
BioMed Central

ss

BMC Biology
Open AcceMethodology article
Factors necessary to produce basoapical polarity in human 
glandular epithelium formed in conventional and high-throughput 
three-dimensional culture: example of the breast epithelium
Cedric Plachot1, Lesley S Chaboub1, Hibret A Adissu1, Lei Wang1, 
Albert Urazaev2, Jennifer Sturgis1, Elikplimi K Asem1 and Sophie A Lelièvre*1

Address: 1Department of Basic Medical Sciences and Purdue Center for Cancer Research; Purdue University, West Lafayette, IN 47907, USA and 
2Department of Biological Sciences; Purdue University, West Lafayette, IN 47907, USA

Email: Cedric Plachot - cplachot@luminexcorp.com; Lesley S Chaboub - lchaboub@gmail.com; Hibret A Adissu - hadissu@uoguelph.ca; 
Lei Wang - wang285@purdue.edu; Albert Urazaev - aurazaev@purdue.edu; Jennifer Sturgis - jesturgis@purdue.edu; 
Elikplimi K Asem - asem@purdue.edu; Sophie A Lelièvre* - lelievre@purdue.edu

* Corresponding author    

Abstract
Background: Basoapical polarity in epithelia is critical for proper tissue function, and control of
proliferation and survival. Cell culture models that recapitulate epithelial tissue architecture are
invaluable to unravel developmental and disease mechanisms. Although factors important for the
establishment of basal polarity have been identified, requirements for the formation of apical
polarity in three-dimensional tissue structures have not been thoroughly investigated.

Results: We demonstrate that the human mammary epithelial cell line-3522 S1, provides a
resilient model for studying the formation of basoapical polarity in glandular structures. Testing
three-dimensional culture systems that differ in composition and origin of substrata reveals that
apical polarity is more sensitive to culture conditions than basal polarity. Using a new high-
throughput culture method that produces basoapical polarity in glandular structures without a gel
coat, we show that basal polarity-mediated signaling and collagen IV are both necessary for the
development of apical polarity.

Conclusion: These results provide new insights into the role of the basement membrane, and
especially collagen IV, in the development of the apical pole, a critical element of the architecture
of glandular epithelia. Also, the high-throughput culture method developed in this study should
open new avenues for high-content screening of agents that act on mammary tissue homeostasis
and thus, on architectural changes involved in cancer development.

Background
Three-dimensional (3D) cell culture is defined as the cul-
ture of cells in the presence of an extracellular milieu that
promotes the formation of multicellular structures in the
x, y and z axis [1]. Three-dimensional culture permits the

study of epithelial cell arrangement into tissue structures,
and the investigation of pathways critical for the establish-
ment and maintenance of structural and functional
aspects of tissue differentiation. However, the basoapical
tissue polarity axis, a critical feature of normal epithelial
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differentiation, remains difficult to replicate with human
cell systems.

In glandular and tubular epithelial structures, in which
epithelial cells are organized as one layer surrounding a
lumen, the establishment of apical polarity characterized
by the formation of cell-cell adherens and tight junctions
accompanies lumen formation [2]. This organization pro-
vides a proper functional barrier to regulate vectorial
secretion and intake of molecules. Tight junctions are typ-
ically localized at the top third of the region of the cell
pole opposite to that in contact with the basement mem-
brane (BM); they seal the intercellular space and establish
apical polarity by providing physical segregation between
the basolateral and apical domains of the cell membrane.
The basal cellular pole is characterized by transmembrane
integrin dimers that connect cells to specific extracellular
matrix (ECM) molecules of the BM [3].

The presence of specific types of laminins in the ECM
environment used for 3D culture has been shown to be
critical for the basal polarization of epithelial tissue struc-
tures [1,4]. While basal polarity and growth-arrest are rou-
tinely used as features of the differentiation of human
epithelial structures in 3D culture, the presence of apical
polarity is less often emphasized. Studies have acknowl-
edged the presence [5-7] or absence [8,9] of apical tight
junctions in breast and colon human epithelial differenti-
ated tissue structures produced in 3D culture and on fil-
ters, respectively. However, the culture conditions to
replicate the apical pole of the polarity axis have not been
investigated.

The need for human epithelial models that replicate the
tissue polarity axis, including models of lumen formation
with their associated tight junctions, is well illustrated by
pathologies in which the alteration of apical polarity is a
critical step. Apical polarity loss, as defined by the forma-
tion of multilayers of cells or the lack of basal positioning
of nuclei, has been used as a parameter for the characteri-
zation of early lesions in certain cancerous diseases [10].
When apical polarity organization is altered, as shown by
the redistribution of tight junction markers away from
apicolateral sites, mammary epithelial cells can be pushed
into the cell cycle [7]. This suggests that proper apical
polarity is critical for maintenance of epithelial breast tis-
sue homeostasis. Viral and bacterial infections depend on
apical polarity for their onset and/or spreading [11,12].

We have used the model of breast acinar differentiation
and several types of 3D culture systems to evaluate how
the establishment of basoapical polarity is influenced by
the extracellular environment. We show that basal polar-
ity and collagen IV contribute to the establishment of api-
cal polarity. Moreover, we are proposing a simplified

high-throughput (HTP) culture method to produce
basoapically polarized acini from human cells. This
method permits direct imaging with low background
staining and rapid handling of tissue structures for pro-
teomic and genomic investigations thus, opening new
avenues for high-throughput screening on tissue struc-
tures.

Results
Apical polarity is more sensitive to culture conditions than 
basal polarity
The mammary gland is composed of tubuloacinar struc-
tures that branch and terminate into acini capable of
secreting milk. Resting acini are characterized by a small
central lumen (usually less than the size of a cell), whereas
secreting acini (or alveoli) have a larger lumen (Figure
1A). A mammary acinus/alveolus is made of an internal
and continuous layer of luminal epithelial cells that exert
secretory functions and an external and discontinuous
layer of myoepithelial cells. Both myoepithelial and lumi-
nal epithelial cells make contact with BM components via
integrin dimers, while only luminal cells show the pres-
ence of apical tight junctions.

The use of one cell type, the epithelial cells, to reproduce
acinar differentiation is a simplified yet efficient model to
study the function of luminal epithelial cells in vitro. The
human mammary epithelial cell line, HMT-3522 S1 [13],
has been extensively used to study mammary acinar dif-
ferentiation in 3D culture [1]. They form basoapically
polarized acini with tiny lumens when cultured in defined
H14 medium [14] (Table 1) in the presence of BM com-
ponents laminin 111 (formerly laminin 1) and collagen
IV-rich gel [15], the Matrigel™ used either in solution in
the medium with the cells resting on a gel coat (3D-
Matrigel™ drip culture or 'on-top' assay [16]) or as a thick
gel in which cells are totally embedded (embedded cul-
ture) [1,16] (Additional Methods; Additional Movie 1 -
see Additional files 1 and 2). The S1 cell model recapitu-
lates the formation of hemidesmosomes with α6β4
integrins [17] that are critical for the establishment of
basal polarity and are observed in vivo [3]. Immunostain-
ing for α6- or β4-integrin is routinely used to assess basal
polarity in 3D cultures. In addition, a continuous layer of
major BM components, like differentiation inducer lam-
inin 332 (formerly laminin 5) (Figure 1B) or collagen IV,
should be present at the periphery of the acinus [4,18].
Apical polarity can be assessed by immunostaining for the
core tight junction protein Zonula Occludens, ZO-1 [6,8]
which, like in vivo, should be compartmentalized to the
apical side of epithelial structures, against the lumen (Fig-
ure 1A and 1B; Additional Movie 2 - see Additional files 1
and 3). An important characteristic of the morphogenesis
of glandular structures is the narrow width of the apical
pole compared to the basal pole of cells [2]. Microinjec-
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The formation of differentiated glandular structures depends on the culture medium and cell lineFigure 1
The formation of differentiated glandular structures depends on the culture medium and cell line. A. Lumen 
delineated by ZO-1 as shown by immunohistochemistry (reddish-brown) in a mammary acinus and an alveolus from tissue 
biopsy sections. Hematoxylin staining indicates the position of the nuclei (blue). The drawing indicates the location of basal and 
apical poles in the glandular structure (nuclei are represented by filled black circles). B. Immunostaining for basal (laminin 332) 
[red], α6-integrin [α6-integrin; green]) and lateroapical (ZO-1 [green]) markers in acini formed by S1 cells in 3D culture. 
[Note: in vivo, the contact between luminal cells and the BM in the mammary gland is discontinuous and occurs where myoepi-
thelial cells are not covering luminal epithelial cells [34]. In contrast, in vitro, contact with the BM occurs all along the basal sur-
face of the luminal cells [35], therefore the α6-integrin staining is all around the acinus]. C. Microinjection of nondiffusible 
Rhodamine-Dextran (red) fluorescent dye in individual cells of acini formed by S1 cells in 3D culture. D. S1 and MCF10A cells 
were cultured for 15 days in 3D-Matrigel™ drip either in the H14 medium or the assay medium. Shown is the percentage of 
multicellular structures with apically polarized ZO-1 (Additional Table S1 with P values - see Additional file 1). Also shown is an 
example of ZO-1 staining in structures lacking apical polarity formed by MCF10A cells in 3D culture (arrowheads point to the 
basal location of ZO-1 at certain cell-cell junctions). ND = nondetected; size bar, 5 μm; *P < 0.05; **P < 0.01.
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tion of acinar cells with rhodamine in 3D-Matrigel™ drip
cultures revealed a triangular cell shape with the narrow-
est pole terminating toward the center of the acinus (Fig-
ure 1C).

To investigate the importance of the culture conditions in
the formation of the basoapical polarity axis, we com-
pared 3D culture conditions of two widely used non-neo-
plastic breast epithelial cell lines. The H14 medium with
5% 3D-Matrigel™ drip is normally utilized to culture S1
cells to induce acinar differentiation in 10 days [6,16] and
the assay medium with 2% 3D-Matrigel™ drip is used with
non-neoplastic MCF10A breast epithelial cells to induce
differentiation in 15 days [19] (Table 1). More than 93%
of acinar structures showed correctly localized BM-com-
ponent collagen IV, regardless of the culture conditions
and cell lines. In contrast, upon 15 days of culture scoring
for ZO-1 distribution revealed an approximately 88%
increase in S1 acini with loss of apical polarity in the assay
medium-2%Matrigel™ drip compared to S1 acini formed
in their usual H14 medium-5%3D-Matrigel™ drip. On
average 5.3% of the acinus-like structures formed by
MCF10A cells showed correct apical polarity in the H14
medium-5%3D-Matrigel™ drip compared to 0% in the
assay medium-2%3D-Matrigel™ drip (Figure 1D; Addi-
tional Table S1 - see Additional file 1). For the 10-day cul-
ture normally used with the H14 medium-5% 3D-
Matrigel™ drip condition, the apical location of ZO-1 was
still found in a low percentage of MCF10A acini (1%)
compared to S1 acini (64.6%). Immunostaining for addi-
tional tight junction markers, PAR3 of the PAR3/PAR6/
aPKC apical polarity complex and PALS1 of the Crumbs/
PALS1/PATJ apical polarity complex [20] showed their
concentration to the apical side of cells in normal breast
tissue and in the majority of S1 acini, while they were
mostly diffusely distributed in the structures formed by

MCF10A cells (55.65% and 48.7% of S1 acini had PALS1
and PAR3 apically localized, respectively, compared to
0% of MCF10A multicellular structures) (Figure 2A). Elec-
tron microscopy confirmed the presence of apically local-
ized tight junction structures in S1 acini (Figure 2B). Thus,
changing the culture conditions, even in the presence of
ECM-inducer of differentiation (Matrigel™), dramatically
influences apical polarity.

The type of substratum used for 3D culture affects apical 
polarization in differentiating cells
To further analyze the importance of culture conditions
for phenotypically normal epithelial differentiation, we
sought to determine the effect of substrata used in differ-
ent 3D cell culture systems currently available on the for-
mation of a complete basoapical polarity axis.

Matrigel™ has been the gold standard for 3D culture of dif-
ferent types of epithelial cells due to its high content
(>90%) in differentiation and basal polarity inducing
molecules, like laminin 111 [1]. As long as passages are
performed according to strict cell culture guidelines
(Additional Methods - see Additional file 1), appropriate
Matrigel™ lots should reproducibly trigger basoapical
polarity in a differentiation capable cell line, as shown by
a defined range of basoapical markers (Figure 3A). We
first compared extracts of BM obtained from chicken
ovary, known to induce the differentiation of ovarian cells
[21], to Matrigel™. Chicken basal lamina (CBL) extracts
contain laminin 111 and other constituents of the BM
(e.g., collagen IV, entactin, and heparan sulfate proteogly-
cans) [22]. However, in contrast to Matrigel™, CBL origi-
nates from normal tissue, and it is not used as a gel; it is
used in solution. S1 cells cultured in the presence of CBL
extracts formed growth-arrested and basally polarized
acini (Additional Figure S1; Additional Table S2 - see

Table 1: Comparison between H14 and assay media.

Composition H14 medium Assay medium

Type of medium DMEM/F12 DMEM/F12
Prolactin 5 μg/ml -

Insulin 250 ng/ml 10 μg/ml
Hydrocortisone 1.4 μg/ml 0.5 μg/ml

17-Beta-estradiol 10-10 M -
Sodium Selenite 2.6 ng/ml -

Transferrin 10 μg/ml -
EGF 10 ng/ml 5 ng/ml

Horse serum - 2%
Cholera toxin - 100 ng/ml

Antibiotics - 50 U/ml penicillin
50 μg/ml streptomycin

% of Matrigel™ drip for 3D culture 5% 2%

2D culture process for passages culture for 8 to 12 days culture for 3 to 4 days
Medium different from 3D culture medium (5% horse serum, 20 ng/ml EGF)
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Additional file 1) that developed on small focal accumu-
lations of CBL material. Interestingly, no staining could be
detected for endogenous collagen IV around acini, and the
number of acini with apically localized ZO-1 was signifi-
cantly lower compared to 3D-Matrigel™ drip control cul-
tures (Figure 3B; Additional Table S1 - see Additional file
1).

An ECM-deprived PuraMatrix™ gel has been successfully
used to culture rat hepatocytes in 3D and restore aspects
of functional differentiation [23]. This substratum is
made of peptides that self-assemble into a 3D hydrogel
with a nanometer scale fibrous structure. In contrast to
Matrigel™ and CBL obtained from animals, the composi-

tion of PuraMatrix™ should not vary. Thirty percent of the
population of S1 cells cultured solely within PuraMatrix™
for 10 days was still in the cell cycle, as shown by expres-
sion of the cell cycle marker Ki67. In addition, structures
formed by S1 cells were devoid of basoapical polarity
(Additional Tables S1 and S2; Additional Figure S2 - see
Additional file 1). ECM-receptor α6-integrin was found at
all cell membranes, collagen IV was mostly nondetecta-
ble, and ZO-1 was observed at all cell membranes and
within the cytoplasm. Addition of 20% Matrigel™ to
PuraMatrix™ restored cell cycle exit but triggered proper
collagen IV and α6-integrin distributions in only 32% and
28% of the acini population, respectively (Additional
Table S2 - see Additional file 1). Insufficient restoration of
basal polarity in the acini population was confirmed with
basal polarity marker laminin 332 (54.2% of basally
polarized acini in PuraMatrix™ + Matrigel™ cultures com-
pared to 70.2% in Matrigel™-embedded control cultures).
Addition of Matrigel™ or laminin 111 to PuraMatrix™
failed to trigger apical polarity, as measured by ZO-1 dis-
tribution, in the majority (>68%) of the acini population
(Additional Table S1 - see Additional file 1; Figure 3B).
Thus, neither the proper localization of basal polarity
marker α6-integrin nor the addition of ECM-based differ-
entiation inducers (laminins) is sufficient to produce api-
cal polarity in CBL and PuraMatrix™-based cultures to the
same extent as that seen in usual 3D-Matrigel™ drip cul-
tures.

Development of high-throughput culture for basoapically 
polarized acini
The substrata used in the previous section are difficult to
prepare and/or manipulate and did not promote the for-
mation of the complete polarity axis. Ready-to-use novel
substrata based on nanostructural reproduction of an
ECM (synthetic ECM or sECM) have been used to trigger
spheroid formation with breast tumor cells [24]. We asked
whether this sECM might provide a structural framework
sufficient to reproduce basoapical polarity. Once plated
on sECM, S1 cells formed a flat monolayer with occa-
sional piling up of cells (Additional Figure S3 - see Addi-
tional file 1). However, when 5% Matrigel™ was dripped
into the culture medium upon plating cells on sECM,
acini formed, displaying basal polarity and apical polarity
to the same extent as that induced by 3D-Matrigel™ drip
culture (Figure 3B; Additional Tables S1 and S2; Addi-
tional Figure S3 see Additional file 1). To assess whether
sECM played a critical role in induction of polarity upon
addition of 5% Matrigel™, we cultured S1 cells directly on
glass in the presence or absence of a drip of Matrigel™ in
the medium. S1 cells formed a monolayer of cells devoid
of polarity in the absence of Matrigel™, whereas adding a
drip of 5% Matrigel™ led to the formation of basoapically
polarized acini in a percentage similar to that observed in
sECM with 5% Matrigel™ drip or usual 3D-Matrigel™ drip

Apically localized tight junctions in mammary aciniFigure 2
Apically localized tight junctions in mammary acini. 
A. Apical concentration of tight junction proteins PALS1 and 
PAR3 as shown by immunohistochemistry [reddish-brown; 
arrows] in acini from normal looking mammary tissue (from 
biopsy sections - left panel), and acini formed by S1 cells in 
3D-Matrigel™ drip culture (center panel) as shown by 
immunofluorescence [green]. Diffuse distribution of PALS1 
and PAR3 in multicellular structures formed by MCF10A 
cells in 3D culture (right panel). Nuclei are counterstained 
with 4', 6-diamidino-2-phenylindole (DAPI) (blue) in cell cul-
tures and hematoxylin (blue) in IHC. Size bar, 5 μm. B. Elec-
tron micrograph of a section of an acinus formed by S1 cells 
in 3D culture. Insets show specific adhesion complexes. Size 
bar, 1 μm; A = apical; B = basal; L = lumen.
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Distribution of apical polarity marker ZO-1 in acini depends on the substratum for 3D cultureFigure 3
Distribution of apical polarity marker ZO-1 in acini depends on the substratum for 3D culture. A. Organization 
of the basoapical polarity axis in acini formed by S1 cells in 3D-Matrigel™ drip cultures as shown by immmunofluorescence 
staining of basal (collagen IV [green], α6-integrin [green]), lateral [beta-catenin [red] and desmoplakin 1,2 [green]), lateroapical 
[ZO-1 [red], and apical mucin-1 [green]) polarity markers. Nuclei are counterstained with DAPI (blue). Size bar, 5 μm. B. His-
tograms of the percentages of multicellular structures with apically localized ZO-1 (Additional Table S1 with P values - See 
Additional file 1) when S1 cells are cultured in the presence of chicken basal lamina (CBL) [36], PuraMatrix™, PuraMatrix™ 
and 20% laminin (PuraMatrix™ +20% L), PuraMatrix™ and 20% Matrigel™ (PuraMatrix™ + 20% MG), synthetic ECM (sECM-
drip), synthetic ECM and 5% Matrigel™ drip (sECM + MG drip), monolayer on glass (Two-dimensional-2D), on glass + 5% 
Matrigel™ drip (High-throughput [HTP] drip) compared to their respective Matrigel™ controls. *P < 0.05; ***P < 0.001; ns = 
nonsignificant; ND = nondetected (no multicellular structures with apically located ZO-1).
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cultures (Figures 3B and 4A; Additional Tables S1 and S2;
Additional Movie 3 - see Additional files 1 and 4). Thus,
the drip of Matrigel™ in the culture medium is sufficient
to induce basoapical polarity without precoating the cul-
ture surface with a gel.

Three-dimensional-Matrigel™ drip culture normally
requires extensive manipulation for set-up and analysis.
Ultimately acini have to be removed from the surface of
the gel coat for optimal protein and RNA extractions.
Moreover, the gel coat creates high background that
impairs immunostaining analysis. Therefore, the tech-
nique of 5% Matrigel™ without gel coating was further
explored for potential use as high-throughput (HTP) cul-
ture method. Culture time was shortened by removal of
EGF at day 5 of culture instead of day 7, followed by anal-
ysis of differentiation efficacy at days 6, 7 and 8; the
Matrigel™ concentration was also varied in order to opti-
mize the extent of polarization in the acini population. A
Matrigel™ concentration of 20% increased the number of
areas with flat monolayers of cells compared to cultures
performed with 5 and 10% of Matrigel™ drip. Scoring for
basal polarity marker α6-integrin and apical polarity
marker ZO-1 showed that 5 and 10% of Matrigel™ drip
gave results similar to that obtained with regular 3D-
Matrigel™ drip cultures, suggesting that the 5% Matrigel™
drip typically added for 3D-Matrigel™ drip cultures can be
used in HTP cultures; (Figure 4B and Figure 5A). Analysis
of polarity for each of the culture conditions (5% HTP,
10% HTP, and 3D-Matrigel™ drip) revealed that the dura-
tion of cell culture period could be reduced to eight days
instead of 10 days (Figure 5A; Additional Figure S4A - see
Additional file 1).

Interestingly, the low amount of apically polarized struc-
tures in CBL and PuraMatrix™+ Matrigel™ cultures was
accompanied with the lack of collagen IV around most
multicellular structures. Using the HTP culture we
assessed the relative contribution of collagen IV and lam-
inin 111 (inducer of basal polarity) signaling to apical
polarity formation (see Additional Methods - see Addi-
tional file 1). Blocking signaling via β4-integrin (which
binds to laminins 111 and 332 [25]) using function
blocking antibodies significantly decreased the number of
acini displaying apical polarity compared to nonspecific
IgG-treated acini in 5% HTP cultures, suggesting that
basal polarity-related signaling triggered upon attachment
to the BM was important. Although blocking signaling via
β1-integrin (which binds to collagen IV and laminins 111
and 332 [25]) reduced the number of apically polarized
acini, this reduction was not significant (Figure 5B). It is
important to notice here that our results were obtained
starting from acini. In previous work, it was shown that
blocking β1-integrin signaling from day 1 of mammary
epithelial cell plating, thus prior to acinus formation, led

to apoptosis [26]. The difference in these results can be
explained by the fact that the predominance and/or func-
tion of integrin signaling changes as acinar morphogene-
sis occurs, notably β4-integrin signaling becomes critical
to maintain epithelial homeostasis in acini [18].

To further assess the effect of major molecules responsible
for BM integrity on apical polarity formation, we added
collagen IV and/or laminin 111 to HTP cultures made
from a percentage of Matrigel™ small enough to produce
a lower quantity of apically polarized acini compared to
control 5% HTP culture. Starting from a 2% HTP culture,
a significant increase in the number of apically polarized
acini was observed upon addition of a combination of
laminin 111 and collagen IV, but the increase was not sig-
nificant with either molecule added alone (Figure 5C).
None of the conditions applied above altered α6-integrin
distribution (Additional Figure S4 - see Additional file 1).
Adding solely laminin 111 and collagen IV, without the
HTP culture conditions, was not sufficient to allow cells to
round up and form acini, suggesting that other com-
pounds or conditions present in the Matrigel™ are also
necessary for acinar morphogenesis. Based on these
results, both basal polarity-directed signaling and colla-
gen IV appear to contribute to apical polarity formation.

Discussion
The analysis of the different methods of culture of human
mammary epithelial cells has enabled us to demonstrate
that the development of apical polarity in tissue structures
is more sensitive to culture conditions than the produc-
tion of basal polarity. Such sensitivity might account for
the difficulty in visualizing tight junctions at the apical
pole of acini. Strains of non-neoplastic cells should be
used based on their differentiation capabilities. For
instance strains of MCF10A cells that notoriously lack the
capability to form apically located tight junctions under
usual culture conditions, as shown by fluorescence immu-
nostaining and structural analysis by electron microscopy
[8,9], have been used to confirm the critical role of genes,
like Crumbs3 in the establishment of apical polarity.
Non-neoplastic HMT-3522 S1 cells capable of acquiring
basoapical polarity represent a very useful model to
develop studies that require well-differentiated tissue
structures. With these cells we could identify certain 3D
culture conditions necessary for the production of
basoapically polarized structures. Notably, by testing dif-
ferent ECM environments we observed that CBL-based 3D
culture was not accompanied with the deposition of col-
lagen IV, a BM component critical to stabilize BM integrity
[27]. This culture condition might be of interest to better
understand the role of collagen IV in epithelial differenti-
ation, notably, as suggested by our data with the HTP cul-
ture, in the establishment of apical polarity. The
molecular mechanism underlying the lack of apical polar-
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HTP culture produces a basoapical polarity axis similar to that shown with classical 3D-Matrigel™ culturesFigure 4
HTP culture produces a basoapical polarity axis similar to that shown with classical 3D-Matrigel™ cultures. A. 
Organization of the basoapical polarity axis in 2D and HTP cultures of S1 cells as shown by immmunofluorescence staining of 
basal (collagen IV [green], α6-integrin [green]), lateral [beta-catenin [red] and desmoplakin 1,2 [red]), lateroapical [ZO-1 
[green]), and apical (mucin-1 [green]) polarity markers. Nuclei are counterstained with DAPI (blue). Size bar, 5 μm. B. draw-
ings of the different cell culture systems used in this study (2D monolayer; Matrigel™-embedded: cells totally embedded in the 
Matrigel™ gel; 3D-Matrigel™ drip: 5% Matrigel™ drip on Matrigel™ gel-coated surface; HTP: 5% Matrigel™ drip on glass sur-
face). The gel is represented in red; soluble Matrigel™ dripped in the culture medium is represented by curvy lines.
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ity formation in CBL culture remains to be understood.
Possibly, chemical factors necessary for apical polarity for-
mation might be absent from CBL extracts. More excit-
ingly, there is also a possibility that the mechanical
environment of the cells might influence apical polarity.

Indeed extracellular matrix stiffness was shown to affect
the morphogenesis of mammary epithelial cells [28]. It
would be interesting to develop an experimental design to
specifically assess the effect matrix stiffness on apical
polarity.

Our experiments with function blocking antibodies
directed toward integrins underscore the importance of
the tissue context for the response to ECM alterations.
Indeed blocking either β1-integrin or β4-integrin signal-
ing led to differentiation outcomes different from those
obtained in previous work [17,26]. This is because such
previous experiments were performed before acinar mor-
phogenesis, while our experiments were conducted on
already formed acini. These experiments illustrate the
impact of tissue architecture resulting from acinar mor-
phogenesis that not only affects the organization of the
signaling network [29], but also structural organization all
the way to the cell nucleus [30] and thus, influences how
cells respond to changes in their microenvironment.

The fact that basoapically polarized tissue structures can
be produced relatively rapidly (eight days) and without
the gel coat under 5% HTP culture conditions, opens new
avenues for high-throughput screenings. With the HTP
culture it should become possible to obtain large numbers
of polarized tissue structures necessary to perform meas-
urements that require large amounts of cellular material.
Importantly, the HTP culture method will be useful, in
combination with microscopy techniques, for rapid
screening of the effects of environmental factors and drugs
on breast epithelium homeostasis (e.g., modulators of
apical polarity [31]). The large number of individual tis-
sue structures produced under these conditions will allow
for meaningful statistical analyses. This type of analysis
was previously impaired by the thickness of the culture
due to the gel coat and/or the nonspecific background sig-
nals due to the gel. A simplified method to produce glan-
dular tissue structures should lead to the implementation
and/or development of novel tests to help answer biolog-
ical and medical questions.

Conclusion
Our findings demonstrate an important role for the BM in
the establishment of apical polarity, suggesting that any
extracellular factor that perturbs either cell-BM connec-
tions or the stability of the BM (via collagen IV) would
rapidly affect the functional integrity of the epithelium
and possibly its homeostasis since apical polarity proteins
have been linked to proliferation control and cancer
development [32]. Due to the prominent role of apical
polarity in early stages of cancer development, it is para-
mount to have a model that permits the identification of
factors that control such polarity. We believe that the HTP
culture developed here for breast epithelial cells could

Both basal polarity and collagen IV contribute to apical polar-ity in HTP culturesFigure 5
Both basal polarity and collagen IV contribute to api-
cal polarity in HTP cultures. A. Histogram of the per-
centages of acini formed by S1 cells (S1 acini) with 
lateroapical ZO-1 under different culture conditions (5% 
HTP, 10% HTP, control 5% 3D-Matrigel™ drip for eight and 
10 days). B. Histograms of the percentages of S1 acini with 
lateroapical ZO-1, after treatment from day 5 to 8 with func-
tion blocking antibody for β1-integrin [β1-block] and β4-
integrin [β4-block], and IgG in 5% HTP culture. C. Histo-
grams of the percentages of S1 acini with lateroapical ZO-1 
after culture in 2% HTP, 2% HTP + collagen IV (Col IV); 2% 
HTP + laminin 111 (lam 1); 2% HTP + collagen IV (Col IV) 
and laminin 111 (lam 1), during eight days of culture. *P < 
0.05; **P < 0.01.
Page 9 of 12
(page number not for citation purposes)



BMC Biology 2009, 7:77 http://www.biomedcentral.com/1741-7007/7/77
provide an important tool for high content screening of
risk and protective factors of epithelial architecture and
thus, homeostasis.

Methods
Cell culture
Non-neoplastic human mammary HMT-3522 S1 [13] and
MCF10A [33] epithelial cells were cultured at 37°C in 5%
CO2, either in chemically defined DMEMD/F12-based
H14 medium [14] or in assay medium [19] (Table 1)
changed every two to three days.

For regular 3D assays including 3D-Matrigel™ drip, and
cells embedded in Matrigel™ (BD Biosciences, Bedford,
MA) and PuraMatrix™ (BD Biosciences), S1 cells were cul-
tured for 10 days in H14 medium (Additional Methods -
see Additional file 1). Unless otherwise specified, at day 7
(or day 8), cells were induced to exit the cell cycle upon
culture without addition of epidermal growth factor
(EGF) during 72 (or 48) hours. Important considerations
to maintain full differentiation capabilities of the S1 cell
line: Firstly, immortalized non-neoplastic cells are a heter-
ogeneous population in which some cells have better dif-
ferentiation capabilities than others. In order to keep a
high percentage of differentiation-capable cells, a defined
concentration of cells is used for plating for monolayer
and 3D cultures and cells are kept in culture for 10 pas-
sages maximum, with passage 60 as the latest possible
passage used for 3D culture assays. Secondly, for propaga-
tion of cells as a monolayer (i.e., without addition of
exogenous substratum), passages performed in cell cul-
ture flasks occur between eight to 12 days of culture,
which usually corresponds to 60 to 70% cell confluence.
If cells are detached from the surface of the flask too early,
the population will be enriched in cells that had attached
rapidly, which might ultimately impair proper acini for-
mation.

For HTP cultures, 50,000 S1 cells were plated per well of
glass bottom 4-well chamber slides in 200 μl of H14
medium. After five minutes, 200 μl of H14 medium con-
taining 4, 10, 20 or 40% Matrigel™ were added to each
well in drops all over the cell culture surface bringing
Matrigel™ to a final concentration of 2, 5, 10 or 20%,
respectively. It is important that the final volume of cul-
ture medium containing cells is not actively mixed or
shaken in order to allow Matrigel™ components to deposit
slowly and evenly at the bottom of the well and on the
cells. The first H14 medium change took place after 48
hours of culture without addition of Matrigel™ in the fresh
medium. EGF was omitted from the culture medium 48 to
72 hours prior to the end of the culture period. Similar
conditions were used for 3D culture with sECM (Ultra-
Web™ synthetic surface, Corning Inc., Lowell, MA, USA)
with the following specifications. The sECM coverslips
were exposed to UV light for 30 minutes to sterilize them

before use. After placing the coverslips at the bottom of a
12 well-plate, cells were plated at a density of 89,000 cells/
well, and cultured in H14 medium supplemented with 1×
penicillin/streptomycin (from 100× stock containing
5000 units of penicillin and 5000 μg/ml of streptomycin,
Invitrogen, Carlsbad, CA, USA).

Immunofluorescence analysis
Immunostaining was performed as described previously
[6], on cryosections (Additional Methods - see Additional
file 1) for cells embedded in Matrigel™ and PuraMatrix™-
based substrata, or directly on sECM coverslips and in 4-
well chamber slides uncoated, or coated with Matrigel™ or
CBL.

Statistical analysis
Data are presented as means ± SEM. Statistical compari-
sons were performed using GraphPad Prism 3.0 software
(GraphPad Software Inc, San Diego, CA, USA). Nonpaired
t-test was used for comparison of two groups, and one-
way Anova test for comparison of more than two groups.
A P < 0.05 was considered significant.

Abbreviations
2D: two-dimensional; 3D: three-dimensional; BM: base-
ment membrane; CBL: chicken basal lamina; ECM: extra-
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sECM: synthetic extracellular matrix, ZO: zonula occlu-
dens.

Authors' contributions
CP carried out experiments with different extracellular
substrata for 3D cell culture and drafted the manuscript;
LC carried out experiments related to the comparison of
apical polarity status in two mammary epithelial cell lines
and with human tissue, and to the comparison of HTP
culture conditions, and participated in the making of the
draft of the manuscript; HA carried out the PuraMatrix™-
based culture experiments and immunostaining and scor-
ing of certain culture conditions involving different sub-
strata, was involved in experiments related to
microinjection, and participated in the making of the
draft of the manuscript; LW carried out experiments
related to the study of basal polarity and collagen IV in
HTP cultures; AU carried out the microinjection experi-
ments in 3D culture; JS carried out the imaging of immu-
nostained cultures and produced the movies included in
the manuscript; EKA provided expertise for the experi-
ments with chicken basal lamina and participated in the
critical writing of the manuscript; SAL conceived the
study, and participated in its design and coordination and
in the analysis of the results, helped draft the manuscript,
and finalized the writing of the manuscript. All authors
read and approved the final manuscript.
Page 10 of 12
(page number not for citation purposes)



BMC Biology 2009, 7:77 http://www.biomedcentral.com/1741-7007/7/77
Additional material

Acknowledgements
We thank Patricia Abad and Pierre-Alexandre Vidi for critical reading of the 
manuscript, Peter Marinkovich for providing the anti-laminin 5 antibody, 
and Sunil Badve for providing sections of archival biopsies of normal-looking 
breast tissue. This work was supported by The National Institutes of 
Health/National Cancer Institute (CA112613 and CA112017 to S.A.L.), the 
Komen Breast Cancer Research Foundation (BCTR-0707641 to S.A.L.), the 
Purdue Oncological Sciences Center (seed grant to S.A.L.), an ARP fellow-
ship (to S.A.L. and L.C.), and the Purdue Center for Cancer Research.

References
1. Lelièvre SA, Bissell MJ: Three-dimensional cell culture: The

importance of context in regulation of function.  In Encyclope-
dia of Molecular Cell Biology and Molecular Medicine Volume 14. 2nd edi-
tion. Edited by: Meyers RA. Weinheim: Wiley-VCH; 2005:383-420. 

2. Lubarsky B, Krasnow MA: Tube morphogenesis: making and
shaping biological tubes.  Cell 2003, 112(1):19-28.

3. Koukoulis GK, Virtanen I, Korhonen M, Laitinen L, Quaranta V, Gould
VE: Immunohistochemical localization of integrins in the
normal, hyperplastic, and neoplastic breast. Correlations
with their functions as receptors and cell adhesion mole-
cules.  Am J Pathol 1991, 139(4):787-799.

4. Gudjonsson T, Ronnov-Jessen L, Villadsen R, Rank F, Bissell MJ,
Petersen OW: Normal and tumor-derived myoepithelial cells
differ in their ability to interact with luminal breast epithelial
cells for polarity and basement membrane deposition.  J Cell
Sci 2002, 115(Pt 1):39-50.

5. Jaeger MM, Dodane V, Kachar B: Modulation of tight junction
morphology and permeability by an epithelial factor.  J Membr
Biol 1994, 139(1):41-48.

6. Plachot C, Lelievre SA: DNA methylation control of tissue
polarity and cellular differentiation in the mammary epithe-
lium.  Exp Cell Res 2004, 298(1):122-132.

7. Chandramouly G, Abad PC, Knowles DW, Lelievre SA: The control
of tissue architecture over nuclear organization is crucial for
epithelial cell fate.  J Cell Sci 2007, 120(Pt 9):1596-1606.

8. Fogg VC, Liu CJ, Margolis B: Multiple regions of Crumbs3 are
required for tight junction formation in MCF10A cells.  J Cell
Sci 2005, 118(Pt 13):2859-2869.

9. Underwood JM, Imbalzano KM, Weaver VM, Fischer AH, Imbalzano
AN, Nickerson JA: The ultrastructure of MCF-10A acini.  J Cell
Physiol 2006, 208(1):141-148.

10. Konska G, Guillot J, De Latour M, Fonck Y: Expression of Tn anti-
gen and N-acetyllactosamine residues in malignant and
benign human breast tumors detected by lectins and mono-
clonal antibody 83D4.  Int J Oncol 1998, 12(2):361-367.

11. Excoffon KJ, Guglielmi KM, Wetzel JD, Gansemer ND, Campbell JA,
Dermody TS, Zabner J: Reovirus preferentially infects the baso-
lateral surface and is released from the apical surface of
polarized human respiratory epithelial cells.  J Infect Dis 2008,
197(8):1189-1197.

12. Tan S, Tompkins LS, Amieva MR: Helicobacter pylori usurps cell
polarity to turn the cell surface into a replicative niche.  PLoS
Pathog 2009, 5(5):e1000407.

13. Briand P, Petersen OW, Van Deurs B: A new diploid nontumori-
genic human breast epithelial cell line isolated and propa-
gated in chemically defined medium.  In Vitro Cell Dev Biol 1987,
23(3):181-188.

14. Blaschke RJ, Howlett AR, Desprez PY, Petersen OW, Bissell MJ: Cell
differentiation by extracellular matrix components.  Methods
Enzymol 1994, 245:535-556.

15. Kleinman HK, McGarvey ML, Liotta LA, Robey PG, Tryggvason K,
Martin GR: Isolation and characterization of type IV procolla-
gen, laminin, and heparan sulfate proteoglycan from the
EHS sarcoma.  Biochemistry 1982, 21(24):6188-6193.

16. Lee GY, Kenny PA, Lee EH, Bissell MJ: Three-dimensional culture
models of normal and malignant breast epithelial cells.  Nat
Methods 2007, 4(4):359-365.

17. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky
C, Bissell MJ: Reversion of the malignant phenotype of human
breast cells in three-dimensional culture and in vivo by
integrin blocking antibodies.  J Cell Biol 1997, 137(1):231-245.

18. Weaver VM, Lelievre S, Lakins JN, Chrenek MA, Jones JC, Giancotti
F, Werb Z, Bissell MJ: beta4 integrin-dependent formation of
polarized three-dimensional architecture confers resistance
to apoptosis in normal and malignant mammary epithelium.
Cancer Cell 2002, 2(3):205-216.

19. Debnath J, Muthuswamy SK, Brugge JS: Morphogenesis and onco-
genesis of MCF-10A mammary epithelial acini grown in
three-dimensional basement membrane cultures.  Methods
2003, 30(3):256-268.

20. Margolis B, Borg JP: Apicobasal polarity complexes.  J Cell Sci
2005, 118(Pt 22):5157-5159.

21. Adissu HA, Asem EK, Lelievre SA: Three-dimensional cell cul-
ture to model epithelia in the female reproductive system.
Reprod Sci 2007, 14(8 Suppl):11-19.

22. Asem EK, Stingley-Salazar SR, Robinson JP, Turek JJ: Identification
of some components of basal lamina of avian ovarian follicle.
Poult Sci 2000, 79(4):589-601.

23. Wang S, Nagrath D, Chen PC, Berthiaume F, Yarmush ML: Three-
dimensional primary hepatocyte culture in synthetic self-
assembling peptide hydrogel.  Tissue Eng Part A 2008,
14(2):227-236.

24. Schindler M, Ahmed I, Kamal J, Nur EKA, Grafe TH, Young Chung H,
Meiners S: A synthetic nanofibrillar matrix promotes in vivo-
like organization and morphogenesis for cells in culture.  Bio-
materials 2005, 26(28):5624-5631.

25. Novaro V, Roskelley CD, Bissell MJ: Collagen-IV and laminin-1
regulate estrogen receptor alpha expression and function in
mouse mammary epithelial cells.  J Cell Sci 2003, 116(Pt
14):2975-2986.

26. Howlett AR, Bailey N, Damsky C, Petersen OW, Bissell MJ: Cellular
growth and survival are mediated by beta 1 integrins in nor-
mal human breast epithelium but not in breast carcinoma.  J
Cell Sci 1995, 108(Pt 5):1945-57.

Additional file 1
Additional information. This file includes, in order, additional methods, 
additional table S1 (Table S1), additional table S2 (Table S2), additional 
figure S1 (Figure S1), additional figure S2 (Figure S2), additional figure 
S3 (Figure S3), additional figure S4 (Figure S4), movie legends).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-7-77-S1.PDF]

Additional file 2
Movie 1. 3D reconstruction of the lumen in S1 cells in 3D-Matrigel drip 
culture.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-7-77-S2.AVI]

Additional file 3
Movie 2. 3D reconstruction of an acinus in S1 cells in 3D-Matrigel drip 
culture
Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-7-77-S3.AVI]

Additional file 4
Movie 3. 3D reconstruction of an acinus formed by S1 cells in HTP cul-
ture.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1741-
7007-7-77-S4.AVI]
Page 11 of 12
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1741-7007-7-77-S1.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-7-77-S2.AVI
http://www.biomedcentral.com/content/supplementary/1741-7007-7-77-S3.AVI
http://www.biomedcentral.com/content/supplementary/1741-7007-7-77-S4.AVI
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12526790
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12526790
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1928301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1928301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1928301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11801722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11801722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11801722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8071986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8071986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17405811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17405811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17405811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15976445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15976445
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16607610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9458363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9458363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9458363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18419529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18419529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18419529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19412339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19412339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3558253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3558253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3558253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7760750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7760750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6217835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6217835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6217835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17396127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17396127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9105051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9105051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9105051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12242153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12242153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12798140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12798140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12798140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16280548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18089605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18089605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10780659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10780659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18333775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18333775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18333775
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15878367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15878367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12808020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12808020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12808020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7544798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7544798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7544798


BMC Biology 2009, 7:77 http://www.biomedcentral.com/1741-7007/7/77
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

27. Poschl E, Schlotzer-Schrehardt U, Brachvogel B, Saito K, Ninomiya Y,
Mayer U: Collagen IV is essential for basement membrane
stability but dispensable for initiation of its assembly during
early development.  Development 2004, 131(7):1619-1628.

28. Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A,
et al.: Tensional homeostasis and the malignant phenotype.
Cancer Cell 2005, 8(3):241-54.

29. Wang F, Weaver VM, Petersen OW, Larabell CA, Dedhar S, Briand
P, et al.: Reciprocal interactions between beta1-integrin and
epidermal growth factor receptor in three-dimensional
basement membrane breast cultures: a different perspec-
tive in epithelial biology.  Proc Natl Acad Sci USA 1998,
95(25):14821-6.

30. Lelievre SA, Weaver VM, Nickerson JA, Larabell CA, Bhaumik A,
Petersen OW, et al.: Tissue phenotype depends on reciprocal
interactions between the extracellular matrix and the struc-
tural organization of the nucleus.  Proc Natl Acad Sci USA 1998,
95(25):14711-6.

31. Deli MA: Potential use of tight junction modulators to revers-
ibly open membranous barriers and improve drug delivery.
Biochim Biophys Acta 2009, 1788(4):892-910.

32. Lee M, Vasioukhin V: Cell polarity and cancer--cell and tissue
polarity as a non-canonical tumor suppressor.  J Cell Sci 2008,
121(Pt 8):1141-1150.

33. Soule HD, Maloney TM, Wolman SR, Peterson WD Jr, Brenz R,
McGrath CM, Russo J, Pauley RJ, Jones RF, Brooks SC: Isolation and
characterization of a spontaneously immortalized human
breast epithelial cell line, MCF-10.  Cancer Res 1990,
50(18):6075-6086.

34. Shaw LM: Integrin function in breast carcinoma progression.
J Mammary Gland Biol Neoplasia 1999, 4(4):367-376.

35. Petersen OW, Ronnov-Jessen L, Howlett AR, Bissell MJ: Interaction
with basement membrane serves to rapidly distinguish
growth and differentiation pattern of normal and malignant
human breast epithelial cells.  Proc Natl Acad Sci USA 1992,
89(19):9064-9068.

36. Asem EK, Stingley-Salazar SR, Robinson JP, Turek JJ: Effect of basal
lamina on progesterone production by chicken granulosa
cells in vitro--influence of follicular development.  Comp Bio-
chem Physiol C Toxicol Pharmacol 2000, 125(2):233-244.
Page 12 of 12
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14998921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14998921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14998921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16169468
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18983815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18983815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18388309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18388309
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1975513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1975513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1975513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10705920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1384042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1384042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1384042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11790345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11790345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11790345
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Apical polarity is more sensitive to culture conditions than basal polarity
	The type of substratum used for 3D culture affects apical polarization in differentiating cells
	Development of high-throughput culture for basoapically polarized acini

	Discussion
	Conclusion
	Methods
	Cell culture
	Immunofluorescence analysis
	Statistical analysis

	Abbreviations
	Authors' contributions
	Additional material
	Acknowledgements
	References

