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Cell differentiation is supported much better by gels of extracellular
matrix than by the same matrix provided as a rigid substrate. Many cell
types including normal and malignant trophoblast cells, however, form
multicellular multilayered aggregates on matrix gels with increased
cell-to-cell contacts as compared to regular monolayers on rigid matrix
substrates. In such cultures, it remained open, so far, whether stimu
lated expression of differentiation markers is caused by enhanced cell
to-ceH communication or is displayed only by cells in direct contact to
the gel. Therefore, choriocarcinoma cells (BeWo) were grown as
aggregates: (a) on gels of the basement membrane-like Matrigel, (h)
on plastic coated with poly-HEMA, or (e) as aggregates (spheroids) in
suspension culture. Production of the differentiation marker chorionic
gonadotropin was stimulated significantly in aggregates attached to
gels of Matrigel or to the poly-HEMA snbstrate but not in suspended
spheroids. With respect to cell-cell communications, however, expres
sion of E-cadherin mRNA was not altered in any type of aggregates, as
compared to control cultures on plastic. The expression of connexin43
mRNA (not of connexin26) was increased only in suspended
spheroids, while microinjection of the fluorescent dye Lucifer Yellow
suggested that cell communication via gap junctions was absent from
cells grown as monolayers and was not induced in any type of aggregate.
When cells were grown on gels of Matrigel, the relevance of direct cel
lular contact to the substrate for differentiation was analyzed by immu
nohistochemistry. Trophoblastic differentiation markers (chorionic
gonadotropin, placentallactogen, placenta-type alkaline phosphatase,
and pregnancy-specific glycoprotein In) as weil as the proliferation
marker Ki-67 were not preferentially expressed in cells that were in
contact with the gel. Similar random distribntions of all these markers
were also observed in spheroids cultured in snspension. The distribu
tions of several matrix molecules and of different integrins were com
parable between aggregates on matrix gels and those in suspension cul
ture. According to these data, cell-cell communication appears to play
a subordinate role for cytodifferentiation in cell aggregates on matrix
gels, so that substrate anchorage and physical properties of the sub
strate may be the decisive factors. Interestingly, however, direct con
tact to the substrate does not seem to be essential for the stimulation of

differentiation in cells on matrix gels. The results are discussed in the

1) Dr. Hans-Peter Hohn, Institut für Anatomie, Universitätsklinikum
Essen, Hufelandstr. 55, D-45122 Essen/Germany.

context of the "tensegrity"2J-model for cell-matrix interactions in
which proper mechanical properties of the substrate are important for
the regulation of cell differentiation by aHowing a balanced integrity of
external and cell-internal tensile forces.

Introduction

Differentiation of eells grown on substrates of extraeellular
matrix (ECM) eomponents is, on one hand, directed by spe
eifie signalling via interactions between matrix moleeules and
their cell surface receptors [38]. On the other hand, differen
tiation is stimulated mueh better if the matrix is provided as a
flexible/malleable gel such as gels of collagen or of the base
ment membrane-like Matrigel [9, 29, 31, 44, 64]. Sinee, on
matrix gels, inereased expression of differentiation markers is
assoeiated with a switch in eell morphology from flattened
eells in monolayers on rigid substrates to more or less rounded
polygonal eells, it has been proposed that eell shape plays a
erueial role in differentiation [3, 5, 21, 30, 66]. However, eon
eomitant with these ehanges in eell shape, the eells neeessarily
establish inereased areas of eell-eell eontaet, while eontaet to

the substrate is redueed: Mammary epithelial eells on matrix
gels, for example, form organotypie alveoli of simple (uni
layered) euboidal or eolumnar epithelia with inereased lateral
eell eontaet, while all eells are polarized and still in eontaet
with the gel [9, 44, 61, 64]. Other types of eells, like normal as
weIl as malignant trophoblast eells, establish multilayered
aggregates of polygonal eells when growing on matrix gels. In
this ease eontaet to the gel is restrieted to the basal layer of
aggregates and not possible in upper layers while eell-eell eon
taets are inereased in all eells [29, 31, 32]. Therefore, the ques
tion arises whether the observed effeets of ECM gels may be
mediated by inereased eell-eell interaetions.

2) "Tensegrity" is a contraction of tensional integrity. The term was cre
ated by B. Fuller for certain physical principles in architecture [23].
Later on, in the years 1981 to 1985, D. E. Ingber introduced this term
to cell biology in order to explain how cells and tissues are constructed
and how physical forces (in particular intern al and external tensional
forces) can be instructive in cyto- and histodifferentiation (reviewed in
[33-35]) .



Direct cell-to-cell interactions may involve adhesion mole
cules or communication via gap junctions. In general, cell
adhesion molecules like cadherins are thought to take part in
signalling pathways [4]. In addition, communication between
cells through gap junctions (which may be pronounced in
three-dimensional cultures) may modulate differentiation [6].
So far, however, there is little direct evidence for the role of
such interactions in cell shape-dependent differentiation:
When mammary epithelial cells grown within ECM gels [62]
or hepatocytes on artificial substrates [59] are kept spatially
isolated they still express increased levels of differentiation
markers (as long as they are permitted to maintain a roundish
cell shape) implying that cell-cell contact and cell-cell commu
nication are not required for differentiation. When cells were
grown in multilayered aggregates on matrix gels it was also not
shown clearly, so far, whether only cells in direct contact with
the gel or also those in upper layers express high er levels of
differentiation markers.

In this communication, we have compared the expression of
differentiation markers by BeWo choriocarcinoma cells in
three different types of cell aggregates: cell clusters growing a)
either on matrix gels or b) on a synthetic non-natural sub
strate, or c) as spheroids kept in suspension culture. In these
three settings cell morphology was basically similar, i.e. cells
assumed a more rounded shape associated with increased cell
to-cell contact areas as compared to monolayer cultures. The
expression of the trophoblastic differentiation marker cho
rionie gonadotropin (hCG) was stimulated only in either type
of attached aggregates but not in suspended spheroids. In
order to obtain direct evidence for the roles of cell-cell contact
and of cell-cell commimication in the control of differentiation
we have analyzed, in these three types of aggregates, the
expression of the epithelial adhesion molecule E-cadherin and
of different gap junction proteins (connexins) as well as cell
to-cell transfer of the fluorescent dye Lucifer Yellow and com
pared these data with the production of hCG. Differential
expression of hCG, however, was neither correlated with cell
cell contacts (expression of E-cadherin or of connexins, cellu
lar communication via gap junctions) nor with deposition of
ECM components or expression of integrins within the differ
ent aggregates suggesting that these factors are not decisive
for shape-dependent differentiation in this system. In addi
tion, while anchorage to a substrate appears to be essential for
differentiation (provided that cells are permitted to take up a
roundish morphology), immunohistochemical analysis sug
gests that in multilayered aggregates not every cell needs to be
in direct contact to the substrate. This apparent paradox will
be discussed in the context of modern concepts on structural
forces that may be involved in signal transduction.

Materials and methods

Cell cultures
BeWo human choriocarcinoma cells (American Type Culture Collec
tion, Rockville, MD/USA; Cat. No. CCL 98) were maintained in
Ham's F12 (Gibco, Heidelberg/Germany) containing 15% fetal bovine
serum (Gibco). They were subcultured once a week using trypsin
EDTA (Gibco) to suspend the cells. For experiments, cells from sub
confluent monolayers were replated at a density of 15000 cells/cm2 and
incubated at 37°C in a moist atmosphere of air with 5 % CO2• The
medium was exchanged every day.

The cells were either grown on plain tissue culture plastic (Falcon,
Becton Dickinson, Heidelberg/Germany), on gels of the complex
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basement membrane type matrix Matrigel ([39]; purchased from Col
laborative Research, Bedford, MA/USA) or of 1.5 mg/mi collagen
type I (Vitrogen, Collagen Corporation, Palo Alto, CA/USA) or on
plastic coated with 0.1 IJ,g/cm2poly-HEMA (polyhydroxyethylmeth
acrylate, Aldrich, Steinheim/Germany) according to Folkman and
Moscona [21]. Poly-HEMA was dried down to the bottom of 24-well
piat es from a solution in 95 % ethanol overnight und er a laminar air
flow. Gels of Matrigel or of collagen type I were reconstituted at neu
tral pH in 96-well plates under aseptic conditions by incubating 35 IJ,Iof
either matrix per weil at neutral pH at 37°C in humidified air for 1 h.

Cell spheroids in suspension culture were generated as described
previously [24] by aliquoting single cell suspension into Erlenmeyer
flasks at a concentration of 6 x 105 cells in 6 ml and growing them on
a gyratory shaker at 70 rpm in 5 % CO2/95 % air at 37°C. After three
days, spheroids of uniform medium size (average diameter about 300
IJ,m)were selected for continuing culture.

Cellular hexosaminidase, estimation of total cell
protein
Since Matrigel substrates contain exogenous protein, an indirect esti
mate of total cell protein was chosen as described previously [31] mea
suring the activity of the ubiquitous Jysosomal enzyme, hexosamini
dase, according to Landegren [40] and calibrating it against total cell
protein.

Determination of chorionic gonadotropin
The accumulation of secreted human chürionic gonadotropin (hCG) in
the culture medium during the last period of 24 h was determined on
day 4 of culture by an established radioimmunoassay (Hybritech™
Inc., KäJn/Germany).

Immunohistochemistry
Rabbit polyclonal antibodies against hCG, human placentallactogen
(hPL), pregnancy-specific gJycoprotein ß1 (SP1), placenta-type alka
line phosphatase (P1AP), human fibronectin (FN), a poJyclonal goat
anti-rabbit IgG conjugated with fluorescein isothiocyanate (FITC), a
polyclonal goat anti-mouse IgG conjugated with rhodamine, a goat
non-immune complete immunoglobulin fraction, the peroxidase
antiperoxidase immunocomplex (PAP), and a monoclonal antibody
against human collagen type IV (CIV) were obtained from Dako
GmbH (Hamburg/Germany). Mouse monoclonal antibodies to the
proliferation-associated nuclear antigen Ki-67 and polyclonal rabbit
anti-rat IgG conjugated with FITC were from Dianova (Hamburg/Ger
many). A mouse monoclonal antibody against human laminin (LN)
was purchased from Sigma (Deisenhofen/Germany). A rabbit poly
clonal antibody against human collagen type I (CI) was from Paesel
und Lürei (Frankfurt a.M./Germany). Commercial antibodies against
different integrin subunits were a polyclonal rabbit anti-a1-integrin
(Chemicon, Temecula, CA/USA), and mouse monoc1onal antibodies
against a5-integrin or ß4-integrin, respectively (both from Biomol,
Hamburg/Germany) and to the ß1-integrin (Dianova). Rat mono
clonal antibody to a6-integrin was a generous gift from Dr. A. Sonnen
berg (The Netherlands Cancer Institute, AmsterdamlThe Nether
lands).

ImmunohistochemicaJ staining für Ki-67, ECM molecules, and
integrins as weil as double immunofluorescence for Ki-67 and hCG
was carried out on 10 IJ,mthick cryostat cross sections mounted on glass
coverslips, air-dried, fixed in ice-cold methanol für 5 min, collected in
phosphate buffered saline (PBS), and then preincubated for 2 h with
goat non-immune serum diluted 1:50 in PBS containing 1 % bovine
serum albumin (BSA; Sigma). The sections were incubated with the
first antibody (diluted in PBS/BSA) for 2 h at room temperature in a
humid atmosphere. After 3 rinses with PBS, the FITC- or rhodamine
conjugated second antibody (diluted 1:100 in PBS/BSA) was applied
für 2 h at room temperature in a humid atmosphere in the dark. After
3 rinses with PBS, the sections were mounted on glass slides with glyc
erol containing 0.1 % paraphenylenediamine to avoid photobleaching.
As a standard procedure to localize hCG, hPL, SP1, or P1AP, 6 [lm
paraffin sections of materiaJ that had been fixed in 3.5 % paraformal-
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dehyde for 1 h at room temperature were rehydrated and subjeeted to
the same protoeol exeept that the primary antibodies were deteeted
with the PAP method using 3,3-diaminobenzieline (Sigma). Then the
seetions were stuelieel and photographed with a Zeiss Axiophot miero

seope equipped for epifluarescence. Two sets of control sections were
treated with either of the antibodies alone.

Sampies for immunohistochemistry were washed with PBS and
either quick-frozen in liquid nitrogen and stored at -21°C, or fixed in
3.5 % paraformaldehyde, dehydrated in graded series 01' ethanol and
embedded in paraffin.

Results

When Be Wo ehorioeareinoma eells were grown on gels of

Matrigel they formed distinet spheroid-like colonies of
rounded eells in contrast to the eontinuous monolayers of flat
tened eells obtained on tissue eulture plastie (cf. [30, 31]). A
similar morphology was aeeomplished when the eells were eul
tured attaehed to a rigid surfaee of plastie eoated with poly
HEMA whieh reduees adhesiveness, or as spheroids in sus

pension eulture. Coneomitant with formation of multilayered
aggregates and eell rounding, eellular eontaet areas were
expanded in all of these types of aggregates as eompared to
eells grown as monolayer eultures (Fig. 1). This is partieularly
prominent in the upper layers of poly-HEMA-attaehed aggre
gates (eells in the basallayer are in eontaet with the substrate
and with eells) and even more in suspended spheroids laeking
eell-substrate anehorage.

Eleetron mieroseopy demonstrates that eell morphology
exhibits no major differenees between aggregates maintained
on gels of Matrigel or attaehed to poly-HEMA-eoated plastie
and spheroids in suspension eulture (Fig. 2). In general, elee
tron mieroseopie eharaeteristies in all aggregate cultures were
as deseribed for spheroids [24]. In all types of aggregates,
exeept for superfieial eells, the eells in the different layers had
a polygonal to rounded morphology. Cells on the surfaee
formed apieal mierovilli and tended to flatten out eovering
several underlying eells. lntereellular spaees were mostly
narrow. Aeeumulation of extraeellular material in interstitial

spaees was not observed. Cell membranes tended to run in
parallelover longer stretehes establishing primitive adherens
type junetions.

The enlargement of eell eontaet areas in aggregate eultures
was not assoeiated with signifieant ehanges in the expression

b
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Dyecoupling
For detection 01' dye coupling according to [37, 60], glass microelec

trocks (Hilgenberg, Malsfeld/Germany) were backfilied with a 4 %
solution of the fluorescent elye Lucifer Yellow CH (457 daltons; Sigma)

in 1 % LiCl. Elcctrodes were positioned with a Leitz micromanipu
lator, and the sphcroids were injected with the dye by applying a nega
tive current step of up to 20 nA for 10 s. Microinjection was monitored
with a Zeiss photomicroseope equipped with epifluorescence, and
photographs were taken 2 min after injection had started. Far each
type of culture investigated at least 20 aggregates or 20 cells at differ
ent locations in monoiayers were analyzed.

Fig. 1. Morphology of BeWo cell aggregates under different culture
conditions as comparcd to monolayer cultures. Cells were grown for 4
days on tissue culture plastic (a), gels of Matrigel (h), on plastic coated
with 0.1 fig/cm2 poly-I-IEMA (e), or as spheroids in suspension culture
(d). While in (a) the cells are more flattened (even overgrowing cells
are flat, arrowhead), they ass urne a more or less rouncled morphology
in the aggregates (h-d). The plane 01' contact with the substrate (ECM
gel in (h) or poly-l-IEMA/plastic in (e)) is indicated by arrows. - Bars
20 firn.

Histology
After culture, the cells were fixed in 2.5 % (viv) glutaraldehyde in

0.1 M cacodylate buffer (pI-! 7.4) for 30 min, postfixed in 2 % (w/v)

osmium tetroxiele, dehydrated in ethanol and embedded in Eponl
Araldite. Semithin sections (0.75 fim) were stained with 0.5 % Tolui
dine Biue and 0.5 ')\, (w/v) pyronin in 0.5 % (w/v) sodium borate. The
sections were examined and photographed in an Axiophot microscope
(Zeiss, Käln/Germany). Thin sections were contrasted with uranyl ace
tate and lead citrate anel studied with a Zeiss EM lO electron micro

scope.

Northern blot analysis
For Northern blot analysis total cellular RNA was isolated by the gua

nidinium isothiocyanate/cesium chloride method [53] and quantified
spectrophotometrically at 260 nm. RNA sam pies were separated elec
tropharetically on 1.2 % agarose gels containing 2.2 M formaldehyde.
The amounts of ribosomal RNA in each lane were visually compared

after staining the gels with ethidium bromide. The RNA was bIotted
onto nylon membranes (I-Iybond-N, Amersham-Buchler GmbH,
ßraunschweig/Germany) and incubated at 80°C far 2 h. cONA probes
were labeled with [a-32P]dCTP using Klenow ONA polymerase and

randorn oligonucleotides as primers [18]. After prehybridization at
42°C for 3 h in a solution containing 55 % deionizeel formamide, 1 M
NaCI, 1% sodium dodecyl sulfate (SOS), 10 % dextran sulfate (500

kOa), and 100 fig/ml saltnon sperm ONA, hybridization was carried
out with 25 ng labeled ONA at 42°C for 24 h using the same buffer.

The following DNA fragments were used far hybridization: a) 1.1 kb

cO NA corresponding to part 01' the coding region of rat connexin26
gene (clone 26-1 [68]), b) 1.4 kb cO NA corresponding to the coding
region of rat connexin43 gene (clone G2B [7]), c) 386 bp cO NA equiv
alent to part of the coding region of the human E-cadherin gene (clone

HC6-1 [22]). Blots with specific probes were washed once in 2 x SSC
(1 x SSC is 0.15 M NaCl with 0.015 M sodium citrate) containing 1 %
SOS at 60°C for 5 min, once in 1 x SSC with 0.1 % for 1 h, and in 0.5
x SSC, 0.1 % SOS, far 30 min. The membran es were exposed to
Koelak XAR-5 films at -800C with intensifying screens. For consecu

tive hybridization, the gene probe was rernoveel from the membrane by
immersing the membranes into a boiling solution 01' Tris-I-ICI (1 mM,
pH 7.5) and 0.1 o/" (w/v) SOS and cooling down to room temperature.
Each blot was rehybridized with a human ß-aetin speeific probe [43].
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of mRNA for the eell adhesion molecule E-eadherin. As

demonstrated by Northern blot analysis, E-eadherin mRNA is
expressed at eomparablc levels, in relation to ß-aetin mRNA,
in monolayer eultures and in attached as well as in suspended
spheroids (Fig. 3).

Sinee alterations of the extent of eell-eell eontaet areas may

result in ehanges of eellular eommunieation via gap junetions,
the expression of gap junetion proteins was examined by
Northern blot assays. While connexin26 was not deteeted
under any eondition, the expression of eonnexin43 was slightly
inereased in suspended spheroids (Fig. 3). However, dye
eoupling eould not be demonstrated by mieroinjeetion of the
fluorescent dye Lueifer Yellow, neither in eell monolayers, nor
in aggregates on gels of Matrigel or of collagen type I, nor in
suspended or attaehed spheroids (Fig. 4).

The synthesis and seeretion of hCG has been shown to be a
reliable marker for differentiation of BeWo eells [31]. How
ever, an inerease in hCG production eomparable to that
observed after transfer of eells from tissue eulture plastie to

matrix gels of Matrigel (cL [31]) was found only in spheroids
attached to the poly-HEMA substrate but not in suspended
spheroids (Fig. 5).

Sinee eell eommunieation did not appear to be relevant for
differentiation of Be Wo eells, we examined the requirement of
direct cell-matrix eontaet for stimulated expression of differ
entiation markers. After growth far different periods of time
on gels of Matrigel or of collagen type I, eells expressing the
trophoblast-speeifie differentiation markers hCG, SP1, hPL or
PIAP were loealized by immunohistochemistry. On both sub
strates ancl at all stages of culture, eells staining positively for
any of these antigens were randomly distributed over alllayers
of the multilayered eolonies (Fig. 6). A preference of cells in
eontaet with the substrate was not observed. A similar, i.e.
random, distribution of differentiated eells was also obtained

in multicellular spheroids grown in suspension (Fig. 7). The
much higher number of eells staining positively for hCG seen
on matrix gels as eompared with spheroids in suspension cul
ture eorresponds well with the levels of seereted hCG in both
systems (Fig. 5). Proliferation of cells growing on matrix gels
of Matrigel or collagen type I was also not restricted to a eer
tain layer in the eolonies as demonstrated by immunohisto
chemical staining of eells expressing the nuclear antigen Ki-67
which is associated with proliferation (Fig. 8a). Random dis
tribution of proliferating eells was also observed in suspended
spheroids (data not shown). Double immunofluorescenee
staining with antibodies against hCG and Ki-67, respectively,
distinguished separate subpopulations expressing either epi
tope for the majority of about 70 % of the eells (Figs. 8b, e).
For the remaining portion of eells, eoloealization of hCG and
Ki-67 may have resulted from overlapping parts of proliferat
ing and differentiated cells due to the thickness of the cryostat

Fig. 2. Transmission electron microseopie images of BeWo cells

grown far 4 days on a gel of Matrigel (a) or as suspended spheroids (h).
Cell morphology is eomparable in both types of aggregates: Cells in
the center have assumed a polygonal to roumled eell shape as have

eells in contaet with the gel in (a). On the surfaee, cells tend to flatten
out and to cover several underiying cells. Microvilli are predominantly

formed by superficial cells in both systems. Translucent areas in cells
are typical for trophoblastic cells ami result from elution of glycogen

stores during fixation and dehydration protocols. - M Matrigel. - Bars
5 [Lm.
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Fig. 3. Expression of E-cadherin and of connexin43 in BeWo cells
grown for 4 days in monolayer culture on plastic (lelt lane), as aggre
gates attached to plastic coated with poly-I-IEMA (middle lane) or in
suspension culture (right lane). 5 [J.gof total RNA were separated by
gel electrophoresis under denaturing conditions, transferred onto
nylon membrane, and hybridized consecutively to cDNA probcs for E
cadherin, eonnexin43, and ß-actin. Before rehybridizations were
started the prcvious probe had been removed. No signal was obtained
using a probe for connexin26 even with cxtrcmely long exposure limes
(not shown).

-••E- cadherin

Cx43

Actin

sections; however, a coexpression of both markers could not
be excluded completely. In a similar way, cells displaying a

high signal for hCG in suspended spheroids were also negative
for Ki-67 (data not shown).

It is weil known that cells can deposit their own extracellular
matrix or may alter their pattern of matrix receptors depend
ing on the environment. In order to correlate the differential
expression of hCG with possible differences in the distribution
of such molecules in different types of aggregate cultures, we
localized different matrix components and integrins (those
that are differentially expressed in normal trophoblast [13]) in

aggregates cultured on gels of Matrigel and in suspended sphe
roids by immunohistochemistry (Tab. I). In both types of cul
tures the distributions of matrix molecules and integrin sub

units were comparablc: Fibronectin, laminin and collagen
type I (but not collagen type IV) were detected with a pre
dominantly pericellular arrangement. The integrin subunits
tested (except for ß4) were predominantly found in the region
of cell membranes.

Discussion

Cells growing in vitro on extracellular matrix gels displaya
much higher (sometimes almost organotypic) degree of differ
entiation as compared to cell monolayers established on rigid
ECM substrates like plastic coated with matrix components [9,
29, 31, 44, 64]. However, this increase in differentiation may
not directly depend on matrix recognition but could be medi
ated by changes in cell-cell interactions, since it has been
observed that typically cell-cell contact is enhanced in parallel:

Fig. 4. Dye coupling with Luder Yel
low (a--<:)in BeWo cells grown for 4 days
as a monolayer on plastic (a, d), as
aggregates on a gel of Matrigel (h, c), or
as cell spheroids in suspension culture
(c, f). Photographs taken 2 min after
injection show strongly stained nuclei
and diffuse distribution of the dye in the
eytoplasm of individual cells. Fluores
eence is not transferred to adjacent
eells. The same results were obtained

with aggregates formed on collagen gels
or on poly-I-IEMA-coated plastic. For
eaeh experimental condition, at least 20
cells were injcctcd. - d tn f. Phase con
trast micrographs. - e Eleetrode. - Bar
20 [J.m.
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Fig. 5. Production of hCG by BeWo eells grown as monolayers on
plastic (NC), on gels of Matrigel (MaG), as aggregates either on
plastie coated with 0.1 f.lg/cm2poly-HEMA (p-l-IEMA) or in suspen
sion culture (Susp.) 15000 eells per cm2 were seeded into wells and
grown for three days before the media were exchanged. Alternatively,
spheroids were generated as deserihed in Materials and methods and
transferred to fresh medium after three days. Then aeeumulation of
hCG in the media over an additional 24 h was determined on day 4 and
referred to total cell protein.

Fig. 6. Immunoperoxidase staining of paraffin sections of BeWo eells
(grown on gels of Matrigel for 4 days) with polyclonal antibodies di
rected against hCG (a) or against PIAP (b). While hCG is loeated in
the cytoplasm, PIAP is loeated on the eell membrane. In both eases,
cells with varying staining intensity are distributed over alllayers of the
colonies. - Bar 25 f.lm.

Tab. I. Detection of matrix molecules and of integrin subunits in
ßeWo aggregates on gels of Matrigel vs. suspended aggregates (sphe
roids).

EDM moleeules Integrin subunits

FNLNCICIV a1a5a6ß1[:14

Aggregates on Matrigel

+++./.+++++

Aggregates in suspension +
++./.+++++

CI Collagen type I. - CIVCollagen type IV.- FN Fibronectin. - Ln Lami-
nin. -.!.: No staining.
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some cell types like mammary epithelial cells shift from flat
monolayers to simple cuboidal or columnar epithelia [9, 44,
61, 64] and others like normal and malignant trophoblast cells
even pile up to multilayered aggregates on ECM gels [29, 31,
32]. From this correlation, it appears possible that differentia
tion of cells on matrix gels is directed by increased cell-eell
interaetions. However, so far only indireet evidence exists for
the role of cell-cell interactions in differentiation (see below),
and no data have been published on the relevance of cell-cell
contacts and cell-cell communication for the behavior of cells

on matrix gels. Therefore, we have studied the correlation of
the expression of E-cadherin and of gap junctions with the
degree of differentiation of BeWo choriocarcinoma cells (with
a differentiation behavior on ECM comparable to normal tro
phoblast [29, 31]) growing as aggregates on ECM gels, on
artificial substrates or non-attached in suspension culture.

Cell contacts and communication thought to be invo!ved in
cell-specific phenotype regulation may involve adherens junc
tions as weil as gap junctions [4, 6, 63]. Cadherins are a family
of CaH-dependent cell-cell adhesion molecules with charac
teristic expression patterns in each cell type. A relevance [or
normal cellular behavior is suggested by the inverse correla
tion of tumor cell invasiveness with eadherin expression [8,26,
42]. From sueh data it eannot be eoncluded, however, whether
or not cell-cell contacts may be important for normal differen
tiation, in partiClllar in epithelial cells. Indeed, experimental
evidence argues for a suppressive rather than a stimulatory
role of cell-cell adhesion in differentiation, in some systems.
When, for example, during cleavage of the mammalian
zygote, blastomeres are completely surrounded by other cells
(comparable to cells within aggregates) differentiation to tro
phoblast is suppressed and the cells remain pluripotent
(reviewed in [14]). A more indifferent role of cel! contacts with
respect to cell differentiation is observed in other systems:
Mouse mammary epithelial cells grown on matrix gels usually
establish organotypic alveolar morphology, ami a proper
response to lactogenic hormones is obtained only under these
conditions in contrast to traditional (flat) monolayers. Never
thcJess, cell communication appears not to be required for lac
togenic differentiation in these cells as shown with cells
embedded in matrix gels at low density [62]. Spatial isolation
of hepatocytes does also not prevent cell shape-dependent dif
ferential production of albumin [59].

The cell adhesion molecule E-cadherin is known to be

expressed in trophoblast ami choriocarcinoma cells [12, 20],
and its expression is discussed to be involved in regulation of
differentiation in normal trophoblast cells but not in chorio
carcinoma cells [12]. However, it appears more probable that
the down-regulation of E-cadherin observed in normal tro
phoblast is rather a eonsequenee of formation of symplasms, a
specific feature of trophoblast differentiation, than causing it.
Our experiments provide evidence that cell contacts and mole
cules involved are not the decisive factor for differentiation (in
our system) even when cells are in contaet. The increase in
cell-cell contacts is associated with increased produetion of
hCG only in aggregates attached to a substrate (gels of
Matrigel or poly-HEMA-coated plastic) but not in suspended
aggregates. In contrast to hCG, E-cadherin mRNA levels
were comparable in all cultures .

Cell-cell communication via gap junctions has also been dis
cussed to participate in the control of cell differentiation
(reviewed in [6,25,67]). Possibly, however, this type of june
tion may primarily serve the maintenance of homeostasis in
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Fig.7. Oetection of cells expressing
hCG (a) 01' PIAP (h) by immuno
peroxidase staining on cryostat sec
tions of cell spheroids grown in sus
pension for 4 days. As seen in Figurc
6 for cells grown on Matrigel,
antigen-expressing cells are ran

domly distributed <wer the entire
section of the spheroid, for hCG as
weil as for PIAP. - Bar 20 11m.

tissues or the compartmentation in organs rather than control
ling basic cell type-specific differentiation patterns. This is
supported by indirect evidence as already discussed for mam
mary epithelial cells and for hepatocytes (see above) as well as
by observations of cardiac mal formations in mice lacking Cx43
[49]. Consequently, expression of connexins and gap junction
formation may rather be a result of differentiation than a
cause of it as suggested by data on adipocyte differentiation
[65]. In agreement with this, cell-cell communication was not
correlated with increased expression of differentiation mark
ers in our experiments.

In cell aggregates on matrix gels, not only cell-cell contacts
are changed but also cell-matrix contacts. When piling up,
only the basalmost layer of cells can be in contaet with the gel.
In such cultures it had not been clear, in the past, whether all
cells or only those in direct contact with the gel display fea
tures of stimulated differentiation. Our results demonstrate

that neither proliferating cells nor those expressing tropho
blastic differentiation markers are preferentially located in
certainlayers in aggregates on ECM gels or in suspension. The
same random distribution has been found for differentiating
normal trophoblast cells growing on ECM gels (Boßerhoff et
al., unpublished). Therefore, the suggested cffects of ECM on
cells in upper layers of colonies on matrix gels, i.e. without
immediate contact to the ECM, remain enigmatic. There may
be severaJ possible mechanisms: (i) growth factors and cyto
kines may have been trapped in matrix gels [56]. (ii) Matrix
proteases (produced by BeWo cells on ECM gels: Hohn,
unpublished; [16]) may generate active peptides from matrix
molecules in the gels. Both types of molecules may reaeh the
cells in upper layers by diffusion and elicit speeific responses.
However, both mechanisms are unlikely because we have
obtained comparable results on matrix gels, in spheroids
attached to nonspecific poly-HEMA substrates and with artifi
cial synthetic matrix surrogate gels [30]. In addition, matrices
have been compared with each other that have the same com
position but are either used as rigid supports or as gels, and
differentiation was stimulated remarkably only when matrices
were provided as gels [31]. (iii) The cells themselves may have
deposited different types of ECM molecules in different types
of aggregates eliciting differential behavior (in alilayers). (iv)

BeWo cells might express different matrix receptors depend
ing on their environment comparable to normal trophoblast
[13J. However, in our system immunohistochemical staining
demonstrated no differences between aggregates on ECM gels

and suspended spheroids in the patterns of ECM molecules
ami integrins (Tab. I).

A rounded cell shape has been proposed to be important in
the control of differentiation [30, 66]. The data reported here
demonstrate that in contrast to normal keratinocytes in vitro
[66] differentiation in our system requires anchorage of aggre
gates to a substrate. This is also suggested by previous investi
gations comparing Be Wo cells attached to substrates of
glyoxyl-agarose or growing non-attached on non-adhesive
regular agarose [30]. A major role in cell differentiation on
extracellular matrix gels is ascribed to the physical properties
of the substrate in terms of flexibility/malleability allowing for
a rounded morphology [3, 9, 31, 44, 61, 64]. Reduced adhesion
on poly-HEMA may mimic this situation. Consistent with
this, our investigations on normal and malignant trophoblast
cells growing on non-flexible vs. flexible ECM substrates [29,

31] suggest that the cells recognize these differences only dur
ing long-term interaction but not while attaching to the sub
strate. Since the cytoskeleton is interconnected to the environ
ment [34, 38, 63] it may be involved in "sensing" the physical
properties of the substrate (as also implied by a previous
observation [30]). Explanations for how the cytoskeleton par
ticipates in the regulation of differentiation are proposed by
the "tensegrity" concept [23, 33-35]. In order to facilitate dif
ferentiation, the tensile forces of the cytoskeleton obviously
have to be in balance with extracellular tensile forces estab

lishing a tensegrity system for the extracellular matrix across
the cytoskeJeton to the nucleus [33-36]. Altering this cellular
mechanical force balance (e.g. by using rigid vs. flexible sub
strates [29, 31, 44]) results in integrated changes in cell, cyto
skeletal and nucIear shape [58]. In the nucleus, binding of
DNA and RNA to the nuclear matrix are diseussed to parti
cipate in the regulation of gene expression [10, 17,45]. On the
other hand, many components of cellular regulation are
associated with the cytoskeleton [2, 27, 28, 47, 48, 57]. Varia
tions in cytoskeletal arrangement mayaIso affect the function
of the nuclear envelope [19] and of nuclear pores that are
linked to intermediate filaments [11, 46]. The involvement of
cellular motor proteins in integrating cell shape and cellular
functions has also been shown [52]. Altcrations of cell shape
may affect kinesin-dependent transport of organelles and also
of mRNA along the microtubule cytoskeleton. Changes in cell
shape are, thercfore, likely to cause modulation of gene
expression. An interesting model how cytoskeletal elements
may regulate cell differentiation has been proposed conCern-
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Fig. 8. Distribution of cells expressing the proliferation-associated
nuclear antigen Ki-67 during growth of BeWo eells on gels of Matrige!.

- a. Ki-67-positive cells (note distinct bright spots) are seen randomly
distributed in all layers of the eolony. - h, e. Double immunofluorcs

eenee staining for hCG (h) ancl Ki-67 (e) in another aggregate of eells
grown on gels of Matrigel for 4 days. Cryostat seetions were incubated
eonseeutively with rabbit polyclonal antibodies against hCG followed
by an FITC-eonjugated goat anti-rabbit-lgG antibody and a mouse
monoclonal antibody against Ki-67 deteeted with a rhodamine
eonjugated goat-anti-mouse-IgG antibody. Note that cells strongly
expressing hCG (asterisks in h) are free of Ki-67-speeifie spots in (e).
The strong F[TC fluorescence (cytoplasmic labeling of hCG) is not
eompletely suppressed by the filter eombination used in (e). - Bar 25
ftm.

ing thc rcleasc of mcssenger moleculcs from caveolae into tbe

cytoplasm [I]. Effects of the ECM on diffcrentiation on

matrix-dependent transcription factors and ECM-rcsponse

elcmcnts regulating different genes that have been idcntified

[15,41,54,55] mayaIso be transmitlcd by the cytoskeleton. A

specific biomechanical responsc clcmcnt has been described

in cndothelial cells and in platclcts wbcre effects of shcar

forces are transduced [50, 51]. These da ta do not prove, how

ever, that such clcmcnts respond to mccbanical forccs only.

In conclusion, thc data prcsented here appcar to cxcludc
ccll-cell contact and communication as weil as direct cell

matrix contact as essential environl11cntal elements for thc dif

ferentiation of Bc Wo choriocarcinoma cclls. Thcse observa

tions support the view that ccll shape and a balanced cellular

tenscgrity arc basic rcgulatory factors for phcnotypc dctcr
mination.
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