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Núria Eritja, David Llobet, Mónica Domingo,
Maria Santacana, Andree Yeramian,
Xavier Matias-Guiu, and Xavi Dolcet

From the Oncologic Pathology Group, Hospital Universitari

Arnau de Vilanova, Institut de Recerca Biomèdica de Lleida,
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Development of three-dimensional (3D) cultures that
mimic in vivo tissue organization has a pivotal role in
the investigation of the involvement of cell adhesion
and polarity genes in the pathogenesis of epithelial
cancers. Here we describe a novel 3D culture model
with primary mouse endometrial epithelial cells. In
this model, isolated endometrial epithelial cells de-
velop single-lumened, polarized glandular structures
resembling those observed in endometrial tissue. Our
in vitro 3D culture model of endometrial glands re-
quires the use of serum-free defined medium with
only epidermal growth factor and insulin as growth
supplements and 3% Matrigel as reconstituted extra-
cellular matrix. Under these culture conditions ,
glands of epithelial cells displaying typical apicobasal
polarity and proper positioning of tight and adherent
junctions are formed by hollowing as early as 7 to 8
days in culture. Addition of the phosphatidylinositol
3-kinase inhibitor LY294002 completely inhibits bro-
modeoxyuridine incorporation and cyclinD1 expres-
sion, confirming that in vitro growth of endometrial
glands depends on phosphatidylinositol 3-kinase/Akt
signaling. To prove that our culture method is a good
model to study endometrial carcinogenesis , we
knocked down E-cadherin or phosphatase and tensin
homolog expression by lentivirus-delivered short
hairpin RNAs. Down-regulation of E-cadherin re-
sulted in complete loss of epithelial cell polarity and
glandular formation, whereas phosphatase and ten-
sin homolog down-regulation resulted in increased
proliferation of glandular epithelial cells. These prop-
erties indicate that our 3D culture model is suitable to
study the effect of growth factors, drugs, and gene
alterations in endometrial carcinogenesis and to

study normal endometrial biology/physiology. (Am J

Pathol 2010, 176:2722–2731; DOI: 10.2353/ajpath.2010.090974)

In the endometrium and other glandular tissues, epithelial
cells interact with neighboring cells and extracellular ma-
trix to develop well organized and well polarized three-
dimensional glands. Increasing evidence indicates that
appropriate three-dimensional (3D) organization is criti-
cal for tissue homeostasis.1 Maintenance of cell polarity
and cell-to-cell and cell-to-matrix adhesion plays a pivotal
role in the regulation of glandular homeostasis and epithelial
cell proliferation, differentiation, and survival. During carci-
nogenesis, disruption of glandular architecture and loss of
epithelial polarity leads to increased tumorigenic poten-
tial.2–5 Alterations in genes that control formation of cell
contacts result in loss of cell polarity and cause increased
proliferation and migration capabilities, two critical pro-
cesses for development of malignant transformation.
Proteins that participate in formation of cell-to-cell con-

tacts are potent tumor suppressors, and they have been
found to be deregulated in cancer.6 Among the genes
encoding adhesion or polarity molecules, epithelial cad-
herin (E-cadherin) has been recognized as a critical pro-
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tein for adherent junction formation and maintenance of
cell polarity. Genetic or epigenetic alterations leading to a
decrease or loss of E-cadherin expression have been
identified in a wide variety of malignant epithelial tumors,
including those from the breast7,8 or the endometri-
um.9–11 Loss of E-cadherin expression results in loss of
polarity, increased migration, and development of epithe-
lial-to-mesenchymal transition.12,13

Development of 3D culture systems has been critical
to study the role of cell adhesion and polarity genes in
the pathogenesis of cancer. 3D culture systems are
important tools to advance in knowledge of the mech-
anisms involved in the development and progression of
cancer. 3D cultures provide important information at
several levels: i) the mechanisms of glandular lumen
formation and maintenance; ii) the role of cancer genes
on cell polarity; and iii) the role of cell-to-cell and cell-to
matrix contacts in carcinogenesis. Moreover, the 3D
microenvironment may alter intracellular cell signaling,
which ultimately triggers the cellular response to dif-
ferent extracellular stimuli.
3D cultures from epithelial cells were first established

from different epithelial tissues or cell lines using col-
lagen-based matrices.14–18 However, over the last few
years, the use of epithelial cells derived from breast
tissue or breast epithelial cell lines has led to the devel-
opment of 3D cultures.19–24 Among all of the methods to
establish 3D cultures, the ones using a reconstituted
basement membrane (rBM) derived from Engelbreth-
Holm-Swarm tumors as extracellular matrix have been
the first choice for breast and other glandular epithelial
tissues. There are three main systems to develop 3D
cultures from epithelial cells using rBM.20,25 In the first
method, cells are completely embedded in rBM, in the
second method, cells are seeded in an overlay of rBM
and cultured in medium containing 2% rBM, and in the
third method cells are seeded on polyacrylamide-linked
rBM with overlaying of diluted rBM. In addition to the
appropriate extracellular matrix, epithelial cells also re-
quire growth supplements in culture medium to develop
well structured acini, spheroids, or glandular structures.
The type of media, serum, or supplements varies, de-
pending on cell type and requires optimization for each
particular case.
Here, we describe a novel 3D culture system of pri-

mary mouse endometrial epithelial cells. This culture sys-
tem incorporates some innovations and advantages over
other 3D culture systems. 3D endometrial glandular
structures are developed in serum-free, defined medium
containing only insulin and epidermal growth factor (EGF)
as growth factors. Moreover, endometrial glandular struc-
tures are developed in medium containing only 3% rBM
without the need for an underlying bed of gelled matrix.
Endometrial cells can be easily infected with lentiviruses
before the setup of 3D cultures. Using this approach, we
demonstrate that E-cadherin knockdown results in com-
plete disruption of endometrial glands. To further evalu-
ate our 3D culture as a good tool for studies of key
alterations found in endometrial carcinogenesis, we have
analyzed the effects of phosphatase and tensin homolog
(PTEN) short hairpin RNA (shRNA) on epithelial cell pro-

liferation. PTEN knockdown results in increased expres-
sion of cyclinD1 and increased proliferation. These prop-
erties make our 3D culture suitable for studies of the
effects of growth factors, drugs, and candidate genes
involved in morphogenesis and homeostasis of endome-
trial tissue.

Materials and Methods

Reagents and Antibodies

Matrigel (rBM) was purchased from BD Biosciences (San
Jose, CA). Epidermal growth factor was from Sigma-
Aldrich (St. Louis, MO), and insulin-transferrin-sodium
selenite (ITS) supplement was from Invitrogen (Carlsbad,
CA). Antibodies to E-cadherin, �-catenin, GM130, and
total extracellular signal-regulated kinase (ERK) were
from BD Biosciences; ZO-1 was from Zymed Laborato-
ries (South San Francisco, CA); bisBenzimide H 33342
trihydrochloride (Hoechst), rhodamine conjugated-phal-
loidin, and antibodies to laminin and tubulin were from
Sigma-Aldrich, and anti-cytokeratin was from Abcam
(Cambridge, UK). Alexa Fluor anti-rabbit and anti-mouse
antibodies were from Invitrogen. Phospho-Akt, phospho-
glycogen synthase kinase 3 (GSK3), and phospho-ERK
antibodies were from Cell Signaling Technology (Beverly,
MA). Antibody to cyclinD1 and total Akt were from Santa
Cruz Biotechnology (Santa Cruz, CA), Peroxidase-conju-
gated anti-mouse and anti-rabbit antibodies were from
Jackson ImmunoResearch Europe Ltd. (Suffolk, UK). All
other regents were obtained from Sigma-Aldrich unless
specified.

Isolation of Mouse Endometrial Epithelial Cells

C57BL6 mice used to isolate endometrial cells were
maintained in temperature- and light-controlled condi-
tions and fed ad libitum. All experimental procedures
were approved by the Institutional Animal Care Commit-
tee of IRBLleida. Isolation of mouse epithelial cells was
performed as described previously with some modifica-
tions.26 Mice were sacrificed by cervical dislocation, and
uterine horns were dissected from 3- to 4-week-old
C57BL6 mice. Uteri were washed with Hanks’ balanced
salt solution and chopped in 3- to 4-mm-length frag-
ments. Uterine fragments were digested with 1% trypsin
(Invitrogen) in Hanks’ balanced salt solution (Invitrogen)
for 1 hour at 4°C and 45 minutes at room temperature.
Trypsin digestion was stopped by addition of Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (Invitrogen). After trypsin digestion, epithe-
lial sheets were squeezed out of the uterine pieces by
applying gentle pressure with the edge of a razor blade.
Epithelial sheets were washed twice with PBS and resus-
pended in 1 ml of DMEM/F12 (Invitrogen) supplemented
with 1 mmol/L HEPES (Sigma-Aldrich), 1% penicillin/
streptomycin (Sigma-Aldrich), and Fungizone (Invitro-
gen) (basal medium). Epithelial sheets were mechani-
cally disrupted in basal medium by pipetting 50 times
through a 1-ml tip, until clumps of cells are observed
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under the microscope. Any attempt to individualize cells
results in a dramatic decrease in cell viability. Cells were
diluted in basal medium containing 2% dextran-coated
charcoal-stripped serum (HyClone Laboratories, Logan,
UT) and plated into culture dishes (BD Falcon, Bedford,
MA). Cells were cultured for 24 hours in an incubator at
37°C with saturating humidity and 5% CO2.

Establishment of 3D Cultures

Twenty-four hours after plating in plastic, cells were
washed with Hanks’ balanced salt solution and incubated
with trypsin/EDTA solution (Sigma-Aldrich) for 5 minutes
at 37°C. Trypsin digestion was stopped by addition of
DMEM/10% fetal bovine serum. Cells were collected in
15-ml conical tubes and centrifuged at 1000 rpm for 3
minutes, resuspended in Hanks’ balanced salt solution,
and disrupted by pipetting 15 to 20 times through a 1-ml
tip until clumps of two to eight cells were obtained. Any
attempt to further dissociate clumps to individualize cells
resulted in a dramatic decrease in cell viability. Cells
were centrifuged at 1000 rpm for 3 minutes and diluted in
basal medium containing 3% Matrigel to obtain 4 � 104

cell clumps/ml. Twenty-four hours after plating, medium
was replaced by basal medium supplemented with 5
ng/ml EGF and a 1:100 dilution of ITS supplement and
3% fresh Matrigel (BIE medium). Medium was replaced
every 2 to 3 days.

Immunofluorescence

For Western blotting cells were plated in a volume of 200
�l in 24-well plates (BD Biosciences). For immunofluores-
cence and bromodeoxyuridine experiments cells were
seeded in a volume of 40 �l/well in 96-well plates (black
with microclear bottom, Greiner Bio-One, Longwood, FL).
3D cultures were fixed with formalin for 5 minutes at room
temperature and washed twice with PBS. Depending on
the primary antibody, cells were permeabilized with 0.2%
Triton X-100 in PBS for 10 minutes (indicated as T) or
permeabilized with 100% methanol for 2 minutes (indi-
cated as M). Next, cultures were incubated overnight at
4°C with the indicated dilutions of antibodies: anti-E-
cadherin, 1:200 (T); anti-ZO-1, 1:100 (T); anti-cytokeratin,
1:500 (T); anti-laminin, 1:500 (T); rhodamine-conjugated
phalloidin, 1:500 (T), anti-�-catenin, 1:200 (M); or anti-
GM130, 1:100 (M). After 1 day, cells were washed twice
with PBS and incubated with PBS containing 5 �g/ml
Hoechst dye and a 1:500 dilution of Alexa Fluor second-
ary anti-mouse or anti-rabbit antibodies for 2 hours at
room temperature. For double immunofluorescence
staining, cells were incubated with the second round of
primary and secondary antibodies. Note that in all double
immunofluorescence stains, first and second primary an-
tibodies were from different isotopes.
For immunofluorescence staining on mouse endome-

trium, uterine tissue was dissected in PBS, chopped in 3-
to 4-mm pieces and fixed with formol or methanol for 30
minutes at room temperature. Uterine pieces were em-
bedded in Tissue-Tek and were cut in 10-�m slices using

a cryostat. Cryostat sections were incubated with primary
antibodies overnight at 4°C followed by a 1-hour incuba-
tion at room temperature with Alexa Fluor-labeled sec-
ondary antibodies.
Immunofluorescence staining was visualized and an-

alyzed using a confocal microscope (Olympus, Tokyo,
Japan). Images, 3D reconstruction, and video editing of
confocal images were performed using FluoView soft-
ware (Olympus).

Bromodeoxyuridine Incorporation

The bromodeoxyuridine protocol was performed as de-
scribed previously with minor modifications.27 3D cul-
tures were incubated with 3 ng/ml 5-bromodeoxyuridine
(BrdU) (Sigma-Aldrich) for 15 hours and then fixed with
4% paraformaldehyde. After DNA denaturing with 2 mol/L
HCl for 30 minutes and neutralization with 0.1 mol/L
Na2B4O7 (pH 8.5) for 2 minutes, cells were blocked in
PBS solution containing 5% horse serum, 5% fetal bovine
serum, 0.2% glycine, and 0.1% Triton X-100 for 1 hour.
Subsequently, cells were subjected to indirect immuno-
fluorescence with a mouse 1:100 dilution of anti-BrdU
monoclonal antibody (DAKO, Carpenteria, CA), and Al-
exa Fluor-conjugated anti-mouse secondary antibody.
Nuclei were counterstained with 5 �g/ml Hoechst 33258,
and cells were visualized under a confocal microscope.
BrdU-positive nuclei were scored and divided by the total
number of cells (visualized by Hoechst staining). The
results are expressed as a percentage of BrdU-positive
cells.

Lentiviral Production and Infection

Oligonucleotides to produce plasmid-based shRNA were
cloned into the FSV vector using AgeI-BamHI restriction
sites. shRNA target sequences were as follows: PTEN,
5�-ATATAGGTCAAGTCTAAGTCG-3�; E-cadherin-1, 5�-
TGGTTCAGATCAAATCCAACA-3�; and E-cadherin-2, 5�-
TGCCAACTGGCTGGAGATTAA-3�. Lentiviral particles
were produced as described previously with some mod-
ifications.28 293T human embryonic kidney cells were
cotransfected by the polyethylenimine method with the
virion packaging elements psPAX2 and pMD2G and the
shRNA-producing vector FSV. 293T cells were allowed to
produce lentiviral particles during 3 to 4 days in same
culture medium used for endometrial cell lines and ex-
plants. Culture medium was collected, centrifuged for 5
minutes at 1000 rpm, and filtered through a 0.45-�m filter
(Millipore Corporation, Billerica, MA). The medium was
concentrated by centrifugation through 100,000 MWCO
Vivaspin 20 columns (Sartorious Stedium Biotech, Aubagne,
France). Freshly isolated or thawedmouse endometrial cells
were diluted in DMEM/F12 plus 2% DCC-S as described
above and plated into 24-well plastic dishes. Two to 3 hours
after plating 10 to 20 �l of concentrated lentiviral particles
plus 8�g/ml of hexadimethrine bromide (Polybrene; Sigma-
Aldrich) were added to the cultures and incubated for 24
hours. After this infection period cells were processed to
establish 3D cultures as described above.
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Western Blot Analysis

Endometrial 3D cultures were stimulated for the indicated
periods of time, washed with cold PBS, and lysed with lysis
buffer (2% SDS, 125 mmol/L Tris-HCl, pH 6.8). Relative
protein concentrations were determined by loading on an
8% acrylamide gel, transferring to polyvinylidene difluoride
membranes (Millipore Corporation), and blotting with anti-
tubulin antibody. Band density was determined using
Quantity One software (Bio-Rad Laboratories, Richmond,
CA). Equal amounts of proteins were subjected to SDS-
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride membranes. Nonspecific binding was
blocked by incubation with TBST (20 mmol/L Tris-HCl, pH
7.4, 150 mmol/L NaCl, and 0.1% Tween 20) plus 5% nonfat
milk. Membranes were incubated with the primary antibod-
ies overnight at 4°C followed by a 1-hour incubation with
secondary antibody (1:10,000 in TBST). Signal was de-
tected with ECL Advance (Amersham-Pharmacia, Little
Chalfont, Buckinghamshire, UK).

Results

Isolation of Endometrial Epithelial Cells from
Mouse Uteri

We first established a protocol to isolate endometrial
epithelial cells from mouse uterus. As described in the
Materials and Methods, we used a highly concentrated
trypsin digestion to detach luminal epithelial sheets from
the rest of uterine tissue. This procedure allows the sep-
aration of a tube containing epithelial cells from the rest of
uterus containing mainly stromal cells (Figure 1A). The
epithelial cell tubes were mechanically disrupted to ob-
tain small cell clumps, which were plated into culture
dishes and grown as two-dimensional (2D) monolayer
cultures. Epithelial cell clumps grew clonally and dis-
played typical epithelial cobblestone morphology, whereas
the stromal fraction showed typical fibroblastic morphology
(Figure 1A). To ensure that epithelial cells were properly
isolated, we performed immunostaining with different epi-
thelial cell markers. Epithelial cells were positive for cytoker-
atin, E-cadherin, and �-catenin staining but negative for
vimentin, a specific intermediate filament present in stromal
cells (Figure 1B). As expected, cytokeratin staining was
cytoplasmic, and both E-cadherin and �-catenin staining
were confined to cytoplasmic membrane.

Endometrial Epithelial Cells Develop 3D
Glandular Structures in Serum-Free Defined
Medium Containing Insulin and EGF

Next, we developed a protocol to establish a polarized
epithelial cell culture from endometrial cells grown in 2D
cultures. Establishment of 3D cultures of epithelial cells
requires a basement membrane and different growth
supplements to drive the development of polarized glan-
dular structures. Most 3D cultures of epithelial cells from
different origins require specific growth factors and sup-

plements such as insulin (usually added as part of the ITS
supplement), EGF, hydrocortisone, and different amounts
of serum. To set up 3D cultures from cells growing in mono-
layer, epithelial cells were trypsinized, washed, and resus-
pended in DMEM/F12 containing different combinations of
growth supplements plus different concentrations of Matri-
gel. We first used DMEM/F12 containing a constant con-
centration of EGF and ITS plus increasing percentages of
serum and concentrations of Matrigel. Medium containing
as low as 1% fetal bovine serum resulted in exaggerated
growth of cells, which failed to acquire 3D polarity as as-
sessed by E-cadherin immunostaining and phase-contrast
morphology (Supplemental Figure S1, see http://ajp.
amjpathol.org). In parallel experiments, cells were cultured
in medium containing EGF plus ITS and increasing concen-
trations of Matrigel (1, 3, 25, and 50%) diluted in culture
medium. We set a percentage of 3% as the minimal con-
centration of Matrigel to obtain glandular-like structures.
Lower concentrations (1%) did not support glandular
growth (Supplemental Figure S2, see http://ajp.amjpathol.
org). Although higher concentrations of Matrigel led to
gland formation, immunostaining of glands with some
antibodies was impaired, probably because of a lim-
ited capability of antibodies to penetrate through a
dense Matrigel matrix (Supplemental Figure S2, see
http://ajp.amjpathol.org). Of note, endometrial epithelial
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Figure 1. Isolation of epithelial and stromal endometrial cells from mouse
uterus. A, left: representative images of the epithelial sheet (top) and the rest
of the uterine horn fragment (bottom) after digestion with trypsin and
separation of two parts. Right, representative images of isolated epithelial
and stromal cells cultured in 2D monolayer cells for 24 hours. B: Double
immunofluorescence showing positive labeling of 2D monolayer epithelial
cells with cytokeratin, E-cadherin, �-catenin, and phalloidin antibodies and
negative staining for vimentin. In all immunofluorescence experiments cells
were counterstained with Hoechst dye. White scale bar � 20 �m.
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cells did not require a bed of gelled Matrigel to develop
glandular structures.
The best culture medium for the development of glan-

dular structures was serum-free DMEM/F12 medium con-
taining ITS plus EGF and 3% diluted Matrigel (Figure 2A).
Medium containing either ITS or EGF alone did not allow
the formation of 3D polarized glands. In contrast to other

3D culture systems, addition of hydrocortisone to either
basal medium or medium containing EGF, ITS, or both
factors resulted in the formation of aberrant multiple-
lumened glands. In medium containing ITS plus EGF (BIE
medium), development of single-lumened glands was
achieved after 7 to 8 days in culture (Figure 2B). Hoechst
staining revealed that most glands did not display cells with
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Figure 2. Endometrial epithelial cells develop 3D glandular structures in serum-free defined medium containing insulin and EGF. A: Confocal images of double
phalloidin/laminin immunofluorescence of 3D cultures grown in the indicated combinations of medium for 8 days. White scale bar � 20 �m. B, top: confocal
images of phalloidin/laminin staining showing glands growing in BIE medium for the indicated days. Bottom: quantification of nuclei displaying apoptotic
morphology in the central part of glands, grown for the indicated days in BIE medium. White scale bar � 20 �m. C: Quantification of BrdU-positive nuclei in
glands growing for 8 days with the indicated combinations of medium culture supplements. D: Representative confocal images showing BrdU incorporation of
glands growing in basal medium with the indicated supplement combinations. BAS and B, basal medium; H, hydrocortisone; I, insulin-transferrin-sodium selenite;
E, EGF.
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typical apoptotic morphology, and the majority of glands
displayed a well formed and single central lumen. This
result suggests that under these culture conditions, hollow-
ing is the main mechanism of lumen formation (Figure 2B).
The growth-supporting activity of EGF- and ITS-sup-

plemented medium was further assessed by BrdU incor-
poration (Figure 2C). 3D endometrial cultures were main-
tained with combinations of EGF, ITS, and hydrocortisone
for 7 days. BrdU staining revealed that ITS plus EGF
promoted a significant increase of proliferation over all
other medium combinations tested (Figure 2, C and D).
Medium containing ITS, EGF, and hydrocortisone also
promoted a good rate of proliferation but, as we men-
tioned above, resulted in aberrant acquisition of cell po-
larity and formation of multiple-lumened glands. For that
reason, we chose BIE medium, without hydrocortisone or
serum, to culture endometrial glands.

In Vitro Developed Endometrial Glands Display
Characteristic Epithelial Apicobasal Polarity

Once culture conditions were optimized, we analyzed
whether the glandular structures displayed correct api-
cobasal polarization, with an apical side facing a single
central lumen, a lateral side containing cell-to-cell con-
tacts, and a basal side with cell-to-extracellular matrix
adhesions. To address this point, we cultured endome-
trial epithelial cells in BIE medium for 7 to 8 days, and we
performed immunofluorescence staining for different po-
larity markers. The endometrial glands developed in our
in vitro culture system conserved cytokeratin expression
and were completely negative for vimentin, indicating
that they were composed exclusively of cells of epithelial
origin (Figure 3A). Laminin displayed strong staining on
the basal surface surrounding the glandular structures,
indicating that the basal surface of cells was “seeding”
on rBM. Staining of glands with phalloidin indicated cor-
rect positioning of the actin cytoskeleton, mostly located
on the apical face of the epithelial cells (Figure 3, B and
C). The Golgi apparatus marker GM130 indicated correct
positioning of the Golgi apparatus, just above the nucleus
and facing the apical surface (Figure 3C). E-cadherin

and �-catenin staining was confined to the lateral side of
the epithelial cells, where adherent junctions are located
(Figure 3, D and E). Positive immunofluorescence for
ZO-1 was located in the limit between lateral and apical
surfaces, indicating the correct positioning of tight junc-
tions (Figure 3, D and E). Moreover, 3D reconstruction of
glands after immunostaining with phalloidin (red) and
E-cadherin (green) demonstrated the presence of glan-
dular structures containing one single lumen, surrounded
by polarized epithelial cells all along the glands (Supple-
mental Video 1, see http://ajp.amjpathol.org).

To demonstrate that epithelial cells displayed organiza-
tion comparable to that of in vivo endometrium, we per-
formed immunofluorescence staining of cryostat sections
obtained from intact uterine tissue. As for in vitro glands
(Figure 3A), uterine endometrial epithelial cells were cytok-
eratin-positive, whereas vimentin staining was restricted to
stromal cells (Figure 3F). Laminin and phalloidin staining of
the basal lamina and apical actin cytoskeleton observed in
Figure 3B was also similar to the in vivo distribution (Figure
3G). ZO-1 and E-cadherin immunostaining revealed similar
positioning of adherent and tight junctions in in vitro devel-
oped glands (Figure 3D) and in intact endometrium (Figure
3H). GM130 was also located facing apical membrane and
above the nucleus (Figure 3I).
All of the above results confirmed that glandular struc-

tures displayed the characteristic apicobasal polarity of
glandular tissues, as well as the appropriate formation of
cell-to-cell and cell-to-extracellular matrix contacts, with
patterns similar to those observed in intact endometrium.

Phosphatidylinositol 3-Kinase/Akt Signaling Is
Critical for in Vitro Growth of Endometrial Glands

Having elucidated that EGF and insulin were critical for
stimulation of endometrial epithelial proliferation to de-
velop glandular structures, we investigated the signaling
pathways used by EGF and insulin to support epithelial
cell proliferation and glandular growth. One of the most
important pathways in the control of cell proliferation is
phosphatidylinositol 3-kinase (PI3K)/Akt, which is very
important in endometrial cell homoeostasis. PI3K catalyzes
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GM130/Phalloidin/HoechstZO-1/E-adherin/Hoechst

GM130/Phalloidin/Hoechst
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Figure 3. In vitro developed endometrial glands display epithelial apicobasal polarity. Double immunostaining of either in vitro developed glands cultured for
8 days in BIE (A–E) or cryostat sections obtained from mouse endometrium (F–I). A and F: Cytokeratin (green) and vimentin (red). B and G: Laminin (green)
and phalloidin (red). C and H: GM130 (green) and phalloidin (red). D and I: ZO-1 (green) and E-cadherin (red). E: ZO-1 (green) and �-catenin (red). White scale
bar � 20 �m.
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the production of phosphatidylinositol-3,4,5-triphosphate by
phosphorylating phosphatidylinositol-4,5-diphosphate. One
of the key effectors of PI3K signaling is the protein kinase
Akt, which is able to recognize this lipid and bind it
selectively. Once activated, Akt phosphorylates a range
of effector proteins. Among them, GSK-3 is a critical
downstream element of the PI3K/Akt pathway whose ac-
tivity can be inhibited by Akt-mediated phosphorylation at
Ser-21 of GSK-3� and Ser-9 of GSK-3. PTEN phospha-
tase antagonizes PI3K signaling by dephosphorylating
the 3-position of the inositol ring of PI3K and thus inacti-
vating downstream signaling.29

For these reasons, we first analyzed the requirement of
PI3K/Akt signaling for proliferation of polarized endometrial
cells. 3D cultures were grown for 7 days with BIE medium.
To return growth factor signaling pathways to the basal
state, glands were cultured in basal medium without growth
factors for an additional 48 hours. Afterward, glands were
stimulated for 15 minutes or 16 hours with basal medium,
BIEmedium, or BIEmediumplus LY294002. Then, Akt, ERK
phosphorylation, and cyclinD1 expression were assessed.
Stimulation with BIE medium induced phosphorylation of
both Akt and ERK at 15 minutes after stimulation, and such
phosphorylation was maintained after 16 hours. Consistent
with its proliferative effects on glandular structures, BIE
medium caused a marked increase in cyclinD1 expression
observed after 16 hours of stimulation. Addition of
LY294002 to BIE medium caused a drastic decrease of Akt
phosphorylation and cyclinD1 expression without affecting
phosphorylation of ERK (Figure 4A). Consistent with cy-

clinD1 expression, BIE medium caused a marked increase
in BrdU incorporation, which was completely inhibited by
addition of LY294002 (Figure 4B). All of the above results
suggest that proliferation of polarized glandular cells into
the glands depends on Akt signaling.

Down-Regulation of E-Cadherin Disrupts 3D
Glandular Structures

Finally, we investigated whether our 3D culture system is
a good tool to study the role of genes controlling glandu-
lar morphology in endometrial carcinogenesis. Down-
regulation of E-cadherin is frequently observed in endo-
metrial carcinogenesis and is associated with disruption
of glandular morphology. To mimic E-cadherin loss in
endometrial carcinoma, we designed two different shR-
NAs targeting E-cadherin. Endometrial epithelial cells
were infected with lentiviruses carrying E-cadherin shR-
NAs. Three days after infection, cells were lysed and
E-cadherin expression was evaluated by Western blot.
Both shRNAs caused a marked down-regulation of E-
cadherin protein compared with cells infected with con-
trol vector (Figure 5A). We selected shRNA2 for further
experiments. To assess the effect of E-cadherin down-
regulation in glandular architecture, freshly isolated cells
were plated in M24 plates and infected with lentiviruses
carrying E-cadherin shRNA2 or the empty vector (FSV).
After 1 day, cells were trypsinized and cultured in 3D
cultures. After 7 to 8 days 3D cultures were fixed and
immunostained for E-cadherin and cytokeratin. In cultures
infected with E-cadherin shRNA, cells were unable to form
glandular structures, and they grew as if they were in a 2D
monolayer (Figure 5B). In contrast, cells infected with the
empty vector developed normal glands. To further assess
the effects of E-cadherin down-regulation on epithelial or-
ganization and morphology, we performed �-catenin,
GM130, and phalloidin immunofluorescence staining on
cells with down-regulated E-cadherin. In the absence of
E-cadherin, �-catenin translocated from the membrane to a
cytoplasmic/nuclear localization, a phenomenon related to
acquisition of a malignant/invasive phenotype (Figure 5B).
Moreover, GM130 immunostaining revealed loss of the typ-
ical apical localization of the Golgi apparatus, indicating a
loss of apicobasal cell polarization. Finally, phalloidin stain-
ing indicated actin cytoskeleton reorganization and the for-
mation of actin stress fibers (Figure 5B).

PTEN Down-Regulation Increases Proliferation
of 3D Glandular Structures

Loss of PTEN is one of the most common molecular
alterations found in endometrial carcinogenesis. PTEN
deficiency leads to increased proliferation in many cell
types. To demonstrate that our culture system may be
useful to reproduce these alterations, we infected epithe-
lial cells with lentiviruses carrying PTEN shRNA. After 7 to
8 days, glands were deprived of growth factors for 2 days
and lysed or assayed for BrdU incorporation. PTEN
down-regulation resulted in increased phosphorylation of
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Akt and GSK-3 (Figure 5C). We did not observe any differ-
ence in the gross morphology of glands infected with PTEN
shRNA or the empty vector. However, PTEN knockdown
caused a marked increase in cyclin D1 expression, sug-
gesting increased proliferation of PTEN-silenced glands.
Consistent with increased cyclin D1 expression, BrdU incor-
poration revealed a significant proliferation increase in glands
with downregulated PTEN (Figure 5C).

Discussion

There is no doubt that development of 3D cultures rep-
resents a valuable tool for understanding the pathogen-
esis of cancer.21,25,30,31 3D cultures mimic the normal
phenotype of epithelial cells in vivo and provide a func-
tional and structural environment to investigate the activ-
ities of cancer genes. Here, we have developed a novel
3D culture model of primary mouse endometrial epithelial
cells. Although cultures of polarized cells from endome-
trial and other gynecological tissues have been devel-
oped previously,32 we think that our culture system may

have some important innovations that provide several
improvements over other existing models. Most 3D cul-
tures are constructed using nontransformed but immor-
talized cell lines such as MDCK or MCF-10. Here, we
culture primary normal and nonimmortalized epithelial
cells. This feature may be important to study the pro-
cesses involved in acquisition of a malignant phenotype,
overcoming possible effects derived from cell line immor-
talization. Moreover, the availability of mouse cells gives
the opportunity to examine the effects of mutant mice on
gland formation and maintenance of gland structure.
So far, three main systems to develop glandular struc-

tures using rBM have been reported: total embedding in
rBM; seeding cells on a bed of 100% gelled rBM plus 2%
rBM diluted in medium; and seeding cells on polyacryl-
amide-linked rBM with overlaying of diluted rBM.25 Here,
we propose a new system for developing glandular struc-
tures using rBM (Matrigel). We simply resuspend our
cells in medium containing 3% diluted Matrigel and di-
rectly plate them into dishes without the layer of 100%
gelled Matrigel. This method markedly decreases the use
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of expensive Matrigel and simplifies the experimental
work. These features make our 3D culture inexpensive,
fast, and easy to setup and maintain, allowing high-
throughput or screening experiments. Moreover, this cul-
ture model allows the formation of glandular structures in
serum-free defined medium containing only EGF and
insulin as growth factors. Matrigel has a poorly defined
composition. Therefore, it would be reasonable to think
that Matrigel may contain growth factors that induce glan-
dular proliferation and growth. However, we demonstrate
that cells grown in basal medium containing 3% Matrigel
but no EGF or insulin fail to develop glandular structures,
suggesting that, although Matrigel is absolutely required for
establishment of cellular polarization and gland formation, it
does not support growth of endometrial glands. The fact
that epithelial cells can be maintained in a defined medium
in the absence of other cell types such as supporting stro-
mal cells, gives the chance to analyze direct effects of
growth factors, hormones, or drugs without the interference
of other factors secreted by the other cell populations.
During formation of glands, epithelial cells have to

surround a single central lumen with their apical surface
facing on it. Two mechanisms of lumen formation have
been reported: hollowing and cavitation.1,23,33,34 In the
first one, lumen is formed by membrane separation of
glandular cells; in the second mechanism, lumen forms
by death of central cells by either apoptosis35,36 or auto-
phagy.37–40 Under the growing conditions that we use to
develop endometrial glands, hollowing seems to be the
main mechanism of lumen formation.
We also demonstrate that growth of endometrial glands

triggered by insulin plus EGF combination in vitro depends
on PI3K/Akt. PI3K/Akt signaling is critical in maintenance of
endometrial homeostasis. Moreover, mutations in PTEN or
PIK3CA genes are associated with development and pro-
gression of endometrial carcinoma.10,41–47 The role of PI3K/
Akt signaling in endometrial carcinogenesis is supported by
results obtained in hemizygous PTEN mice48,49 and, more
recently, by conditional deletion of both copies of PTEN in
the endometrium50. Female mice lacking a single copy of
the PTEN gene develop endometrial hyperplasia, of which
approximately 30% progresses to endometrial carcinoma.
The involvement of Akt as a downstream signaling effector
of PTEN deficiency has been strongly supported by cross-
ing PTEN hemizygous mice with mice carrying genetic mu-
tations in PTEN downstream effectors. Deficiency in either
PDK151 or Akt-152 signaling inhibits tumor development in
PTEN hemizygous mice. Similar results have been reported
after pharmacological mammalian target of rapamycin inhi-
bition in PTEN-deficient mice.53

Epithelial endometrial cells are highly refractory to lipo-
fection (data not shown), but they can be easily infected
with lentiviruses, allowing modification of the expression of
specific genes by shRNAs or by overexpression experi-
ments. Using this approach, we infected endometrial epi-
thelial cells with PTEN or E-cadherin shRNA. In agreement
with the role of alterations of PI3K/Akt pathway in develop-
ment of endometrial carcinogenesis, knockdown of PTEN
caused increased BrdU incorporation and cyclinD1 expres-
sion, validating 3D cultures for the study of proliferative
disorders associated with tumor formation.

In epithelial tissues, alterations in cell polarity proteins or
proteins involved on adherent or tight junction formation
results in increased tumorigenic capacity. E-cadherin is
critical in the establishment of adherent junctions between
epithelial cells. It is well know that down-regulation of E-
cadherin expression is associated with tumoral progression
in a wide variety of carcinomas in different locations.12,54

E-cadherin is a calcium-dependent adhesionmolecule. The
extracellular regions are responsible for adhesive recogni-
tion and binding other cadherins presented on neighboring
cells. On the other side of the plasma membrane, the cad-
herin cytoplasmic tails interact with several proteins that link
the cadherin receptor to the actin cytoskeleton. The best
understood of these associated proteins is �-catenin, which
binds directly to the distal region of the cytoplasmic tail.
�-Catenin, in addition to its function in this cell adhesion
complex, acts as a key element in the Wnt signal transduc-
tion pathway, which has been implicated in embryogenesis
and carcinogenesis.55,56 Therefore, loss of E-cadherin ex-
pression results in a cytosolic accumulation of �-catenin,
leading to its complex formation with transcription factors
such as Tcf/Lef-1, translocation into the nucleus, and induc-
tion of transcription of responsive genes involved in the
acquisition of the tumoral phenotype.2,12,56 Moreover, loss
of adherent junctions after down-regulation of E-cadherin
expression results in loss of cell polarity, which leads to
release of the Scrib complex, Par proteins, and Rho GT-
Pases from cell-to-cell contacts to promote migration.3,4 In
line with these results, here we have demonstrated that the
down-regulation of E-cadherin is sufficient to cause a com-
plete loss of cell polarity accompanied by the acquisition of
features associated with a malignant/migratory phenotype
such as �-catenin translocation, Golgi delocalization, and
polymerization of stress fibers.
In summary, we described here a new 3D system to

culture endometrial cells of murine origin. This culture
may provide a valuable tool to study morphological
changes in endometrial glandular architecture associ-
ated with endometrial carcinogenesis.
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