. CD31
transfection strongly down-modulates CD44 expression (B, clone 4B5), as
examined by immunofluorescence and Western blot analysis. Moreover, it
induces cytoplasmic organization of HMFG protein in secretory vacuoles (C,
clone 4B5). No significant differences were seen in terms of protein quantity
(C). Cells were grown on glass coverslips, fixed, stained, and photographed.
Representative images from five independent experiments obtained using
three different clones as well as a bulk population of MDA-MB-231 CD31�

cells. For Western blot analysis, cells were lysed using 1% Nonidet P-40, run
on a 10% (CD44) or 7.5% (HMFG) sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transblotted onto a nitrocellulose membrane, and the
reactivity examined using JC70 mAb and horseradish peroxidase-conjugated
G�MIg. Molecular weight markers are indicated on the right. Original
magnification, �60 (C).

Figure 3. MDA-MB-231 CD31� cells form ductal and papillary-like structures
in tri-dimensional cultures. Cells were seeded in a collagen gel matrix and
observed daily by phase-contrast microscopy. After 2 weeks the gels were
fixed and stained by H&E. By day 4 �80% of MDA-MB-231 CD31� cells
acquire ductal-like structures (A, clone 2C1), with occasional papillae grow-
ing inside the ducts (B, clone 2C1). Mock cells grow in a disorganized way
and form solid aggregates (C and D). Original magnifications, �100.
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evidence of metastases: however, both tumors gave rise
to lung and liver micrometastases after 7 weeks of in vivo
growth.

In Vivo Effects of CD31
Expression—Comparison with Human
CD31� DCIS

After 4 weeks in vivo, the MDA-MB-231 CD31� tumors
histologically formed numerous small ductal structures
growing within abundant hyaline stromal tissue (Figure
5A). The presence of a continuous thin layer of collagen
IV, a typical marker of the integrity of the basal membrane
in human DCIS, was apparent on the stromal side of the
ductal structures (Figure 5C). Laminin was instead the
main product of the thick hyaline intercellular stroma
bundles (Figure 5E). The MDA-MB-231 mock tumors
grew in solid sheets, without a detectable basal mem-
brane or an extracellular matrix (Figure 5; B, D, and F).
After 5 to 6 weeks of in vivo growth, the CD31� tumors
showed a preferential intraductal expansion, featuring
papillary-like structures similar to those observed in some
CD31� human DCIS (Figure 6, A and B). The immuno-
phenotype of CD31� tumor samples also matched that
observed in CD31� human DCIS (Figure 6, D and E). The
CD31 molecule was expressed at the cell membrane
level, with the highest degree of positivity scored by the
cells forming papillae. The basal cells lining the lumen
focally expressed CD44 (Figure 6H, arrow), again in anal-
ogy to human CD31� DCIS (Figure 6G). The MDA-MB-
231 mock tumors maintained the same morphology at the
different time lapses (Figure 6C) as well as the phenotype
of the original line, ie, CD31� and CD44�, unaltered
during the whole observation (Figure 6, F and I).

Several MDA-MB-231 CD31� tumor cells contained
PAS-positive intracytoplasmic vacuoles (Figure 7A, ar-
rows), a typical feature of cells producing glycoproteins.
On the contrary, MDA-MB-231 mock cells were PAS-

negative, while PAS outlined the stromal network (Figure
7B). MDA-MB-231 CD31� tumors actively secreted
HMFG protein, which was detected in intracytoplasmic
vacuoles (Figure 7C, large arrows), as seen in vitro (Fig-
ure 2C), and in ductal lumens formed in vivo (Figure 7C,
small arrows). MDA-MB-231 mock cells showed scat-
tered intracytoplasmic HMFG protein without evidence of
secretion (Figure 7D, arrows).

The different growth potentials of the two lines were
further witnessed by their proliferative abilities. MDA-MB-
231 CD31� lesions were smaller than controls and the
Ki-67 index of 1% indicates that these cells did not ag-
gressively proliferate (Figure 7E). Conversely, the cells
from MDA-MB-231 mock tumors displayed a proliferation
index of 90% (Figure 7F). MDA-MB-231 CD31� cells
expressed high levels of p27 (�85%), as did normal
murine residual glands (Figure 7, G and H, large arrows)
and normal murine stromal cells (Figure 7, G and H, small
arrows). Nuclear p21 was seen in �1% of the cells and
was undetectable within the cytoplasm, implying that the
cells are blocked in the G1 phase (Figure 7I). The phe-
notype of MDA-MB-231 mock tumors was marked by p27
in �50% of cells (Figure 7H). Nuclear p21 was expressed
in �10% of the cells (Figure 7L, large arrows), while
generalized faint cytoplasmic staining was observed in
the remaining population (Figure 7L, small arrows).

Natural History of CD31� Lesions

The cells derived from tumor samples were easily re-
established in culture after the different periods of in vivo
growth and tested for CD31 and CD44 expression. The
number of MDA-MB-231 CD31� cells decreased as a
function of time in all of the clones examined and in the
bulk preparation of CD31� cells, resulting �90% at the
time of injection, �80% after 4 weeks, while scoring 30 to
40% after 7 weeks of in vivo growth. At the same time, the
expression of CD44 increased from �20% at the time of
injection to �80% after 7 weeks. These findings were
paralleled by the morphological modifications observed
in the histological sections obtained from mice sacrificed
at the same weeks. Indeed, after 7 weeks in vivo the
MDA-MB-231 CD31� tumors displayed a mixed pheno-
type, with areas of intraductal papillary differentiation
merging with others lacking an obvious architectural or-
ganization. These results were again comparable to
those observed in patients with CD31�-infiltrating carci-
noma. The stroma bundles were thinner, the vascular
component was reduced, and the intraluminar papillae
were larger than in tumors examined at earlier times.
CD31 expression was maintained at high levels by the
papillary differentiated residual areas of the tumor. Col-
lagen IV and laminin bundles were still detectable around
foci of MDA-MB-231 CD31� cells (data not shown).

Effects of CD31 Expression on Tumor Motility,
Diffusion, and Metastasis

The ability of MDA-MB-231 CD31� to proceed through
Matrigel-coated porous filters was examined in a trans-

Figure 4. CD31 expression decreases growth in vivo. MDA-MB-231 CD31�

and mock cells were injected in the mammary foot pads of female SCID mice
(arrows) and pictures were taken after 6 weeks (A). The size of the lesions
at different time intervals is reported in mm in the table, and the different
clones are shown (B). Data are the mean from two animals for each clone
and for the bulk preparation of CD31� cells, while they represent the
mean � SD from four animals in the MDA-MB-231 mock cells.
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well migration assay. The number of MDA-MB-231
CD31� cells (obtained from clones 2C1, 3D2, and 4B5)
migrating was significantly higher than that of mock cells.
The latter were also unable to reach the lower surface of
the membrane (Figure 8A, top). The migratory behavior
was also reproduced by using murine L-fibroblasts ex-
pressing human CD31 instead of the mammary line (Fig-
ure 8A, bottom). The direct participation of CD31 in the
migration and invasiveness acquired by the CD31�

breast tumor cells was confirmed by blocking these
events using anti-CD31 mAbs specific for different do-
mains of the molecule (Figure 8B). The results obtained

indicate that migration is interfered with by Moon-1, a
mAb specific for CD31 domain 2, the one most involved
in heterophilic interactions.30 On the contrary, 5F4.9 and
the JC70 mAbs reactive to domain 1 (responsible for
homophilic interactions31) were only slightly effective.

The observed increased ability to migrate in vitro is
witnessed in vivo by the unique tropism of MDA-MB-231
CD31� tumors for the normal ducts residual in the murine
mammary gland. Murine ducts were filled with CD31�

tumor cells, a feature that closely resembles the coloni-
zation of lobules and ducts that led to Paget’s disease of
the nipple in human CD31� DCIS. In contrast, MDA-MB-

Figure 5. In vivo effects of CD31 expression. Histology of tumor samples derived from animals injected with MDA-MB-231 CD31� or mock cells. Trichrome stain
shows that MDA-MB-231 CD31� tumors are made of cells organized in ductal structures and surrounded by thick hyaline stroma. The ducts are partly occupied
by tumor cells forming papillae; blood vessels are evident (A). Immunohistochemistry indicates that the basal membrane of CD31� tumors is made of collagen
IV (C) and laminin (E). The lesions derived from mock cells grow in solid laminae (B), with minimal amounts of stroma (D and F). The figure shows the histology
of a tumor derived from clone 4B5. Original magnifications, �40.
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Figure 6. The tumors obtained from MDA-MB-231 CD31� cells grown in SCID mice were compared to a human sample selected as paradigmatic of a population
of CD31� breast cancers. H&E staining performed after 6 weeks of growth in SCID mice shows that the MDA-MB-231 CD31� tumors preferentially expand within
the ducts, forming papillae (B), similar to what observed in human CD31� DCIS (A). Conversely, MDA-MB-231 mock tumors constantly grow in solid lamina (C).
The immunophenotype of CD31� SCID mice samples matches the one observed in human CD31� DCIS. The CD31 molecule is expressed at the cell membrane
level, with the highest degree of positivity scored by the cells forming papillae (D, human lesions; E, murine lesions). The basal cells lining the lumen focally
express CD44 (H, arrow), in analogy to human CD31� DCIS (G). MDA-MB-231 mock tumors maintained the phenotype of the original line, ie, CD31� and
CD44�, which was unaltered during the whole observation (F and I). The pictures were obtained from a selection of lesions derived from mice injected with
MDA-MB-231 CD31� cells (clones 2C1 and 4B5). Original magnifications, �40.
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231 mock cells did not colonize the residual murine
ducts, which were compressed and destroyed by the
growing tumor (Figure 8C).

Animals injected with both MDA-MB-231 CD31� and
mock cells developed microscopical lung metastases

after 7 weeks of in vivo growth. No clear difference in
terms of number or size could be identified among the
two groups of animals, even though the analysis was
intrinsically hampered by the very low number of metas-
tases detected and the very low number of cells consti-
tuting them. However, the phenotype of the micrometas-
tases identified in MDA-MB-231 CD31� tumors was
CD44�. The small dimensions of the metastatic foci lim-
ited any additional phenotyping.

Discussion

In situ growth and invasion in breast cancer are the result
of a balanced equilibrium between the adhesive and

Figure 7. CD31 expression induces differentiation of MDA-MB-231 cells in
vivo. PAS staining highlights intracytoplasmic vacuoles only in tumors de-
rived from transfected cells and mainly in the cells forming the papillae (A,
arrows; and B). MDA-MB-231 CD31� tumors acquire a secretory pheno-
type, as inferred by the presence of HMFG protein in cytoplasmic vacuoles
(large arrows) and in some ductal lumens (small arrows) (C). Mock cells
display scattered intracytoplasmic HMFG protein granules (arrows), without
evidence of secretion (D). MDA-MB-231 CD31� tumor cells are not actively
proliferating. Ki-67 index is �1% in MDA-MB-231 CD31� tumors (E),
whereas p27 is highly expressed (�85%) (G), as are normal murine residual
glands (large arrows in G and H) and normal stromal murine cells (small
arrows in G and H). Conversely, mock tumors score �90% for Ki-67 (F) and
�50% for p27 (H). Nuclear p21 was seen in �1% of the MDA-MB-231 CD31�

cells and was undetectable within the cytoplasm, implying that the cells are
blocked in the G1 phase (I). MDA-MB-231 mock tumors express nuclear p21
in �10% of the cells (large arrows in L), whereas generalized faint cyto-
plasmic staining was observed in the remaining population (small arrows).
The pictures were obtained from a selection of lesions derived from mice
injected with MDA-MB-231 CD31� cells (clones 2C1 and 4B5). Original
magnifications: �40 (A–D); �20 (E–L).

Figure 8. CD31 confers unique kinetic properties to MDA-MB-231 cells. The
presence of CD31 is a prerequisite for MDA-MB-231 cells to migrate in in
vitro assays (A, top) as well as for murine L-fibroblasts (A, bottom). The
table shows cumulative data from several experiments. The asterisks indi-
cate statistical significance (P � 0.05, Wilcoxon matched-pairs signed-ranks
test). Migration is blocked only by the Moon-1 mAb (reactive to the CD31
domain 2), whereas other mAbs (reactive to the CD31 domain 1) are only
slightly effective. Vertical bars represent the mean � SD from four inde-
pendent experiments (B). The unique migratory properties of MDA-MB-231
CD31� cells are characterized in vivo by the tendency to invade the normal
murine residual mammary ducts maintaining the original architecture, as
compared to the compression and destruction of the same structures evident
in the lesions originated from mock cells (C, arrows; clone 4B5).
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migratory properties of tumor cells and the plasticity of
the surrounding milieu. The malignant behavior of a tumor
depends on 1) uncontrolled growth, 2) local invasive-
ness, and 3) ability to metastasize. Adhesion molecules
contribute to each of these features. We have evaluated
the role of the adhesion receptor molecule CD31 in de-
termining the architectural organization, differentiation,
and growth of breast cancer cells. The uncommon choice
of breast cancer as a model to study a molecule tradi-
tionally considered as a nonepithelial antigen stems from
a previous report on the expression of CD31 by specific
subsets of in situ and CD44� invasive carcinomas of the
breast.17 The strategy devised was to artificially express
the human CD31 cDNA in the MDA-MB-231 breast can-
cer cell line, selected in virtue of its resemblance to the
CD31� neoplastic population recently described in hu-
man breast cancer, ie, hormone independence and
CD44 expression.32 To avoid the danger of clonal varia-
tions unrelated to the transfected gene, three separate
CD31� clones were isolated, characterized, and used in
the experiments along with a bulk preparation of CD31�-
transfected cells.

The first finding is that the proliferative index of MDA-
MB-231 CD31� cells was reduced by �50% after 7 days
in vitro, an effect apparent in all of the culture conditions
examined and not secondary to an increased cell death.
Secondly, the high levels of surface CD31 observed after
transfection were paralleled by a marked down-modula-
tion of CD44 and by the acquisition of a differentiated
secretory phenotype. This was inferred by the intracellu-
lar organization of HMFG proteins in vacuoles and from
the tri-dimensional growth of MDA-MB-231 CD31� cells
in ducts and papillae.

At this point the question was whether the events ob-
served in vitro could have a counterpart or a validity in an
in vivo model, reproducing the growth pattern seen in
human CD31� breast lesions. The results obtained in a
SCID mouse model are that the injection of MDA-MB-231
CD31� cells originated tumor masses significantly
smaller than those scored by mock lesions. Secondly, the
morphology of the CD31� tumors mimics that observed
in human CD31� tumors. The third finding is that there is
an apparently interchained expression between CD31
and CD44.

Histology and immunohistochemistry, performed on
mice sacrificed at different time intervals, helped us to
reconstruct a morphogenetic model for CD31� lesions.
During the first weeks of in vivo growth, CD31� cells give
rise to (or represent a hinge point for the construction of)
ductal structures, which are surrounded by collagen IV
and laminin, organized to delineate a real basal mem-
brane. As observed in vitro, expression of CD44 at this
point is very low. These histological and immunohisto-
chemical aspects are closely reminiscent of human
CD31� DCIS.33 Next, the cells forming the ducts instead
of invading the basal membrane grow inside the lumen,
where they tend to accumulate and form papillae. The
unique tendency of CD31� cells for rolling and piling-
up34 is visible also in the normal residual ducts of the
murine mammary gland, similarly filled with accumulating
CD31� cells. The migratory features mimic the intraduc-

tal diffusion of tumor cells that cause the Paget’s disease
of the nipple, frequently associated with human CD31�

breast carcinomas. The final phase is marked by a mixed
phenotype, in which the ducts and internal papillae (both
CD31� and CD44�) are suffocated by nests of CD44�

cells. The morphological modifications observed in MDA-
MB-231 CD31� tumors are accompanied by a progres-
sive decrease of CD31 and a simultaneous increase of
CD44 expressions, as shown both by immunohistochem-
istry and by immediate analysis of cells purified from the
tumors. This phenotype is similar to what is observed in
human pathology, in whichCD31� DCIS cells are CD44�,
whereas CD31 invasive ductal carcinoma cells are
CD44� and may loose CD31 expression.17 The observa-
tion of a mutual exclusion between CD31 and CD44 may
indicate a shift from the propensity to invade (conferred
by the presence of CD44) to a tendency to organize
(conferred by the presence of CD31). Where do the
CD31� cells come from? One possibility is that the trans-
fectants that normally lose CD31 in absence of a meta-
bolic selection may be endowed with growth advantages,
responsible for the progressive overcome of CD31� cells
and for the presence of micrometastases in both groups
of animals after 7 weeks in vivo. The size of metastases
prevented accurate phenotype analyses: however, a firm
conclusion is that their phenotype is CD44� in both mod-
els. An alternative possibility to explain the origin of
CD31� cells is that the in vivo environment plays a direct
role in the down-modulation of CD31, either providing a
source of a soluble or surface bound counterreceptor, or
as a result of a selective elimination of CD31� cells. We
are currently testing the possibility that CD31 itself may
be a channel for inhibitory signals, as demonstrated in
other contexts.15,35

With some caveats, these growth modalities might be
the experimental counterparts of the ones proposed for
the CD31� breast cancers, primarily in situ carcinomas,
characterized by the tendency to progress throughout
the ductal structures, before becoming genuinely inva-
sive.17 The unique propensity of MDA-MB-231 CD31�

cells to move is confirmed by the in vitro migration assays.
Indeed, CD31 expression seems to be a prerequisite for
the acquisition of kinetic properties. The same abilities
are exerted by L-CD31� cells and the migration is par-
tially blocked by specific mAbs. Moreover, the finding
that only the mAbs reactive to CD31 domain 2 hamper
motility suggests the existence or co-existence of hetero-
philic binding mechanism(s).36

The results obtained in this study may contrast with
those obtained by the Kim and colleagues,37 that re-
ported that CD31 inhibits migration rates in endothelial
cells. The reason for this discrepancy may be related to
the use of a different cellular model (endothelial versus
epithelial) and it is likely referable to the complex inter-
play taking place between CD31 and cytoskeletal pro-
teins. This point supports the view that CD31 acts equally
efficiently as an activatory or inhibitory receptor as a
function of the cell type and, likely, of the microenviron-
ment. Further attention will be devoted to the analysis of
the migratory behavior in response to selected chemoat-
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tractants, eg, epidermal growth factor,38 to which MDA-
MB-231 cells are known to respond.

These observations raise the possibility that CD31
plays a role in the architectural organization of breast
carcinomas. According to this hypothesis, CD31 could
help in establishing a polarity within mammary epithelial
cells, a necessary condition for cell differentiation.39 Ev-
idence supporting this hypothesis comes from the ec-
topic expression of CD31 in transgenic mice, which af-
fects early events of mammary gland morphogenesis,
suggesting that it may regulate the ductal branching at
early stages of embryogenesis.40 Evidence against this
hypothesis comes from the lack of CD31 expression by
nonneoplastic human breast tissue at different stages of
development.41,42 Thus, CD31 expression in breast can-
cer might be the result of gene amplification, as sug-
gested by the observation that 17q23 (the region of the
chromosome where CD31 gene is localized43) is fre-
quently amplified in breast carcinomas.44 When overex-
pressed, CD31 may indirectly impact breast tumor mor-
phology inducing architectural organization and blocking
cell proliferation, as observed in SCID mice injected with
MDA-MB-231 CD31� cells, where the cell cycle is
blocked in the G1 phase.45

The presence of CD31 on the membrane of malignant
epithelial cells could also be explained in the context of
vasculogenic mimicry.46,47 This is an appealing theory
envisaging vascular cell specialization inside a single
tumor. Specific tumor elements were found to form blood-
filled channels and to become intensely CD31�, at least
in the experimental setting of uveal melanoma.46 Al-
though still a topic of discussion in breast cancer48 this
model is challenging. However, in none of the CD31�

murine lesions as well as of human specimens was it
possible to detect the presence of red blood cells or
other elements indicating a blood flow, or the expression
of other surface markers associated with an endothelial
cell-like phenotype (ie, F-VIII-RA and CD34).

These findings indicate that the presence of CD31 on
the cell membrane is sufficient to revert the undifferenti-
ated morphology and invasive behavior of MDA-MB-231
breast cancer cells, widening the concept of adhesion
molecules from social proteins involved in cell-to-cell
contacts to pleiotropic receptors ruling complex network
of signals crucial in determining morphogenesis, differ-
entiation, and diffusion of cells.
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