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Embryo implantation necessitates that the apical plasma membrane of
uterine epithelial cells acquires adhesiveness. Recent studies have indio
cated that modulation of a major element of the epithelial phenotype,
i.e. apical-basal cell polarity, might be critical in this respect. Here, we
analyze polar characteristics of nonadhesive vs. adhesive uterine epi­
thelial cell Iines focusing on cytoskeletal-junctional interactions that
may playa role in regulating adhesiveness of the apical plasma mem­
brane.

HEC-l-A is a human uterine epithelial cellline exhibiting nonadhe­
sive properties of its apical surface for trophoblast, whereas RL95-2
represent another such cell line exhibiting adhesive properties en­
abling trophoblast attachment. Homotypic intercellular contacts and
functionally related proteins, i.e. ZO-l, E-cadherin, a-catenin, ß­
catenin, plakoglobin, and desmoplakin I, were examined by trans­
mission electron microscopy, immunocytochemistry, confocal laser
scanning microscopy, and immunoprecipitation techniques. In addi­
tion, details of actin filament architecture were studied after phalloidin
labeling. While nonadhesive HEC-l-A exhibited the well-known
pattern of cell-to-cell contacts of polarized epithelial cells, adhesive
RL95-2 showed a lack of ZO-l expression, tracer leakiness of the para­
cellular pathway, and atypical features in adherens junctions: E­
cadherin, a-catenin and plakoglobin were colocalized in all plasma
membrane domains and ß-catenin was localized in lateral membrane
domains. Immunoprecipitations showed in both celllines the presence
of two different E-cadherin-catenin complexes, one composed of E­
cadherin, a-catenin and ß-catenin, and the other of E-cadherin, a­
catenin and plakoglobin. Concerning RL95-2 these data indicate that
E-cadherin/plakoglobin complexes are randomly distributed, whereas
E-cadherin/ß-catenin complexes are laterally localized in these cells.
Additionally, the actin-based cytoskeleton of RL95-2 lacked apolar
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organization. With respect to the intermediate filament-desmosome
system, both cell types expressed desmoplakin I, but the vast majority
of RL95-2 lacked well-formed desmosomes as demonstrated by elec­
tron microscopy.

It is concluded that modulation oftightjunctions and/or remodelling
of adherens junctions, e.g. differential distribution of E-cadherin/pla­
koglobin complexes and E-cadherin/ß-catenin complexes, are corre­
lated with the development of apical adhesiveness of human uterine
epithelial cells. This model system should allow to test experimentally
whether this correlation is due to any causal function in the develop­
ment of epithelial cell polarity.

Introduction

Embryo implantation in mammals and in the human requires
adhesiveness of the apical plasma membrane of uterine epi­
thelial cells thus enabling the initial contact between the
embryo and maternal tissues. Human uterine epithelial cells
show a polarized phenotype as typical für all simple epithelia
including ürganization of the surface membrane into biochem­
ically distinct apical and basolateral plasma membrane
domains. The basolateral membrane domain is studded with
various adhesion molecules, including E-cadherin and inte­
grins, mediating stable adhesion to neighboring cells or to the
extracellular matrix. The apical domain is largely free of these
molecules and nonadhesive for opposing uterine epithelial
cells or embryonic cells such as trophoblast. Interestingly, the
apical domain can be functionally reprogrammed towards
adhesiveness für trophoblast when cells are exposed to an
appropriate hormonal milieu (for reviews, see [10, 16,38]).

The molecular details of how the surface of human uterine
epithelial cells contacts trophoblast are still unclear. There is
evidence that alterations in membrane compositions of uterine
cells occur in a concerted way in both apical and basolateral
domains and are coupled somehow with a partialloss of epi­
thelial characteristics thus leading to acquisition of apical
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adhesiveness of epithelial cells [10, 11]. Für example, estab­
lishment of apical adhesiveness of human uterine cells in vivo
is correlated with redistribution of a6-integrin subunits from
the basal to the lateral subdomain and a significant increase of
CD44 expression in the lateral domain [1]. A reduction in the
thickness of the glycocalyx and in the cell surface charge of the
apical membrane domain seems to be related to these altera­
tions [26]. Cell culture studies have shown that apical adhe­
siveness for trophoblast of a human uterine-derived cellline,
i.e. RL95-2 cells, correlates with the occurrence of a6-, ßl­
and ß4-integrin subunits at the entire surface membrane,
whereas polarized distribution of integrins correlates with
nonadhesiveness of the apical membrane in HEC-I-A cells
[51]. The common denominator of these changes might be a so
far non-identified mechanism modulatillg the apical-basal cell
polarity ultimately leadillg to adhesiveness of the apical
plasma membrane of uterine epithelial cells for trophoblast
[10-12]. The present study was designed in order to get insight
into features involved in modulation of cell polarity in uterine
cells.

Materials and methods

Materials
All chemicals were of analytical grade and were obtained from Merck,
Darmstadt/Germany or Sigma-Aldrich, Deisenhofen/Germany.

Cell culture
Human endometrial carcinoma cells were purchased from the Amer­
ican Type Culture Collection (ATCC; Rockville, MD/USA), i.e. HEC­
1-A cells (HTB 112) and RL95-2 cells (CRL 1671). Cell lines were
grown in plastic flasks in 5 % C02'95 % air at 37 oe. HEC-1- A cells
were seeded out in McCoy's 5A medium (Biochrom Seromed, Berlinl
Germany) supplemented with 10 % fetal calf serum (Gibco-Life Tech­
nologies, EggensteinlGermany), and RL95-2 cells in a 1+1 mixture of
Dulbecco's modified Eagle's medium (Gib co) and Ham's F12 (Bio­
chrom) supplemented with 10% fetal calf serum. All media were ad­
ditionally supplemented with penicillin (100 lU/mi; Boehringer,
Mannheim/Germany) and streptomycin (100 !-tg/ml; Boehringer,
Mannheim/Germany). The growth medium was changed every 2 to 4
days, and cells were subcultured by trypsinization (trypsin-EDTA solu­
tion; Gibco) when they became confluent.

For metabolic labeling experiments, monolayers (2 x 10' cells)
were grown in methionine-free medium (Gibco), supplemented with
10 % dialyzed fetal calf serum, for 2 h prior to the addition of 50 !-tCi/
ml [35S] methionine (Amersham, Braunschweig/Germany) for over­
night incubation.

Adhesiveness of confluent monolayers for human JAR choriocarci­
noma cell spheroids (ATCC: HTB 144) was routinely measured using
a centrifugal force-based adhesion assay [27]. Confirming recently
published data [51], RL95-2 monolayers allowed JAR cells to attach
while HEC-1-A monolayers did not (not shown).

Antibodies
Junetional eomplexes. Rabbit polyclonal antibodies to human ZO-l
(61-7300) were obtained from WAK Chemie, Bad Homburg/Germany.
Mouse monoclonal antibody to human E-cadherin (6F9; [14]) was do­
nated by Dr. J. Behrens (Max-Delbrück-Centrum, Berlin/Germany).
Preparation of rabbit polyclonal antibodies to uvomorulin (E­
cadherin; [41]), to peptides of a-catenin (aM12K; [21]), ß-catenin
(ßP14L; [5]), and plakoglobin (D15A; [4]) has been described previ­
ously. Mouse monoclonal antibody directed against desmoplakin (des­
moplakin I; [7]) was a gift of Dr. J. Kartenbeck (DKFZ, Heidelberg/
Germany).

Cytoskeleton. Mouse monoclonal antibodies to cytokeratin 7 (Ks
7.18), to cytokeratin 8 (Ks 8.7), to cytokeratin 18 (Ks 18.04), and to
cytokeratin 19 (Ks 19.1) were obtained from Progen, Heidelberg/Ger­
many, and a mouse monoclonal antibody to vimentin (V9) from
Sigma-Aldrich, Deisenhofen/Germany.

Preparation of cytoskeletal material and
immunoblotting
Intermediate filament-enriched fractions were obtained from conflu­
ent monolayers according to Eckert and Kartenbeck [13]. Monolayers
(2 x 10' cclls) were washed three times with phosphate buifered saline
(PBS) at room temperature and subsequently immersed in 2 ml high
salt buifer (10 mMTris-HCI, pH 7.5, 1.5 M KCI, 140 mM NaCI, 5 mM
EDTA, 1 % Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM
dithioerythritol, 1.5 !-tMpepstatin A). Cell extracts were prepared by
sonication of cells and stirring of suspension for 20 min at 4°C fol­
lowed by centrifugation at 5000g for 20 min at 4°C. The pelleted cyto­
skeletal material was washed twice with PBS and used for sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE)
under reducing conditions [28].

For immunodetection, proteins separated by SDS-PAGE were
transferred electrophoretically to Immobilon membrane (Millipore,
Bedford, MA/USA). Filters were immersed in 25 mM Tris-HCI,
pH 7.4, 150 mM NaCI, 30 mM KCI, 0.1 % Tween 20, at 37°C for 1 h,
incubated with 2 to 5 !-tg/mlprimary antibody and then with alkaline
phosphatase-conjugated secondary antibody (Dianova, Hamburg/Ger­
many). Bound antibodies were detected using Nitro blue tetrazolium
and 5-bromo-4-chloro-3-indolyl phosphate as substrates (Sigma­
Aldrich).

Preparation of ceillysates and
immunoprecipitation
Cell Iysates were obtained from confluent monolayers according to
Butz and Kemler [3]. Monolayers (2 x 10' cells) were washed three
times with PBS at room temperature and subsequently immersed in
800 !-tlcold lysis buifer (20 mM imidazole, pH 6.8; 100 mM KCI, 2 mM
MgCb, 10 mM ethylene gIycol-bis(ß-aminoethyl ether)N,N,N' ,N'­
tetraacetic acid, 300 mM sucrose, 1 mM Na-vanadate, 1 mM Na­
molybdate, 1 mM Na-fluoride, 0.2 % Triton X-100, 1 mM phenylmeth­
yisulfonyl fluoride, 1 mM N-ethylmaleimide, and 1.5 !-tMpepstatin A)
for 10 min at 4 oe. Celllysates were centrifuged at 16OOOgfor 10 min
and supernatant was precleared by incubation for 1 h with 250 !-tI/mi
supernatant of 10 % (w/v) protein A-Sepharose beads (Pharmacia,
Freiburg/Germany) preabsorbed with lysis buifer containing ovalbu­
min (1 mg/mI). Finallysates were centrifuged at 1000g for 5 min fol­
lowed by centrifugation at 16000g for 5 min.

For immunoprecipitation, precleared supernatants of cell Iysates
equivalent to 4 x 106 cells were incubated with the appropriate anti­
body (5 !-tganti-uvomorulin, 10 !-tganti-a-catenin, 30 !-tganti-ß-catenin
and 20 !-tganti-plakoglobin) and 50 !-tlprotein A-Sepharose for 1 h.

Fig.1. Ultrastructure of HEC-1-A and RL95-2 monolayers culti­
vated on POlY-D-lysine-coatedcoverslips. HEC-I-A cells (a) form close
lateral membrane contacts and are highly polarized, e.g. the nucleus is
located predominantly basally, organelles in the supranuclear region.
Note numerous microvilli at the apical cell pole (arrows). RL95-2 cells
(b) grow as monolayers of irregular shape and show little signs of polar
organization, e.g. the nucleus is located in the center, organelles tend
to pile up perinuclearly. Mierovilli are largely laeking. - e, d. Photo­
micrographs of ultrathin seetions of lateral plasma membran es of
HEC-I-A cells (e) and RL95-2 cells (d). Note that HEC-I-A eells but
not RL95-2 cells form morphologieally distinet tight junetions, inter­
mediate junetions and desmosomes. - 00 Coverslip. - Stars: Growth
medium. - N Nucleus. - tj Tight junction. - ij Intermediate junetion. ­
d Desmosome. - HI, H2 HEC-I-A cells. - RI, R2 RL95-2 cells. - Bars
5 [tm (a, b), 0.25 [tm (e, d).
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Results

dehydrated in ethanol and propylene oxide, embedded in epoxy resin
mixture and examined as deseribeel above omitting double-staining

with uranyl acetate and leael citrate.

Polarized vs. nonpolarized epithelial phenotype
Ultrastructurc. Low magnification overviews of ultrastructure
of HEC-I-A and of RL95-2 cells are shown in Figure 1. !-lEC
eells whieh are nonadhesive for trophoblast-type cells formed
ordered monolayers of cuboida1 to columnar cells (Fig. la).
The apical surface was covered with numerous, relatively
short microvilli. Nuclei of !-lEC cells were predominantly 10­

cated at the base of the eell. Mitochondria, Golgi apparatus,

and endoplasmie retieulum were mostly positioned in the su­
pranuclear region of the cell. With respect to the distribution
of these organelles, nonadhesive !-lEC eells showed a highly
polarized phenotype. Cells grew in close eontact to the sub­
strate and to adjacent !-lEC cells.

RL cell monolayers which permit trophoblast attachment
formed irregular sheets (Fig. Ib). Single cells had a roundish
shape. J n contrast to I-IEC cells, the apieal cell pole appeared
dome-like and was largely free of microvilli. The cell nuclei
were predominantly located in the center of the cell, and
organelles tended to pile up perinuclearly without showing
any sign of polar distribution. RL cells adhered to the sub­
strate via large cytoplasmic extensions but did not form a
broad eell-matrix eontact at the basal eell pole. At the lateral
membrane only primitive adherens junetions were seen; re­
gions of interacting plasma membranes were alternating with
regions of large intereellular spaees. Thus, RL eells laeked the
structural polarization as typieal for a simple epithelium.
Analysis 01' cytoskclctaI proteins. To prove the epithelial
nature 01' RL eells we performed cell typing with respect to the

expression 01' intermediatc filament proteins as shown in Fig­
ure 2. SDS-PAGE 01' the cytoskeletal preparations showed
four major polypeptides of moleeular weight 54000 Dalton

8eads were washed 5 times with lysis buffer supplementeel with oval­

bumin. SDS-PAGE of the immunopreeipitates was performed under
reelucing conditions [28J.

For fluorography, SOS-PAGEs were fixed in 10% acetic acid, incu­
bated with 1 M Na-salicylatc and subsequently drieel. For immunode­

tection, the proteins scparated by SOS-PAGE were transferreel elec­
trophoretically to Immobilon membrane. Transferred pro teins were
detecteel by appropriatc primat·y antiboclies as described above.

Immunofluorescence and phalloidin staining
Monolaycrs grown on polY-D-lysine-coated glass coverslips werc rinsed
twice in P8S, fixed and permeabilized by incubation in 96 %
methanol-water for 7 min at - 20 oe. After sevcral washings with P8S
anel a final wash in PBS/O.5 % bovine serum albumin (BSA), cells werc

incubated for 40 min at room temperature with the primat·y antibody.
Thereafter, cells were rinsed in P8S/0.5 % BSA (3 x 5 min) and

incubateel with the corresponding fluorescein isothiocyanate (FITC)­
conjugateel seconelary antibody for 40 min at room temperature.

FITC-conjugated swine anti-rabbit secondary antibodies (1'205),
FITC-conjugated rabbit anti-mouse seconelary antiboclies (F232) anel
FITC-conjugated rabbit anti-rat secondary antibodies (1'234) werc
obtaincel from Oako Diagnostika, I-Iamburg/Germany. After rinsing
with PBS/0.5 % ßSA, specimens were mounted with 90 % glycerol­

P8S, supplementcd with 1.0 % p-phenylenediamine as an anti­
quenching agent and examineel with a Zeiss Axiophot microscope with
epi-illumination (450-490 nm excitation; filterset 487909).

Far phalloidin staining, a solution of tetramethylrhoelamine isothio­
cyanate (TRITC)-conjugated phalloielin (Sigma-Alelrich) at a concen­
tration of 25 ,lg/ml in PBS was used. Monolayers grown on polY-D­
Iysine-coatcel glass coverslips were rinsed in PBS, fixed with 3 % para­
formalelehyde for 15 min at room temperature, permeabilized by
ineubation for 2 min in a solution of 0.05 % Triton X-IOO, and then

incubated for 15 min in a solution ofTRITC-phalloidin. After rinsing,
the staineel cells were examined using a Zeiss Axiophot microscope

equipped with epi-illumination (530-585 nm excitation; filterset
4879(0) .

Confocallaser scanning microscopy
Confocal microscopy was carried out using a confoeal laser scanning

microscope (Lcitz DM RBE; Leica, Heielelberg/Germany) equipped
with an argon krypton ion laser. For experiments, 488 nm excitation
light was selected by a narrow bandpass interference filter. A 40-folel
oil immersion objective (PL FLUOTAR) with a numerical aperture
from 0.5 to 1.0 was chosen. In the laser scanning mode the thearetical
lateral resolution was calculateel to be 0.2 lW1 (NA = 1.0; ), = 488 nm)
ami the axial resolution 0.22 [1m (NA = 1.0; "A = 488 nm). Yertical

optical sections were computed from x-z scans with 512 lines/image.
Photographs were taken with an APX-100 film (Agfa Gevaert, Lever­
kusen/Germany) from a black and white monitor.

11 2kDa -

84kDa -

COM VIM CK7 CK8 CK18 CK19

Fig. 2. SOS-PAGE and Western blots of cytoskelctal proteins of
I-IEC-I-A cells (H) and RL95-2 cells (R). Coomassie Blue staining
(COM) and immunoreactions with antibodies to vimentin (VIM), to

cytokeratin 7 (CK7), 8 (CK8), 18 (CKI8) and 19 (CK19). Thc proteins
were resolved using 7.5 % acryl amide gels. l'restained rcference pro­
teins used for coelectrophoresis are phosphorylase B (1l2 000 Da),
bovine serum albumin (84000 Da), ovalbumin (53200 Da), and car­
bonie anhydrase (34900 Da). Note that the same pallern of cytokera­
tin polypeptides ami vimentin is found in both HEC-I-A eells and
RLLJ5-2 cells.
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Transmission electron microscopy
Cells grown as monolayers on polY-D-lysine-coated thermanox cover­

slips (Nunc, Naperville, [L/USA) were rinsed twice in PBS anel fixed
in 2.5 % glutaraldehyde in 0.1 M cacodylate buffer, pI-I 7.4, for 30 min
at room temperature. After repeated washings in cacodylate buffer,
sampies were fixed with 1 % OS04 in cacodylate buffer, dehyelrateel
with graeled ethanol anel propylene oxiele, anel embedded in epoxy
resin mixture [8]. The embedded monolayers were separated from the

thermanox coverslips by snap freezing in liquid nitrogcn. Ultrathin see­
tions were mountcd on 200-mesh copper griels, elouble staineel with
uranyl acetate and lead citrate, and examined with a Philips EM 400 at
80 kY.

In some cultures ruthenium reel (4527.1; Roth, Karlsruhe/Gcrmany)

was added to the fixative applied to the apieal siele of confluent mono­
layers. Sampies were washed twice in P8S and fixeel in 2.5 % glutaral­
dehyele in cacodylate buffer, containing 0.1 '/"o ruthenium red for I h at
4°C. After several washings (3 x 3 min) in eacodylate buffer, sampies
were postfixed with 1 % OS04 in cacodylate buffer containing 0.1 %
ruthenium red for 3 h at room temperature [31]. Then sampies were
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Fig.3. Immunostaining 01' HEC-I-A monolayers (a, eonventional

mieroseopy; c, eonfoeal vertieal image) and RL95-2 rnonolayers (h,
eonventional mieroseopy) with antiboclies to ZO-I; note that I-IEC­
I-A eells but not RL95-2 cells are positive for ZO-l. Arrolvs mark the

position 01' eell-to-eell contacts in monolaycrs (c). Photomierographs

01' ultrathin sections or I-IEC-I-A cells (d) am! RL95-2 cells (e) follow­
ing ruthenium red labeling; ruthenium red penetrates into the lateral
intercellular space in RL95-2 cells but not in IIEC-I-A cells. - 00
Coverslip. - Stars: Growth medium. -c 1-11, 1-12I-IEC-I-A cells. - RI,
R2 RL95-2 eclls. - Bars 10 etm (a, h), 10 ,Im (c), 0.5 [U11 (d, c).
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(Da), 52000 Da, 45000 Da, and 40000 Da. In Western blots
with eytokeratin antibodies eytokeratins 7 (54000 Da), 8
(52000 Da), 18 (45000 Da), and 19 (40000 Da) were iden ti­
fied. Vimentin also gave a weak band (57000 Da) although not
being deteeted by immunohistoehemistry formerly [511. The
same pattern of eytokeratin polypeptides and in eontrast to
former studies (see above) also vimentin is found in eytoskele­
tal residues from polarized !-IEC eells (Fig. 2). Thus, a eyto­
keratin polypeptide pattern eonsisting of eomponents 7,8, 18,
19 as weil as vimentin has been found for both, nonpolarized
RL eclls and polarized HEC eells, indieating their origin from
single-Iayered endometrial epithelium known to eontain these
cytoskeletal proteins [35, 37].

200kDo -

97.4kDo -

69kDo -

46kDo -
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Structure of epithelial junctional complexes
'fight jUllctiolls. Thc lateral plasma mcmbrancs 01' adjaeent
HEC eclls are aligncd in parallel amI form in their subapieal
part eharaeteristie tight junetionalmembrane eontaets eonsist­
ing of aseries of fusion spots (Fig. Je). In freeze I'raetures, the
tight junetion struetures appcared as smooth strands on the
protoplasmie face 01' the repliea and as furrows on the exo­
plasmie face 01' the repliea (data not shown). Using immuno­
histochemistry, the tight junetion protein ZO-I was likewise
I'ound at the subapieal part of thc lateral bordcr of adjaccnt
eells (Figs. 3a, e). Ruthenium red added to thc apieal siele of
HEC monolayers staincd intensely the apieal cell surfaee
including the membrane of luminal vesicles and the eontent of
many apparently eytoplasmie vesicles, but no staining was
observed beyond the level of the junctional contaet points
(Fig. 3d) thus proving that thesc junclions were indccd an
cffeetive penetration barrier.

In eontrast to HEC eclls, no eharaeteristie tight junctions
werc seen at the mcmbrane eontaets of adjacent RL eells in
transmission eleett'on mieroseopy (Fig. Id). Also in frccze
fraetures tight junetion strands wcrc nevcr obscrved (data not
shown). In keeping with this, the tight junclion-assoeiated
protein ZO-I was not demonstrable by immunohistoehemistry
(Fig. 3b). The tracer ruthcnium rcd was found to be able to
pcnetrate in the lateral intercellular space from the apieal
eompartmcnt bcyonel the subapieal region, indicating the lack
of a fully devcloped light junetional barrier (Fig. 3e).
AdhcrclIs jllllctiolls. Conventional immunofluoresecnce mi­
eroseopy revea1ed that E-eadhcrin, a-eatcnin, r3-eatenin and
plakoglobin are cxprcssed by H EC monolaycrs (data not
shown). Confoeal mieroseopy showed that E-eaelherin
(Fig. 4a), a-eatenin (Fig. 4e), r3-eatenin (Fig. 4e), ami plako­
globin (Fig. 4g) wcre eonfined to ecll-to-eell eontaets.

Fig.4. Confocal vertical images 01' I-IEC-I-A monolayers (a, c, c, g)
and RL95-2 monolayers (h, 11, f, h) after staining with monoclonal
antibody to E-cadherin (a, h), a-catenin (c, 11), ß-catenin (c, f), and
plakoglobin (g, h). Vertical sections revcal that E-cadherin, n-catenin,
ß-catcnin, and plakoglobin were confined to cell-to-ccll contacts in
HEC-I-A cells. In RL95-2 cells, only [3-catenin was confined to the
latcral plasma membrane, whilc E-cadhcrin, n-catcnin, and plakoglo­
bin were loeated at all plasma membranc domains. Notc that n-eatcnin
fluorescence (11) as weil as plakoglobin fluoreseence (h) suggest an
intracell\i1ar localization, too. JlrrulVs mark the position of cell-to-cell
eontacts in monolaycrs. - 00 Coverslip. - Stars: Growth medium. ­
Bar 10 ,Im.

Fig. 5. Immunoprecipitations 01' E-eadherin/catenin complexes from
radiolabeled HEC-I-A cells (Ir) and RL95-2 cells (R). Cell extracts
were immunoprecipitated with anti-E-cadherin (E-cadherin), anti-n­
eatenin (n-catenin), anti-ß-catenin (ß-eatenin), ami anti-plakoglobin
(plakoglobin). In both HEC-I-A cells and RL95-2 eells two different
E-eadherin/catenin complexes were detected, i.e. E-cadherin (E-cad)
amI n-eatenin (n-eat) in association with ß-catenin (f3-eat) as weil as E­
eadherin and n-catenin in association with plakoglobin (pg). Note
additional proteins in I-IEC-I-A cell extracts when immunoprecipi­
tated with anti-E-eadherin, anti-\1-catenin, ancl anti-plakoglobin. The
proteins were rcsolved by SOS-PAGE using 7.5 % acrylamide gels.
Refercnce protcins used for eoeleetrophoresis are 14C-methylatcd myo­
sin (200000 Da), "C-methylated phosphorylase B (97400 Da), 14C_
methylated bovine serum albumin (69000 Da), and 14C-methylated
ovalbumin (46000 Da).

When eell lysates I'rom metabolieally labeled HEC eells
were subjcetcel to immunopreeipitation using antiboclies spc­
cific for E-eaelhcrin, four major protcin bands of moleClIlar
wcight 120000 Da, 102000 Da, 88000 Da, and 80000 Da were
deteeted (Fig. 5). When sueh anti-E-eadherin immunopreeip­
itate gels were bIotted anel subsequently stained with anti-E­
cadhcrin, anti-a-catcnin, anti-ß-eatenin, ami anti­
plakoglobin, it was possiblc to identify the major bands as E­
eaelherin (120000 Da), a-eatenin (102000 Da), ['\-eatenin
(88000 Da), and plakoglobin (80000 Da) (data not shown).
Immunopreeipitates with antiboely speeifie to a-eatenin and
subsequent immunostaining with anti-E-eadherin, anti-a­
eatenin, anti-ß-eatenin, anel anti-plakoglobin revealed E­
eadherin, (1-eatcnin, ß-eatenin, ami plakoglobin (Fig. 5).

Immunopreeipitates eolleeted with anti-ß-catenin or anti­
plakoglobin differed, howcvcr, insofar as either r)-eatenin or
plakoglobin was not deteetable in the alternative immunopre­
eipitate. This inelieates that two elifferent E-eadherin-catcnin
eomplexes are present in HEC eells, one composed of E­
eadhcrin, a-eatenin and ß-eatenin, the other of E-eadherin, (1­
eatenin anel plakoglobin. l3eyond that, immunopreeipitations
eollected with anti-E-cadherin, anti-n-eatenin, anel plakoglo­
bin revealed additional baneIs in the range oI 60000 Da to
50000 Da whieh are, however, not identified so rar.

RL eells showeel, like I-IEC cells, thc presence of E­
eadherin, a-eatenin, ß-eatenin and plakoglobin (data from
eonventional immunohistoehemistry; not shown). Confoeal
mieroseopy revealed that E-cadherin (Fig. 4b), (X-catenin
(Fig. 4d), and plakoglobin (Fig. 4h) were colocalizcd in all
plasma membrane elomains of these eells (in eontrast to I-IEC
eells), while r)-eatenin (Fig. 41') was loealized in lateral mem­
brane domains of adjaeent eells. Moreover, plakoglobin l'Iuo-

I
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rescence (Fig. 4h) and also a-catenin fluorescence (Fig. 4d)
suggest an intracellular localization of plakoglobin and a­
catenin, too.

When celllysates from metabolieally labeled RL cells werc
subjected to immunoprecipitations with antibodies against E­
cadherin, a-catenin, ß-eatenin, and plakoglobin (Fig. 5) the
same pattern of bands was obtained as with HEC cells. In con­
trast to !-lEC cells, however, RL eells laeked additional bands

in the range of 60000 Da to 50000 Da. Comparison of cell
lines leads to the conclusion that in both cell types two differ­
ent E-cadherin-catenin complexes are present, one complex
eontaining E-eadherin and a-catenin in association with ß­
catenin, the other E-cadherin and a-catenin in association

with plakoglobin.

EJCB

Actin distribution. Actin filament arrangements as seen after
staining with TRITC-conjugated phalloidin differed in RL and
!-lEC cells as shown in Figure 6.

I-lEC eells showed spot-like actin staining associated with
the microvilli of the apical plasma membrane (Fig. 6a),
peripheral bands whieh surrounded the margin of the cells
(Figs. 6a, b, d) as weil as stress fibers which ran longitudinally
at the basc of thc cclls (Fig. 6b).

A different actin organization was observed in RL cells
(Figs. 6e, e). In contrast to !-lEC cells, microvilli-assoeiated
staining as weil as stress fibers could not be observed in RL
eells (Fig. 6e). Ncvcrthclcss, cells showed actin staining along
the entire cell surfacc anc! diffusc staining within the cyto­
plasm. The appearance of actin staining beneath the plasma

Fig.6. Actin staining of HEC-I-A monolayers (a, h, convcntional
microscopy; a: focuscd apically; h: focused basally; d: confocal vertica!
image) and RL95-2 monolayers (e, conventional microscopy; c, confo­
cal vertical image) with TRITC-conjugated phalloidin. Note that

I-IEC-1-A cclls but not RL95-2 cells show fluoresccnce associated with

microvilli (a), peripheral bands, ami stress fibers (h). ArrolVs mark the
position of cell-to-cell contacts in vertical images. - 00 Coverslip. ­
Stars: Growth medium. - Bars 10 run (a-e), 10 firn (d, c).
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membrane varied in different regions of the same eell, i.e. in
some areas large clumps of Ouoreseent material were seen, in
other areas only sm all spots (Fig. 6e).
Dcsmosomcs. In HEC eells, transmission electron mieroseopy
showed typieal desmosomes loealized basally to the tight june­
tions (Fig. le). 8y immunohistoehemistry, desmoplakin I
eould be identified in punetate arrays (Fig. 7a), restrieted
along eell-to-eell eontaets, i.e. at the lateral plasma membrane
(Fig.7e).

In RL eells, lateral plasma membranes usually laeked typ­
ieal desmosomes (Fig. Id) wh ich were only occasionally
found. Desmoplakin I was demonstrablc immunhistochemi­
cally (Fig. 7b) and, in contrast to HEC cells, was not restricted
to cell-to-eell eontaets but also seen in the luminal and basal

mcmbranes (data not shown). Further eleetron mieroseopy
studies (e.g. [9]) will help understand the distribution and
formation of desmosomes in these eells.

Discussion

RL95-2 eells represent a human uterine epithelial eell line
whieh displays adhesive properties of its apieal plasma mem­
brane for trophoblast-type eells [27]. In this respeet, RL eells
might aet as an in vitro model for the reeeptive uterine epithe-
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lium. Reeent studies have indicated that apical adhesiveness
of RL eells is associated with a low degree of their apical-basal
cell polarity [50, 511. Focusing on steps leading to modulation
of eell polarity in vivo, we mapped cell-to-cell contacts in RL
cells and found defects of integrity of their junctional com­
plex. RL eells showed a lack of ZO-l expression ami tracer
leakiness of the paracellular pathway, and atypical features in
adherens junetions. Additionally, the aetin-based eytoskelcton
lacked apolar organization. Moreover, RL cells expressed
desmoplakin but lacked mostly well-formed desmosomes.

Although expressing E-cadherin, n-catenin, r3-catenin, and
plakoglobin, RL eells lack well-organized adherens junetions.
On the other hand, evidence was seen for an atypieal distribu­
tion of these molecules, i.e. random loealization of E­

eadherin, a-eatenin and plakoglobin at all plasma membrane
domains but restrietion of loealization of r3-eatenin to the later­
al domains. E-cadherin is recognizcd as a master molecule for
the maintenanee of epithelial integrity and polarized organiza­
tion [17,36]. The eytoplasmie domain of E-cadherin interacts
with a family of submembranous plaque proteins of which are
presently known a-catenin, ß-catenin, plakoglobin [40] and
p 120cas described recently [44]. These plaque proteins interact
in a yet unidentifiecl way with structural components of the
actin cytoskeleton [40, 48]. The ranclom localization of E­
eaclherin, a-catenin ancl plakoglobin on the one side and the

Fig. 7. Immunostaining of I-IEC-l-A monolayers (a, conventional
microscopy; e, confocal vertical image) ami RL95-2 monolaycrs (h,
conventional microscopy) with antibodies to desmoplakin 1. Desmo­
plakin was found in punctate arrays along the cell-to-cell contacts in
HEC-I-A cells. In RL95-2 cells staining was not only restrieted to late-

ralmembrane domains of adjacent eells but also seen in the apieal and
basal membrane domains. Arrows mark the position of cell-to-cell
contact in vertical images. - 00 Coverslip. - Slar: Growth mcdium. ­

Bars 10 ~lm (a, h), 10 ~lm (e).
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laterallocalization of ß-catenin on the other side might be due
to (partial) disassembly of the complexes formed between E­
cadherin, plaque proteins and the actin filament network [3,
22, 24, 25, 39, 45]. The intracellular localization of plakoglo­
bin and a-catenin (beyond their localization in plasma mem­
branes) might point to internalization of distinct plaque com­
ponents in RL cells. A decrease of function of adherens junc­
tions is supposed to be controlled by the level of protein tyro­
sine phosphorylation. For example, transformation of MDCK
cells (an epithelial cellline) with v-src or inhibition of protein
tyrosine phosphatase activity with pervanadate induced eleva­
tion of tyrosine phosphorylation of catenins and functional
inactivation of cadherin-mediated cell-to-cell adhesion accom­

panied by dissociation of the junctional actin bundle from the
membrane and followed by rounding up of the apical cell sur­
faces and perturbation of epithelial monolayer morphology
[2, 18, 34, 44, 53, 54]. Interestingly, complexes formed
between E-cadherin, a-catenin and ß-catenin, and E-cadherin,
a-catenin and plakoglobin are detectable in RL cells. Thus,
combined evidence from confocal immunofluorescence

microscopy and from immunoprecipitations suggests that E­
cadherin/plakoglobin complexes are located randomly and E­
cadherin/ß-catenin complexes are located laterally in these
cells. The differential distribution of both complexes in the
same cell might point to differences in their association with
the actin-based cytoskeleton [32, 52]. Processes leading to
tyrosine phosphorylation of different catenins and thus inacti­
vating the association of distinct catenins with actin filaments
might be involved here [18, 23]. This leads to the question
whether E-cadherin, a-catenin and ß-catenin or E-cadherin,
a-catenin and plakoglobin might affect the epithelial pheno­
type by directly or indirectly influencing the generation of
structurally and functionally distinct membrane domains.
Indeed, cells can differentially regulate the organization of
cadherin and associated cytoplasmic molecules at junctions in
relation to different functional requirements. In vascular
endothelial cells assembly and disassembly of intercellular
junctions have been described to comprise several steps that
are regulated differently. Loose junctions as in early confluent
cells are characterized by cadherin, a-catenin, and ß-catenin
deposition at contact sites, and plakoglobin is not found here.
Stable junctions as in tightly confluent cells are characterized
by plakoglobin localization at intercellular contact sites. These
data suggest that while cadherin, a-catenin, and ß-catenin
complexes can function as early recognition mechanisms
between endothelial cells, the strength of the cell-to-cell con­
tact can be modulated by plakoglobin accumulation at junc­
tions [29]. Moreover, regulated expression of different cadhe­
rin family members might lead to specialized cell phenotypes
as shown in the retinal pigment epithelium system [33].

RL cells did not only show a modulation of adherens junc­
tions but also alterations of tight junctions as they are charac­
terized by a lack of ZO-1 expression and tracer leakiness of
the paracellular pathway. It can be assumed that the level of
pro tein tyrosine phosphorylation influences adherens junc­
tions as weil as tight junctions. Although pervanadate had no
effect on ZO-1 immunostaining in MDCK cells [54] and
expression of low levels of the tyrosine kinase v-src had no
apparent effect on the thin section electron microscopic
appearance of tight junctions [55], phosphorylation of tight
junction associated proteins caused an increase in the ionic
permeability in these cells [2, 47]. The apolar cytoskeletal
architecture we observed in RL cells might point to an

involvement of the actin cytoskeleton in tight junction
modulation. Indeed, disruption of tight junctions (and of
adherens junctions), possibly leading to a loss of apical-basal
cell polarity, might be generated by disassembly of the actin­
based cytoskeleton as shown by antimycin-A-generated ATP
depletion in kidney epithelium-derived celllines. Following a
redistribution of the actin microfilament network and a dis­
ruption of the cortical cytoskeleton, the surface membrane
undergoes extensive alterations in microvillous morphology,
disruption of cellular junctions and loss of membrane polarity.
With regard to the opening of tight junctions, lateral migration
of domain-specific components could occur, resulting in loss of
surface membrane polarity, i.e. membrane lipids and proteins
are able to redistribute across domains. Na+/K+-ATPase,
untethered from the cortical cytoskeleton, redistributes into
the apical domain, while the apical marker protein leucine
aminopeptidase redistributes into the basolateral domain [30,
42]. Similarly, investigations using the renal epithelial cellline
BS-C-l oxidatively stressed by H202 treatment have revealed
that disruption of focal adhesions with loss of talin from the
basal cell surface untethers the associated integrins, allowing
them to redistribute into the apical domain [15]. In vivo,
moderate restructuring of the actin-based cytoskeletal net­
work occurs in response to a variety of extracellular and intra­
cellular signals. One of them might be growth factors like epi­
dermal growth factor which cooperate with c-src tyrosine
kin ase and GTPase-activating proteins [6].

An interesting question is whether the interdependent phe­
nomena of a remodelling of cell-to-cell adhesion system and
the rearrangements of the actin cytoskeleton might depend on
a master gene pro gram which, triggered by steroids, controls
the development of the receptive state in the uterine epithe­
lium [10-12]. Such master genes could be related to those pos­
tulated to govern epithelium-to-mesenchyme transformation
in embryology and cancer progression [19, 43, 46]. Apart from
E-cadherin mentioned earlier, the gene encoding fibroblast­
specific protein 1 (FSPl) [49] has been proposed to represent
such a master gene [20]. Signals such as tumor-promoting
phorbol esters, oncoproteins, and growth factors may in turn
control master gene activation in these systems. It will be a
challenge for further investigations on human uterine epi­
thelial cells to look for direct evidence whether the gene pro­
gram for the epithelial phenotype is indeed undergoing a
modulation in connection with the acquisition of receptivity
for trophoblast.
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