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PE formation in the mouse embryo

PARIETAL ENDODERM FORMATION IN THE MOUSE EMBRYO

- A GENERAL INTRODUCTION TO THIS THESIS —

INTRODUCTION

The development of eutherian mam-
malian embryos critically depends on
the implantation of the embryo in the
uterine wall of the mother. Consequent-
ly, the earliest differentiation processes
in these embryos concern the formation
of the extraembryonic tissues, which
function as an early placenta. The first
formed placental structure is the parietal
yolk sac, in the mouse embryo consis-
ting of trophectoderm (TE) and parietal
endoderm (PE), with a thickening base-
ment membrane in between. The impor-
tance of the establishment of the parietal
yolk sac is often overlooked, but is un-
derscored by the fact that the develop-
ment of the definitive placental struc-
tures and the embryo proper, starting
with gastrulation, does not begin until
the materno-fetal contact has been firm-
ly established by the parietal yolk sac.

Despite the fact that PE is recognized
as an important layer of the parietal yolk
sac, relatively little is understood about
the molecular regulation of its forma-
tion. The research described in this the-

sis was aimed to gain more insight in
this mechanism. This first chapter is an
introduction to the subject of this re-
search. It reviews the process of PE for-
mation in the mouse embryo, and
describes its resemblance to an epithe-
lio-mesenchymal transition (EMT). Fur-
thermore, it reviews the evidence for the
involvement of cell-cell and cell-matrix
interactions, and parathyroid hormone
related peptide (PTHrP) in PE forma-
tion. This project led to the discovery of
the transcription factor snail, an evolu-
tionarily conserved key molecule in epi-
thelial morphogenesis, as an important
mediator of PTHrP induced PE forma-
tion. snail is therefore also introduced in
this chapter. The subsequent chapters
are based on experiments that were
carried out to further investigate the role
of PTHrP signaling through its type I
receptor (chapter 2), and its downstream
targets connexin 43 (chapter 3) and snail
(chapters 4 and 5), in PE formation. In
the final chapter the implications of
these results are discussed.

THE ORIGIN AND DEVELOPMENT OF PARIETAL ENDODERM IN THE MOUSE
EMBRYO

The first differentiation event of the
embryo starts at about day 3 post coitum
(pc), when the clump of cells that form
the embryo (now called morula) com-
pacts. At around that stage, the peri-
pheral cells are committed to form the
first extraembryonic tissue, the trophec-
toderm (TE). These cells segregate from
the inner cell mass (ICM), except at one

pole at about day 3.5 pc. The blastocoel
cavity, that develops in between these
cell populations fills with fluid and
expands. At day 4-4.5 pc, shortly before
the expanded blastocyst hatches from
the surrounding zona pellucida and
subsequently implants into the uterine
wall, the approximately 20 ICM cells
facing the blastocoel develop into the
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Chapter 1

primary or primitive endoderm (PrE)
cells, also named hypoblast. These cells
are the sole precursors of the endoder-
mal extraembryonic tissues, while the
approximately 20 cells underneath the
PrE remain totipotent and are the only
cells to constitute the embryo proper and
extraembryonic mesoderm in a later
stage (Gardner and Johnson, 1972;
Gardner et al., 1973; Nadijcka and
Hillman, 1974; Papaioannou, 1982). The
mural TE cells lining the blastocoel ca-
vity cease to divide, but continue to re-
plicate their DNA, resulting in the for-
mation of aneuploid trophoblast giant
cells in preparation for implantation
(Barlow and Sherman, 1972).

Upon implantation of the blastocyst
into the uterine wall, the interaction
between the trophoblast giant cells and
the uterine epithelium triggers the deci-
dual response; a cascade of events that
triggers the formation of the maternal
part of the placenta over the next 5 days.
Meanwhile, at day 4.5-5.5 pc, the PrE
gives rise to two new extraembryonic
tissues, the PE and the visceral endo-
derm (VE). First, at the late blastocyst

polar trophectoderm

stage, PrE cells delaminate at the mar-
ginal zone, i.e. the junction of the ICM
with the TG, and form the first cells of
the PE layer (figure 1, left). These cells
assume a flat fibroblast-like form when
they first appear in the late blastocyst
(Enders et al., 1978). Notably, the PrE is
multi-layered at this stage, and the
superficial cells have already adopted
the flat fibroblast-like PE morphology
before leaving the ICM (Enders et al.,
1978; Gardner, 1982). Based on studies
with delayed blastocysts, it is believed
that the formation of the PE layer does
not occur before implantation during
normal mouse embryonic development
(Surani and Barton, 1977; Gardner et
al., 1988).

Later, at around day 5 pc, the extra-
embryonic ectoderm and the embryonic
or primitive ectoderm (PrEc), derived
from the polar TE and ICM respectively,
form the egg cylinder, which invaginates
the blastocoel. The PrE that invests the
elongating egg cylinder differentiates in-
to visceral endoderm (VE) (figure 1,
right) (Gardner, 1982; 1984; 1985).

(trophoblast)

extraembryonic
ectoderm

inner cell mass marginal zone

primitive
endoderm

blastocoel cavity
primitive
ectodern
visceral
endoderm

mural trophectoderm >
(trophoblast)

parietal endoderm
Reichert’s membrane

Figure 1: Schematic representation of PE formation in the early mouse embryo.

Left: Implanted blastocyst at around day 4.5 pc. Right: Egg-cylinder stage embryo at day 6.0 pc.

12



PE formation in the mouse embryo

In turn, VE cells contribute to PE
(Solter and Damjanov, 1973; Diwan and
Stevens, 1976; Rossant et al., 1978;
Hogan and Tilly, 1981). In addition,
they contribute to the visceral yolk sac,
but not to the definitive endoderm or
any other tissue of the embryo proper
(Gardner, 1978; 1982; 1983; 1984; Ros-
sant et al., 1978; Gardner and Rossant,
1979).

Egg cylinder explant cultures, graf-
ting experiments and blastocyst injec-
tions have demonstrated that the VE
cells retain their potency to form PE
until at least the 7™ day of gestation
(Solter and Damjanov, 1973; Diwan and
Stevens, 1976; Hogan and Tilly, 1981;
Cockroft and Gardner, 1987). However,
a similar capacity of VE of older embry-
os is suggested by the morphology of
endodermal cells in the marginal zone of
a day 8 pc embryo. The elongated mor-
phology of these cells with branched
filopodia is consistent with their de-
tachment from the epithelial sheet and
migration onto the basement membrane
underlying the trophoblast cells (Hogan
and Tilly, 1981; Hogan and Newman,
1984). Furthermore, the expansion of the
parietal yolk sac at this and later stages
of development occurs so fast, that the
low proliferation rate measured in PE
cells seems insufficient to solely account
for the apparently constant cell-density
of the tissue (Hogan et al, 1983;
Cockroft, 1987). This suggests that new
PE cells must be recruited from the VE.

Although PE cells are initially flat
and fibroblast-like, they acquire a more
rounded morphology during later stages
of development. However, temporal and
regional differences persist as shown by
scanning electron microscopy (Cockroft,
1986). While the cells in the proximal
region predominantly have a blebby
morphology, the distal cells change from
a predominantly (60%) blebby to pre-

dominantly (90-100%) smoothly mor-
phology in the course of the 9" to 11™
day of gestation, concomitant with an
about 2.5 lower motility measured in
distal cells, compared to proximal cells.
These distal cells become extremely
rounded and smooth during the 12" day,
and develop variable numbers of short
filopodia during the 13™ day, which
persist during the 14™ day (the oldest
embryos studied). Thus, the morpho-
logical differentiation of PE proceeds at
least until day 13 pc, yet the functional
significance of these ongoing modifi-
cations is not clear.

What is the function of PE cells?
Their principal activity seems to be the
secretion of extracellular matrix compo-
nents (ECM), which constitute the
Reichert’s membrane between themsel-
ves and the TE cells. This membrane is
first seen at day 6 pc (Adamson and
Ayers, 1979) and it is relatively porous
(Jollie, 1968). While it thickens well
beyond day 11 pc (Clark et al., 1975), it
eventually becomes thinner and ruptures
at around day 17 pc. The Reichert’s
membrane may serve primarily as a
coarse filter, allowing free access of
nutrients to the embryo (Gardner, 1983;
Freeman, 1990), and it enhances the
efficiency of nutrient uptake by the VE
(Payne and Deuchar, 1972). In addition
it excludes maternal cells from the
embryo, since TE cells can not fulfill
this latter function, as these do not
remain present as a continuous cell
layer. Thirdly, it may protect the embryo
against mechanical damage. Thus the
function of PE may reside in
establishing and modifying the Rei-
chert’s membrane. The parietal yolk sac
as a whole, later on together with the
visceral yolk sac and other extra-
embryonic structures, functionally com-
prises an ‘early placenta’. Besides the
functions fulfilled by the Reichert’s
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membrane, this early placenta forms an
integral part of the life support system,
essential for the maintenance of the
fetus and for its nutrient and waste
exchange between days 5 and 10 of
gestation, until the definitive placenta is
formed (Cross et al., 1994; Bielinska et
al., 1999).

It is worth noting that VE and PE are
defined by topography, visceral and
parietal being derived from the Latin
words visceralis and paries, freely
translated as ‘adjacent to the organ’ and
‘outer wall’ respectively. However, the

definition also serves to distinguish two
cell populations that differ strikingly
from each other in several aspects, as
discussed below in more detail.
Throughout this thesis, ‘PE layer’ is
used to refer to PE topographically,
while ‘PE differentiation’ is used to
indicate the changes in morphology and
gene expression that the endodermal
cells undergo while migrating to or
residing at the ‘parietal’ position, and
‘PE formation’ may include all aspects
of the development of the tissue.

IN VITRO MODEL SYSTEMS TO STUDY PARIETAL ENDODERM FORMATION

At the time when PE formation starts,
there are only about 20 PrE cells in the
mouse embryo, which soon differentiate
into VE. In addition, the embryo is
extremely small, has just implanted, and
is consequently hardly accessible for
experimentation. All this severely ham-
pers the study of the regulation of PE
formation in vivo. Therefore, several
approaches have been developed to en-
able this study in vitro. The first relies
on the culturing of immunosurgically
isolated embryonal tissue, such as ICMs
from expanded blastocysts, or isolated
egg cylinders. These isolates show PE
outgrowth when cocultured with TE or
cultured in TE-conditioned medium
(Hogan and Tilly, 1981; Behrendtsen et
al., 1995). Furthermore, ICMs cultured
on fibronectin (FN) coated substrates
produce solitary cells, thus considered
PE, of which the number increases when
the ICMs are plated on various ECM
components in TE-conditioned medium
(Behrendtsen et al., 1995). These experi-
ments suggested an interaction between
ECM components and a factor secreted
by the TE in the regulation of PE forma-
tion.

The second model system relies on
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the use of cultured embryonic stem (ES)
cells or embryonal carcinoma (EC) cells.
ES cells differentiate to PE when
cultured in monolayer in the absence of
the leukemia inhibiting factor, which
inhibits differentiation, and in the pre-
sence of retinoic acid (RA) and cyclic
adenosine-monophosphate (cAMP) ele-
vating factors, such as dibutyryl cAMP
(dbcAMP) (Mummery et al., 1990; van
de Stolpe et al., 1993). Most studies on
PE formation are performed with
teratocarcinoma cells, of which the most
frequently used line is the F9 EC cell
line. The F9 cell line was established in
culture from a sub-line of the trans-
plantable testicular  teratocarcinoma
OTT6050, itself derived from a 6-day
old male embryo of a strain 129 mouse
(Berstine et al., 1973). This cell line has
the advantage over ES cells that it can
not differentiate into other lineages than
the extraembryonic endoderm lineage,
and it has the advantage over some other
teratocarcinoma cells (such as PSA-1
and PYS-2 cells) that it can be induced
to differentiate into all three forms of
extraembryonic endoderm. When treated
with RA in monolayer it irreversibly
forms PrE, which upon concomitant or
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subsequent treatment with e.g. dbcAMP
differentiates into PE, as indicated by
elevated production of a.o. tissue plas-
minogen activator (tPA), laminin (LN)
and type IV collagen (COLL-IV) and
thrombomodulin (Strickland and Mahda-
vi, 1978; Strickland et al., 1980; Imada
et al., 1990a, b; van de Stolpe et al.,
1993; Weiler-Guettler et al., 1996). Al-
ternatively, when cultured in suspension
in the presence of RA, these cells form
aggregates with an outer layer of VE, as
indicated by morphology and the pro-
duction of alpha-fetoprotein (Dziadek,
1978; Dziadek and Adamson, 1978;
Hogan et al., 1981). These so-called em-
bryoid bodies generate PE when treated
with cAMP elevating agents, or when
re-plated on FN (Grover and Adamson,
1986; Grabel and Watts, 1987), thus mi-
micking the behavior of isolated ICMs.

Although the role of RA as an endo-
genous inducer of PrE has not been esta-
blished, F9 PrE is considered pheno-
typically similar to PrE, and F9 derived
VE and PE faithfully mimic their in vivo
counterparts, as reviewed (Hogan et al.,
1983), and described below. This cell
line was therefore used in this thesis
project.

It is worth mentioning that, whether

studying PE formation in vivo or in
vitro, the problem is to distinguish PrE,
VE and PE cells unambiguously, since
many of the gene products now used as
markers are expressed at different levels
in the three phenotypes rather than in an
all-or-none way (e.g. laminin, tPA), or
are part of a multigene family (e.g.
cytokeratins). This finding has been
partly overcome with the finding of
alpha-fetoprotein as a marker exclusive-
ly expressed in VE among these three
cell types (Dziadek, 1978; Dziadek and
Adamson, 1978; Hogan et al., 1981),
and thrombomodulin in mouse PE (Ima-
da et al., 1987, 1990a, b; Weiler-Guet-
tler et al., 1996) and in F9 derived PE

(figure 2).
v

Figure 2: Western blot of thrombomodu-

lin expression in differentiating F9 cells.
From left to right, F9 EC cells were left untreated (lane 0), or
treated with RA alone for 1 to 5 days (lane 1-5), or with RA
during 5 days of which the last 2 days in the presence of the
PE inducers PTHrP (lane 6) or dbcAMP (lane 7). Throm-
bomodulin expression was detected with the monoclonal
antibody 273-34A (Kennel et al., 1987) as a band of approxi-
mately 85 kDa (arrowhead).

2 3 4 5
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THE DIFFERENTIATION OF PARIETAL ENDODERM BEARS THE HALLMARKS OF AN
EPITHELIO-MESENCHYMAL TRANSITION

The obvious change in cell shape of
PrE and VE cells during their differen-
tiation to PE cells (as demonstrated in
figure 3) points to a reorganization in
one or more of the following: (i) cyto-
skeletal and junctional elements, (ii)
synthesis of matrix glycoproteins and
(iii) mode of attachment to the sub-
stratum, as already suggested by others
(Hogan et al., 1983). In fact, the basis of

this thesis lies in the postulation that
these changes are indicative for an EMT.
To support this postulation, the general
tissue organization, junctional speciali-
zation and cytoskeletal arrangement in
epithelial and mesenchymal tissues is
described in more detail below, and later
on compared to their organization in
PrE, VE and PE.
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A B
extraembryonic )
mesoderm

extraembryonic
visceral endoderm
parietal endoderm
microvilli

Reichert’s
membrane

trophoblast

maternal red
blood cell

Figure 3: Electron micrographs of mouse extraembryonic endoderm.

A: Transmission electron micrograph of the extraembryonic layers of a day 7.5 pc mouse embryo, demonstrating the columnar
morphology of extraembryonic VE cells and the rounded morphology of PE cells. B: Scanning electron micrograph of the PE
cells on the Reichert’s membrane of a day 13 pc mouse embryo, demonstrating the rounded morphology and filopodia of these

cells (bar 10 um). From: Hogan et al., 1994, Stephanie Ellington, Cambridge.

Epithelial and mesenchymal tissue
organization.

Most of the cells in multicellular
organisms are held together by a com-
plex network of secreted extracellular
macromolecules (a variety of versatile
(glyco)proteins and polysaccharides)
referred to as the extracellular matrix
(ECM). The cells contribute to and
organize their own matrix, and together
with it, assemble a tissue. The two basic
or extreme phenotypes which cells can
assume are found in epithelial and
mesenchymal tissues respectively
(Alberts et al., 1983). How can these
two phenotypes be distinguished? The
most important discriminator is the ex-
tent of specialized cell junctions. These
occur at many points of cell-cell and
cell-matrix contacts in all tissues, but
are especially important and plentiful in
epithelia. The cell-cell contacts seal the
epithelial cells to sheets that form bar-
riers to the movement of molecules and
cells between different compartments of
an organism. Epithelial cells have an
apical-basal polarity. They are usually
positioned on and anchored to a thin,
continuous layer of ECM, the basal la-
mina, and as such line the surface of or-
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gans. In early life forms consisting of
epithelial cells only, complexity was in-
troduced by e.g. folding of the epithe-
lium, such that a cavity was formed, of
which the internal milieu was controlled
by the epithelium. In later life forms,
complexity became even greater with
the conversion of epithelial cells into a
new, mesenchymal cell type, via an
epithelio-mesenchymal transition (EMT)
(Hay, 1995; Thiery and Chopin, 1999).
Mesenchymal cells are no longer lin-
ked by cell-cell anchoring contacts, and
display a front-to-back polarity. They
have usually acquired migratory beha-
vior, enabling them of occupying sub-
epithelial spaces. There they can retain
their mesenchymal phenotype or con-
densate and re-establish an epithelial
tissue via the reverse process, a mesen-
chymal-epithelial transition (MET). The
archetypal EMTs during mammalian de-
velopment are the formation of meso-
derm from the PrEc during gastrulation
(Viebahn, 1995), and later the migration
of neural crest cells from the neurec-
toderm (Duband et al., 1995). Mesen-
chymal cells produce copious amounts
of ECM components, which they orga-
nize into a lattice through which they
can migrate, and with which they
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establish specialized cell-matrix con-
tacts. Since epithelial and mesenchymal
cells experience different forms of me-
chanical stress, from the adjacent cells
and the matrix respectively, both cell
types have differently organized cyto-
skeletons, as described below.

Cell-junctional
arrangements in
mesenchymal tissues.

Cell junctions can be classified into 3
functional groups: 1) anchoring junc-
tions that mechanically attach cells and
their cytoskeletons to their neighbors or
to the ECM, thereby enabling groups of

and cytoskeletal
epithelial and

cells, such as those in an epithelium, to
function as robust structural units; 2) the
occluding junctions that seal cells to-
gether in an epithelial cell sheet in a way
that prevents paracellular diffusion of
water and even small molecules, and ad-
ditionally confine membrane-bound pro-
teins to the apical or basolateral side of
the cells; and 3) communicating junc-
tions, which mediate the passage of me-
tabolic or electrical signals from one in-
teracting cell to its partner, and thus
function in coordinating the activities of
groups of cells.

Table I

Functional group

Specified junctions

Molecular constituents

Anchoring junctions
F-actin filament
attachment

focal contacts (cell-matrix)

intermediate filament
attachment

hemi-desmosomes (cell-matrix)

Occluding junctions

Communicating junctions gap junctions

adherens junctions (cell-cell)

desmosomes (cell-cell)

tight junctions (cell-cell)

E-cadherin, a-catenin, B-catenin
or y-catenin (plakoglobin),
vinculin, a-actinin

integrins, FAK, vinculin, talin,
a-actinin

desmoplakin, desmoglein,
desmocollin a, desmocollin b,

plakoglobin, plakophilin

integrins, desmoplakin-like
proteins

Z0-1, Z0O-2, occludin, cingulin,
Rabl13

connexins

Functional classification of cell junctions in early embryos of vertebrate animals.

This table may incorrectly suggest a junction-specific localization of most junctional proteins. It is worth noting that some
connexins have been found to associate with ZO-1 and to cadherin/catenin complexes. The physiological meaning of this
interaction remains largely elusive (Fujimoto et al., 1997; Giepmans and Moolenaar, 1998), but connexin43 may be stabilized
in complex with ZO-1, and as such maintain involved in gap junctional intercellular communication (Toyofuku et al., 2001).
Additionally, ZO-1 and ZO-2 can link B-catenin at macular adherens junctions in non-epithelial cells to actin filaments
(Rajasekaran et al., 1996; Itoh et al., 1997). Interestingly, some of these molecules are not exclusively junctional, but can
translocate to the nucleus and regulate gene transcription, such as ZO-1 and B-catenin. Despite the promiscuity of some
molecules among the various junctions, detailed structure analysis and immunohistochemistry in electron microscopy and
confocal microscopy have provided insight in how the subcellular localization of the respective components correlates with
their assembrly various junctions.

The variety of junctions and their mole- what is relevant for tissues of early
cular components in table I is limited to vertebrate = embryonic  development
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(Fawcett, 1981; Alberts et al., 1983;
Collins and Fleming, 1995). Epithelial
cells have either one or both of the two
types of cell-cell anchoring junctions: 1)
the adherens junctions, organized in a
circumferential belt-like structure, the
zonula adhaerens, sometimes confusing-
ly referred to as belt desmosome, and 2)
the button-like (spot) desmosome (ma-
cula adhaerens). Adherens junctions are
located apically, and are well-establis-
hed in cells with a brush border. Desmo-
somes are located in parallel rows below
the adherens junctions, if the latter are
present. Adhesion is provided by a ho-
mophilic interaction between dimers of
Ca’"-dependent transmembrane linker
proteins belonging to the family of cad-
herins on two adjacent cells (figure 4A).
In adherens junctions of a pre-implan-
tation mouse embryo, this is the proto-
type cadherin, E-cadherin. Its intracellu-
lar domain is linked to a dense structure
on the plasma membrane, composed of
a.o0. catenins. In turn, this structure is
linked to the cytoskeleton, predominant-
ly actin, which interacts with myosin
motor proteins. As such, the cytoskele-
ton forms a contractile belt along the
zonula adhaerens (figure 7) which medi-
ates epithelial morphogenesis, e.g. in tu-
bule formation. In cells that do not fully
express an epithelial phenotype, the ad-
herens junctions exist as small punctate
(macular) or streaklike attachments but
fail to form a belt-like structure.

The cadherins used in desmosomes
are desmoglein and desmocollin. Like E-
cadherin, these cadherins link their cyto-
plasmic tail to a dense structure on the
plasma membrane, i.c. composed of a.o.
desmoplakin and plakoglobin (figure
4B). As illustrated in figure 7, desmo-
somes form a kind of rivets through
which the intermediate filament cytoske-
letons of two adjacent cells are intercon-
nected. This cytoskeleton, mainly com-
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posed of type Il intermediate filaments
(IFs) or (cyto)keratins, has a scaffold-
like structure criss-crossing the cyto-
plasma of each cell, which provides
epithelial cells with tensile strength.

A
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Figure 4: Schematic representation of

cell-cell anchoring junctions.

A: Adherens junction, B: Desmosome. Only the major protein
interactions are represented. 1: intercellular space, 2a, b, lipid
bilayer of the adjacent cells ‘a’ and ‘b’, 3: E-cadherin, 4: B-
catenin or plakoglobin, 5: a-catenin, 6: a-actinin, 7: vinculin,
8: F-actin, 9: desmocollin, 10: desmoglein, 11: plakoglobin,
12: desmoplakin, 13: plakophilin. The illustrated location of
some signaling molecules (Src, PKC) is tentative.

Occluding or tight junctions (zonulae
occludentes) exist in all epithelia, given
some rare exceptions, and form the api-
cal-most junctions. As depicted in figure
5A, they are composed of a network of
anastosomizing strands (maculae occlu-
dentes) of ‘intra’membrane particles,
that completely encircles the apical end
of each cell in the epithelial sheet. Im-
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portantly, the ability of tight junctions to
restrict the passage of ions through the
spaces between cells increases logarith-
mically with increasing numbers of
strands in the network, as if each strand
acts as an independent barrier (Claude
and Goodenough, 1973). Occludin and
claudin are intramembrane components
of tight junctions, and thought to be res-
ponsible for the close intercellular
adhesion of the tight junction (Furuse et
al., 1993; Saitou et al., 1998; Tsukita et
al., 1999). Both occludin and claudin
can bind ZO-1 and ZO-2, which in turn
are linked to actin filaments (Tsukita et
al., 1999) (figure 5B).

Figure 5: Schematic representation of

tight junctions.

A: Tight junctions are composed of maculae occludentes,
arranged into a zonula occludens. B: Protein interactions in
the maculae.l: intercellular space, 2a, b: lipid bilayer of ad-
jacent cells ‘a’ (frontal view on plane of section) and ‘b’ (vie-
wed in perspective in A), 3: occludin or claudin, 4: ZO-1, 5:
Z0-2, 6: p130, 7: cingulin, 8: F-actin, 9: p155 (7H6 antigen),
10: p192 (BCGY,1 antigen), 11: Rab13. The exact interaction
is not yet known for each of the various components.

This may allow the modulation and
periodically opening of the tight
junctions to allow passage of molecules
and even cells (Balda and Anderson,
1993). Another intracellular component,
cingulin, has a structural organization
similar to myosin, and thus may also
regulate actinfilament anchorage to the
tight junction.

Gap junctions (communicating junc-
tions, nexuses) are perhaps the most in-
triguing cell junctions, since they repre-
sent one of the most widespread cell-cell
junctions, and provide a way of commu-
nication. These junctions are usually
located below adherens junctions, but in
the absence of tight junctions, they may
occasionally be the most apical junc-
tions. They provide the passage of small
molecules such as amino acids, sugars,
cAMP and other nucleotides, but not
proteins, nucleic acids, and other macro-
molecules, as the maximum size for
passage is 1000 to 1200 daltons. A gap
junction (figure 6) comprises an array of
up to several hundreds of paired hemi-
channels of about 7 nm diameter, called
connexons. In turn, connexons are hexa-
mers of proteins, named connexins,
around a central aqueous channel of ap-
proximately 1.5 nm in diameter. So far,
14 different connexin genes have been
identified in the mouse genome (Simon
and Goodenough, 1998).

Connexons can be composed of simi-
lar connexins (homomeric connexons) or
different connexins (heteromeric con-
nexons). Connexons of adjacent cells
can be apposed to similar connexons,
forming homotypic channels, or to diffe-
rent connexons, forming heterotypic
channels. The diversity in connexins and
connexons provides a variety of struc-
turally and physiologically different
channels each with their own distinct
molecular permeability. A rise in intra-
cellular calcium or a lowering of the
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intracellular pH is associated with a
change of gap junctions from the low re-
sistance state (open) to a high resistance
state (shut), resulting in uncoupling of
the cell (Turin and Warner, 1977).
These, together with the phosphorylation
status of connexins (regulated by a.o.
cAMP) may be physiological mecha-
nisms of regulating coupling of neigh-
boring cells. It is possible that the coup-
ling of cells in embryos provides a path-
way for long-range cell signaling within
a developing epithelium. For example,
Ca** or ¢cAMP molecules, as second
messengers of hormonal stimulation, can
be transported from one cell to another
by gap junctions, and as such, the signal
may be propagated through a tissue,
possibly via a smooth concentration
gradient.

Figure 6: Schematic representation of the

organization of gap junctions.

The hydrophilic pores of connexons permit the passage of
ions and small molecules such as cAMP or fluorescein (small
and medium-sized free-floating circles), but excludes macro-
molecules (large free-floating circles). 1: intercellular space,
2a, b: lipid bilayer of the two adjacentcells ‘a’ and ‘b’,
viewed in perspective on the plane of section, 3: a connexin,
4: the hydrophobic pore, 5: six connexins assembled into a
connexon.

Epithelio-mesenchymal transitions.
While mesenchymal cells are devoid
of cell-cell anchoring junctions and tight
junctions, they may still be connected by
gap junctions, which allow them to
function as a tissue instead of as indi-
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vidual cells. In addition, mesenchymal
cells have many contacts with the ECM,
by which they are surrounded. Epithelial
and mesenchymal cells express hemi-
desmosomes: sites where [Fs terminate
and attach to ECM via Ca*"-dependent
transmembrane cell-surface receptors
named integrins, in complex with des-
moplakin-like proteins.

The predominant IF in mesenchymal
cells is vimentin. In addition to its
association  with  hemi-desmosomes
(Kartenbeck et al., 1984), it can also
associate with actin in focal contacts
(Seifert et al., 1992). Actin bundles ter-
minate in focal contacts (focal adhesion
plaques) in migrating cells, either epi-
thelial or mesenchymal. Here the bun-
dles are associated with the integrins,
via a complex including e.g. talin, vin-
culin and focal adhesion kinase (FAK).
However, in mesenchymal cells the actin
cytoskeleton may have totally collapsed.
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Figure 7: Schematic representation of cell
junctions and cytoskeletal structures in

an epithelium.

The tight junctions and adherens junctions are located api-
cally and organized into a zonular junction by the subcortical
actin belts. Spot-like desmosomes are interconnected by a
scaffold-like cytokeratin cytoskeleton, which terminates in
hemi-desmosomes located at the membrane, thus connecting
the cells to the basal lamina. 1: tight junction, 2: adherens
junction, 3: desmosome, 4: gap junction, 5: hemidesmosome,
6: microvillus, 7: actin filaments, 8: keratin filament, 9: cell
membrane, 10: basal lamina.
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The loss of the epithelial organization
of cell-cell junctions and cytoskeletons,
illustrated in figure 7, may be indicative
for epithelial cells to transform into me-
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senchymal cells. However, besides this
‘de-epithelialization’, epithelial cells
need to acquire specific mesenchymal
properties to undergo a complete EMT,
such as elevated secretion of ECM mole-
cules. Most importantly, cells feature
(elevated) migration after the acquisition
of a fibroblastic, mesenchymal morpho-
logy. Table II summarizes the diffe-

rences between epithelial and mesen-
chymal tissues. It is important to bear in
mind that none of the features listed in
that table can serve as an exclusive mar-
ker for epithelium or mesenchyme, but
the combination of characteristics is de-
terminant, and may be helpful in
determining whether a certain diffe-
rentiation process occurs via an EMT.

Table 11

Epithelium

Mesenchyme

Sheets of cells

Situated on basal lamina

Basal-apical polarity

Apical microvilli

Linked by cell adhesion molecules
(mainly E-cadherin and/or desmosomes)

Tight junctions

Connexins, diverse forms

Cytokeratin intermediate filaments

Subcortical actin fibers

Non- or slightly motile and migratory

Non-invasive (attachment to basal lamina)

Single, loose cells

Cells surrounded by superfluous ECM
Front-to-back polarity

Smooth surface, no microvilli

No or low (E-)cadherin expression

No tight junctions

Connexins, including those expressed in epithelia
Vimentin intermediate filaments

Actin not subcortical, optionally in stress fibers
Highly motile and migratory

Invasive (migration through basal lamina)

Secretion of copious amounts of ECM
Production of proteases

Characteristics of epithelial and mesenchymal tissues.
(Based on: Hay, 1995; Davies and Garrod, 1997; Thiery and Chopin, 1999).

Tissue organization in PE and its
precursors, in vivo and in model
systems.

Now that we know the criteria for an
EMT, we can demonstrate that the
transition of PrE/VE to PE bears the
hallmarks of an EMT. First of all, the
ultrastructure of the tissue (figure 3)
already gives a clue to the epithelial
organization of VE and the lack of such
organization of PE. Furthermore, early
PE cells display a flat, fibroblast-like
morphology, before they round up,
suggesting a migratory capacity. Finally,
the thickening of the Reichert’s mem-
brane is attributed to a secretory activity
of PE cells. What is known about these

aspects and the existence of cell-cell
junctions in PrE, VE and PE will here be
discussed in more detail.

During compaction of the morula,
cells become electrically coupled to one
another with Cx31 and Cx43 as the most
prominent gap junctional components,
and Cx30.3, Cx40, Cx45 are present in
lower amounts (Ducibella et al., 1975;
Lo and Gilula, 1979; Dahl et al., 1996).
Immediately after implantation, Cx31
expression is restricted to trophectoder-
mal lineages, while Cx43 is expressed in
ICM-derived lineages including the PrE
(Ruangvoravat and Lo, 1992; Yancey et
al., 1992). PrE cells also have macular
junctional complexes, which are not
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desmosomes (Enders et al., 1978). The
intercellular distance of 20 nm suggests
that these junctions are adherens junc-
tions, which have not yet been organized
in zonular belts. Indeed, E-cadherin
mediated adhesion between PrE cells
has been suggested from studies with
function-perturbing antibodies on pre-
implantation embryos and isolated ICMs
(Damsky et al.,, 1983; Vestweber and
Kemler, 1984; Richa et al., 1985; Col-
lins and Fleming, 1995) or E-cadherin
knock-out embryos (Ohsugi et al.,
1997). F-actin is uniformly distributed
along all cell membranes in the morula
and blastocyst (Lehtonen and Badley,
1980; Reima and Lehtonen, 1985; Leh-
tonen and Reima, 1986), thus supposed-
ly also in the PrE, and this distribution is
dependent on zygotic E-cadherin expres-
sion (Ohsugi et al., 1997). The presence
of cytokeratin material in some cells of
the ICM at blastocyst stage could be an
indicator of initial steps in IF assembly
in PrE formation, as suggested before
(Emerson, 1988), and as supported by
the assembly of cytokeratin 8 and 18
filaments seen upon RA treatment of F9
cells (Grover et al., 1983; Hogan et al.,
1983; Trevor and Oshima, 1985; Kurki
et al., 1989; Trevor and Steben, 1992).
Preceding the appearance of keratin
networks, there is a reorganization of
vinculin in F9 cells treated with RA
alone, leading to the formation of
distinct plaques in the flattened cells
(Lehtonen et al., 1983).

The multilayered PrE has been
referred to as an ill defined polarized
epithelium (Nadijcka and Hillman,
1974). The cells have a rough appearan-
ce, suggesting the presence of microvilli
(Gardner, 1982). Similarly, F9 PrE cells
in culture are unable to fully express an
epithelial morphology, with distinct ba-
sal and apical surface, and well-deve-
loped anchoring junctional complexes.

22

Hence their ‘epithelioid’ instead of ep-
thelial character (Hogan et al., 1983).

Compared to the PrEc cells, the PrE
cells exhibit a more extensive rough en-
doplasmic reticulum (RER). The RER is
filled with secretory material, probably
ECM components, since ultrastructural
studies have revealed the presence of
deposits of extracellular material such as
FN, LN and COLL-IV between the PrEc
and PrE in the late blastocyst (Nadijcka
and Hillman, 1974). These deposits do
not form a continuous layer until after
egg cylinder formation. F9 PrE produces
FN, as do F9 EC, but in contrast to the
latter, the PrE cells are able to retain FN
on their surface reviewed in (Gardner,
1983; Hogan et al., 1983).

VE cells are underlaid by a thin
basement membrane composed of LN,
COLL-IV, and FN (Adamson and Ayers,
1979; Wartiovaara et al., 1979; Leivo et
al., 1980) which they secrete them-
selves. Whereas the VE cells covering
the embryonic part of the egg cylinder
are squamous in form, the VE cells
covering the extraembryonic part are
columnar and have a very vacuolated
cytoplasm and numerous apical micro-
villi indicative for a function in nutrient
absorption (reviewed in Hogan and
Tilly, 1981; Gardner, 1983; Bielinska et
al., 1999). Furthermore, the epithelial
organization of VE is apparent as adja-
cent cells are linked together by E-
cadherin mediated adhesion, desmo-
somes and tight junctions (Enders et al.,
1978; Hogan and Tilly, 1981; Vestweber
and Kemler, 1984; Casanova and
Grabel, 1988; Saitou et al., 1998).
Similarly, F9 derived VE cells possess
desmosomes as well as tight junctions
(Hogan and Tilly, 1981; Hogan et al.,
1983). Cx43 is expressed in the VE at
early postimplantation stages (Ruang
voravat and Lo, 1992; Yancey et al.,
1992), while Cx31 is restricted to tro-
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phectodermal lineages, and these protein
expression patterns correlate with the
communication compartments within the
embryo (Kalimi and Lo, 1988; Dahl et
al., 1996).

All VE cells show a distinct sub-
apical distribution of cytokeratin fila-
ments connected to intercellular desmo-
somes. Similar observations were made
in F9 cells cultured in suspension in the
presence of RA: epithelium formation is
preceded by the expression of LN after 2
days, and starts with the expression of
alpha-fetoprotein (AFP) and the inter-
mediate filaments Endo A (keratin 8)
and Endo B (Grover et al., 1983), and
disappearance of the stem cell marker
SSEA-1 (Solter and Knowles, 1978)
from the outer layer at around day 3 or
4. In the course of differentiation, these
aggregates express increased amounts of
COLL-IV, and this expression and that
of LN and FN changes from a uniform
pattern into a predominant localization
under and around the outer layer of
cells, indicating the start of the
formation of the basement membrane
(Grover et al., 1983; Grover and Adam-
son, 1985). AFP is detectably secreted
after at least 5 days, and immuno-
histochemical detection on sections is
only possible after 7 days, and in the
outer, endodermal cell layer only (Ho-
gan et al., 1981; Grover et al., 1983).

In contrast to their precursors, PE
cells, whether derived from the PrE or
VE, establish few intercellular junctio-
nal complexes (Hogan and Tilly, 1981),
and are only loosely associated with the
surface of the mural TE on which they
migrate (Enders et al., 1978). Indeed,
the PE does not seem to constitute a
continuous cell layer at any stage of its
existence (Jollie, 1968; Enders et al.,
1978). Antibodies to E-cadherin do not
react with PE in vivo, or derived from
F9 cells (Vestweber and Kemler, 1984).

The loose association of PE cells is sug-
gestive for the absence of tight junctions
in PE. No desmosomes are found, and
some controversy exists whether cyto-
keratin filaments are present in F9 PE,
but if present, they are co-expressed
with the mesenchymal IF, vimentin (Ho-
gan et al., 1983; Lane et al, 1983;
Lehtonen et al., 1983; Trevor and Ste-
ben, 1992). While F9 cells express a ba-
sal level of vimentin, as often observed
in cultured cells, the expression level is
elevated in F9 PE cells.

PE cells have few microvilli, but an
extensive RER filled with secretory ma-
terial (Hogan and Tilly, 1981), such as
the glycoprotein SPARC (Mason et al.,
1986) and the ECM components COLL-
IV, FN, LN, entactin and heparan
sulphate proteoglycans (Hogan ef al.,
1980; Leivo et al., 1980). The PE cells
assemble these ECM in the continuous
basal lamina underlying the TE (Nadij-
cka and Hillman, 1974) that such be-
comes the very conspicuous Reichert's
membrane (Hogan and Tilly, 1981;
Hogan et al., 1982; Gardner, 1983). PE
cells have been shown to be far more
active in synthesis of COLL-IV and LN
than VE cells. However, in contrast to
VE cells, PE cells produce little, if any
FN (Hogan et al., 1980; Hogan, 1980;
Howe and Solter, 1980; Smith and
Strickland, 1981; Amenta et al., 1983;
Gardner, 1983). Studies with F9 cells
have shown increased amounts of LN in
PE intracellularly and associated in ex-
tracellular strands, while FN synthesis
decreases in the course of PrE and VE
derived PE formation (Wolfe et al.,
1979; Hogan et al., 1983; Grover and
Adamson, 1985). In addition, the PE
cells also synthesize modulators of the
ECM. Examples are the large amounts
of tissue plasminogen activator (tPA)
(Strickland et al., 1976; Marotti et al.,
1982), as well as the matrix degrading
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metalloprotease 9 (MMP-9, or collage-
nase), and its inhibitor TIMP-1 (Beh-
rendtsen and Werb, 1997).

Table III summarizes the junctional
specialization and cytoskeletal arrange-
ment in PrE, VE and PE in vivo and in
vitro. Taking into account that the first

PE cells have already acquired a
fibroblast-like appearance as they mi-
grate through the marginal zone, an
additional comparison of table III with
table II supports the contention that PE-
formation from either precursor bears
the hallmarks of an EMT.

Table III
PrE F9 PrE VE F9 VE PE F9 PE
cell-cell contacts
E-cadherin-based + (macular) + + + - -
adherens junctions
tight junctions + + - -
desmosomes - Subline + + - -
dependent
gap junctions + (Cx43)? + (Cx43)
cytoskeletal
organization
organized IF keratins keratins * keratins keratins* vimentin vimentin
subcortical actin + + + - -
apical microvilli +? +2? + + - -
matrix
COLL-IV synthesis +? +? + + ++ ++
LN synthesis + +? + + ++ ++
FN synthesis + + + + - -
ECM modulators little tPA uPA tPA, MMP-9
basal lamina spot-like continuous continuous
and thin and thick

(Reichert’s

membrane)
tissue specific gene alpha- alpha- thrombo-  thrombo-
expression fetoprotein fetoprotein  modulin modulin

Tissue organization of PrE, VE and definitive PE in vivo and in vitro.
For references, see text. When insufficient data were available for the indicated variables, positions in the table were left
empty. * = F9 cells express low amounts of vimentin as an effect of culturing. Expression is highly increased in F9 PE cells. ?

= indirect evidence.

PE-INDUCING FACTORS

Cell-cell and cell-matrix contacts.

How is the remarkable transition in
cell phenotype during PE formation
brought about? The earliest speculation
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about the induction of PE was that the
contact of PrE/VE with the TE initiated
the differentiation towards a PE pheno-
type. However, the PrE in the advanced
blastocyst is multilayered, with the su
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perficial cells having adopted a fibro-
blast-like PE morphology (Enders et al.,
1978; Gardner, 1982). This finding pro-
vided support for the hypothesis that the
lack of contact with diploid ectoderm,
rather than the contact with the mural
TE, induces the differentiation towards a
PE phenotype (Gardner, 1982). Further
support for this hypothesis came from
the fact that cells exhibiting the dis-
tinctive fibroblast-like appearance of
early PE were often seen to migrate out
from isolated ICMs explanted on a
tissue culture surface (Gardner, 1983),
and from the demonstration that PE cells
will form on top of the VE layer in the
absence of a TE layer to migrate on
(Hogan and Tilly, 1981). However, these
findings may also suggest that the lack
of lateral contacts, instead of or
combined with the lack of contact with
the PrE, induces PE formation. Some
support for this speculation comes from
a vinculin deficient, thus adhesive-
defective variant of the F9 cell line, that
spontaneously differentiates to PE
(Grover et al., 1987, Samuels et al.,
1993), and the observation that plating a
single-cell suspension of wild type F9
VE cells results in their loss of VE
phenotype and acquisition of some PE-
specific features, such as a swollen
endoplasmic reticulum and enhanced
tPA production (Grover and Adamson,
1986; Casanova and Grabel, 1988).

Also extracellular matrix components
have been shown to influence several
parameters of PE formation. F9 cells
defective in post-translational modifi-
cation of COLL-IV show reduced ex-
pression and secretion of LN and show
delayed differentiation in response to
RA and cAMP (Wang et al., 1989),
suggesting that COLL-IV is important
for the complete expression of the dif-
ferentiation program in response to RA
and cAMP. FN promotes the haptotactic

and chemotactic migration of F9 PE
cells (Carnegie, 1994). COLL-I, via the
binding of FN, stimulates the outgrowth
of PE cells from F9 embryoid bodies
(Grabel and Casanova, 1986; Grabel and
Watts, 1987). In addition, COLL-I,
COLL-IV and FN stimulate the migra-
tion of more solitary (thus considered
PE) cells further away from isolated
(rat) ICMs compared to LN (Carnegie
and Cabaca, 1993). This may be partly
due to the fact that more proliferating
outgrown cells were detected on FN and
COLL-IV than on LN. Although LN is
less inductive for PE formation than FN,
it is important to note that expression of
the LAMC-1 gene and the assembly of
its product, the laminin y chain, in the
basal lamina is required for PE
migration (Smyth et al., 1999). Beh-
rendtsen and co-workers demonstrated
an outgrowth promoting effect of FN on
plated mouse ICMs (Behrendtsen et al.,
1995). Moreover, they showed that the
addition of the collagenase MMP-9 inhi-
bits outgrowth of cells with PE morpho-
logy from isolated ICMs on FN, while
the addition of the inhibitor of MMP-9,
TIMP-1, had a stimulatory effect on the
number of outgrown cells and their mi-
grated distance (Behrendtsen and Werb,
1997). In contrast, PE outgrowth from
F9 embryoid bodies is reduced when
tPA activity is inhibited. Therefore, tPA
may facilitate the migratory behavior of
PE cells by mediating the degradation of
ECM components such as FN (Beh-
rendtsen and Werb, 1997; Cheng and
Grabel, 1997). Interestingly, if the adhe-
sion to FN is altered due to loss of the
B1-integrin, the most important receptor
for LN and FN in F9 cells and early em-
bryogenesis, migration of F9 PE on FN
in vitro or ES-derived PE on the Rei-
chert’s membrane in vivo is reduced
without apparent loss of differentiation
markers (Stephens et al., 1993; Stephens
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et al., 1995).

It remains speculative to what extent
FN contributes to PE formation in vivo,
since PE cells have been shown to be far
more active in synthesis of COLL-IV
and LN than VE cells and moreover, in
contrast to VE cells, PE cells produce
little, if any FN (Hogan et al., 1980;
Hogan, 1980; Gardner, 1983; Howe and
Solter, 1980; Smith and Strickland,
1981; Amenta et al., 1983). Thus, the
origin of the very low amounts of FN in
the Reichert’s membrane remains ambi-
guous. Since it is found in the outermost
layer adjacent to the TE (Semoff et al.,
1982), it may be derived from e.g. the
TE (Hogan et al., 1983) or is a soluble
form from the maternal serum (Gardner,
1983). Alternatively, it may be depo-
sited by the earliest PrE/VE cells mi-
grating over the TE (Semoff et al.,
1982) and play a role in the first stages
of PE formation only. A major
contribution of TE cells in FN deposi-
tion is not expected, since they play a
role in degradation rather than synthesis
of the Reichert’s membrane (Minor et
al., 1976a, b). It was suggested by
Grover and Adamson (1985), that FN in
differentiating embryoid bodies is
needed for aggregation and basement
membrane formation, while LN is
required for differentiation. LN is at
least essential for the formation of VE as
an initial step of PE formation, as the
culture of aggregates in presence of
antibodies to LN prevented formation of
an outer epithelium, and no AFP stai-
ning was found (Grover et al., 1983).

Parathyroid hormone related peptide
(PTHrP) and the type I PTH/PTHrP-
receptor.

Expression pattern and biological acti-

vity of PTHrP and its type I receptor.
Are cell-cell and cell-matrix contacts

the only PE inducing factors? The diffe-
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rentiation of F9 cells to PE upon expe-
rimental elevation of intracellular cAMP
levels suggested that hormonal activity,
via cAMP as a second messenger, could
also play a role in PE formation (Smith
and Strickland, 1981; Grover and Adam-
son, 1986). Evidence from our group
and others pointed to parathyroid hor-
mone related peptide (PTHrP) as a likely
candidate. First, F9 PE cells were shown
to express parathyroid hormone (PTH)
responsive adenylate cyclase activity
(Evain et al., 1981), but it was unclear
whether this hormone and its receptor
were expressed during early mouse em-
bryogenesis. Later, a PTH-like protein
(PLP or PTHrP) and an adenylate cy-
clase coupled PTHrP receptor were
found to be expressed in F9 PrE cells.
Addition of PTHrP to these cells leads
to both PE formation, and elevated
PTHrP receptor mRNA levels (Chan et
al., 1990; van de Stolpe et al., 1993).
Indeed, PTHrP generates a cAMP res-
ponse in ES- and F9 derived PrE cells
(van de Stolpe et al., 1993). Coculture
of isolated ICMs with TE, or the culture
of isolated ICMs in TE-conditioned me-
dium stimulated the outgrowth of soli-
tary PE cells, suggesting that the TE se-
cretes a PE-inducing factor (Behrendt-
sen et al., 1995). Messenger RNA ex-
pression of PTHrP in TE, and of its re-
ceptor (now referred to as the classical,
type I PTH/PTHrP-receptor or PTH(rP)-
RI throughout this thesis) in PrE and its
derivatives during early mouse embryo-
genesis support the contention that
PTHrP may be such an in vivo PE-
inducing factor secreted by the TE (van
de Stolpe et al., 1993; Karperien et al.,
1994, 1996). This contention was further
supported by the inhibition of PE
formation from isolated ICMs cultured
in the presence of a function perturbing
antibody to PTHrP, and the stimulation
of PE outgrowth from isolated ICMs in
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the presence of PTHrP on various ECM
components (Behrendtsen et al., 1995).
Surprisingly, no abnormalities in PE
formation were found in mouse embryos
in which the gene for either PTHrP or
PTH(rP)-RI had been ablated (Karaplis
et al., 1994; Lanske et al., 1996).
However, dependent on their genetic
background, 60% of PTH(rP)-RI -/-
embryos die between day 9.5 and day
12.5 pc with no apparent abnormalities
but a proportionally smaller body size
from day 8.5 pc onwards (Lanske et al.,
1996; Verheijen et al., 1999). While in
PTHrP -/- embryos the maternal protein,
abundantly present in the decidua, may
rescue the embryos from a PE phenotype
or early death, a similar mechanism
cannot operate in the PTH(rP)-RI -/-
embryos and account for an apparently
normal PE phenotype. Importantly, the
PTH(rP)-RI protein is only expressed in
the developing extraembryonic endo-
derm layers of the early postimplan-
tation embryo until day 8.5 pc, and
exclusively in PE at day 9.5 pc (Ver-
heijen et al., 1999). Moreover, PTHrP
signaling via a redundant receptor
during PE formation is highly unlikely,
since PTH(rP)-RI -/- ES cells do not
form PE upon addition of PTHrP in vitro
(Verheijen et al., 1999). Therefore, the
smaller body size and early death are
likely due to a malfunctioning PE. This
hypothesis waits further testing.

PTHrP induced signal transduction in
PFE formation.

PTHrP was first identified in tumor
cells associated with the syndrome of
hypercalcaemia of malignancy. It was
given its name based on its physiolo-
gical actions similar to PTH, including
elevated blood calcium levels and in-
creased adenylate cyclase activity lea-
ding to increased cAMP excretion, as
well as its structural resemblance to
PTH. The full-length mouse PTHrP pro-

tein consists of 139 amino acids (aa),
but is posttranscriptionally processed to
yield a family of PTHrP peptides before
it is secreted. Most of the PTH-like acti-
vity of PTHrP resides in its N-terminal
fragment of 34 aa, which shares 8 of the
13 N-terminal-most residues with PTH,
as well as considerable three-dimensio-
nal homology in the region of aa 13-34,
accounting for the fact that both pepti-
des are able to act as ligands with equal
affinity for the PTH(rP)-RI (Jiippner et
al., 1991; Mallette, 1991; Abou-Samra
et al., 1992; Orloff et al., 1994; Wan et
al., 1996; Chorev and Rosenblatt, 1996;
Goltzman and Henderson, 1996). Other
receptors that bind this or other PTHrP
fragments exist, but they seem not
involved in PE differentiation (Verheij-
en et al., 1999) or at least, if expressed
(which remains to be demonstrated) are
not capable of inducing PE in the ab-
sence of PTH(rP)-RI signaling.

The PTH(rP)-RI receptor is a 7-pass
transmembrane G-protein coupled recep-
tor, belonging to a family of receptors
which can activate the Gas and at least
one other G-protein to transduce the
signal (Segre and Goldring, 1993). Upon
ligand binding, for which specific do-
mains in the N-terminal extracellular re-
gion, the third extracellular loop, and the
second and seventh transmembrane do-
main are necessary (Gardella et al.,
1993; Lee et al., 1994; Turner et al.,
1996), the receptor presumably under-
goes a conformational change, resulting
in the activation of these G-proteins.

As illustrated in figure 8, binding of
the N-terminal 34 aa fragment of PTH or
PTHrP is sufficient to activate phospho-
lipase Cp (PLCP) and elevate adenylate
cyclase (AC) activity via respectively a
Goq and Gas activation in several cell
types, among which F9 PrE cells. In
turn, PLCP catalyzes the hydrolysis of
phosphatidylinositol 4,5-biphosphate to
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produce two second messengers, diacyl-
glycerol (DG) and inositol 1,4,5, tri-
phosphate (IP;), which activate protein
kinase C (PKC) and release of calcium
from intracellular stores respectively.
Adenylate cyclase converts adenosine
triphosphate to cAMP, which subse-
quently induces activation of protein
kinase A (PKA). The activation of PLCy
requires high Gq expression and higher
ligand concentrations and higher recep-
tor densities and on the cell membrane
than activation of AC in LLC-PKI1 cells.
Nonetheless, the addition of 100 nM
PTHrP, 34 to F9 PrE, normally used to
induce the formation of PE, is sufficient
to induce a calcium release in these cells
(Verheijen, 1997).
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Figure 8: Schematic representation of the
main signaling pathways activated by the

type I PTH/PTH(rP) receptor.

The PTH(rP)-RI is a G-coupled receptor, that passes the lipid
bilayer 7 times. Orientation: the extracellular space is above
the lipid bilayer, the intracellular space with the two known
signaling cascades are below the lipid bilayer. For details, see
text.

Since the substitution of PTHrP, 34 by
dbcAMP or even active PKA is suf-
ficient to induce PE formation in these
cells, but does not produce a calcium
transient (Verheijen, 1997; Verheijen et
al., 1999), the importance of PLCp
activation resulting in a calcium tran-
sient in PE formation remains unclear.
Moreover, the contribution of various
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isoforms of the other PLCP target, PKC,
to the differentiation of F9 EC to PrE
and subsequently to PE is probably
negligible (Kindregan et al., 1994;
Khuri et al., 1996).

Work in our group has indicated that
cAMP inhibits Ras activity itself in F9
PrE cells, which is in contrast to models
proposed by others in which cAMP
inhibits the Ras/MAP kinase pathway
downstream of Ras, (Verheijen and De-
fize, 1997). This Ras inhibition occurs
via a yet unclear mechanism, but at the
level of or downstream of PKA. Sub-
sequent work elucidated a dual role for
Ras signaling in extraembryonic endo-
derm formation (Verheijen et al., 1999):
Ras is rapidly activated by RA treatment
during the formation of PrE in F9 EC
cells. Furthermore, overexpression of
constitutively active Ras is sufficient to
induce F9 PrE. Support for a possible
necessity of Ras activity during endo-
derm formation came from Grb2 knock-
outs. Grb2 is an adapter molecule that
links various plasma membrane recep-
tors to the activation of Ras. Grb2 -/- ES
cells fail to form endoderm when sti-
mulated to do so, and this failure is
restored upon expression of an active
form of Ras (Cheng et al., 1998). Con-
versely, upon PTHrP treatment of F9
PrE cells Ras is slowly downregulated,
and the use of constitutively active Ras
elucidated that downregulation of Ras
activity is required for PE formation
(Verheijen and Defize, 1997). In paral-
lel, Ras is expressed at extremely low
levels in PE of rat embryos (Brewer and
Brown, 1992), suggesting that low
activity is probably important for in vivo
PE differentiation as well.

MAP kinase activity is high in F9
PrE, and reduced upon treatment with
PTHrP or cAMP. This strong correlation
between p42 MAP kinase activity and
Ras activity during the subsequent
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phases of endoderm formation suggests
that the cAMP-induced MAP kinase
inhibition is a consequence of the inhibi-
tion of Ras activity. Experimental inhi-
bition of MAP kinase activity in F9 EC
cells does not prevent RA-induced PrE
differentiation, nor is inhibition of MAP
kinase activity in F9 PrE cells sufficient
to induce PE. However, the inhibitory
effect of constitutively active Ras on
PKA-induced PE differentiation is com-
pletely abolished by blocking MAP
kinase activity with PD98059, sugges-

ting that downregulation of MAP kinase
activity is necessary for PE diffe-
rentiation (Verheijen et al., 1999). What
are the downstream targets of Ras and
MAP kinase in the subsequent steps of
PE differentiation remains speculative.
Given the obvious morphological
changes during differentiation, other
small GTPases of the Ras family are in-
teresting candidates for study, since they
are known to modulate cytoskeleton
assembly and cell membrane remode-
ling.

SNAIL ZINC FINGER TRANSCRIPTION FACTORS IN EPITHELIO-MESENCHYMAL
TRANSITIONS

In a strategy to identify new targets
of PTHrP signaling in PE formation, we
screened F9 PrE and F9 PE for differen-
tially expressed genes and identified up-
regulation of the gene encoding the zinc
finger transcription factor snail (Sna) in
PE (chapter 4 of this thesis). This gene
was first identified in Drosophila on the
basis that loss of function embryos
exhibit defects in the invagination of the
presumptive mesoderm and retraction of
the germ band, leading to highly twisted,
snail-like embryos (Grau et al.,, 1984;
Nusslein-Volhard et al., 1984; Hemava-
thy et al., 2000). The gene is a member
of the larger family of snail zinc finger
transcription factors, which have an evo-
lutionarily conserved molecular struc-
ture and expression pattern. In Droso-
phila, the snail family includes three
other genes, escargot, worniu, and
scratch (Whiteley et al., 1992; Roark et
al., 1995; Ashraf et al., 1999). In verte-
brates, each species studied usually pos-
sesses at least one smail gene and the
closely related slug. This family of
transcription factors is particularly inte-
resting, because they are involved in
various aspects of development and dif-
ferentiation, such as cell fate determina-

tion, cell migration, cell cycle regula-
tion, apoptosis, and cancer. Most
strikingly, family members are expres-
sed in mesenchymal cells, or cells un-
dergoing an EMT. Illustrative for this
are the expression of snail family mem-
bers in (presumptive) mesoderm during
gastrulation, neural crest migration, and
metastasizing tumors, as reviewed (He-
mavathy et al., 2000). In some of these
cases, snail or slug transcription is
downstream of e.g. dorsal and twist
(Drosophila) or mesoderm inducing fac-
tors (vertebrates), such as members of
the families of transforming or fibroblast
growth factors (TGFs, FGFs). However,
it is not clear whether this activation is
direct or indirect.

How do snail proteins regulate trans-
cription? The most conserved feature of
the snail family of proteins is the C-
terminal zinc finger domain, consisting
of 4 to 6 C,H,-type zinc fingers (Boulay
et al., 1987; Ashraf et al., 1999), with a
minimum of four fingers required for
functioning (Fuse et al., 1994; Grimes et
al., 1996; Nakayama ef al., 1998). These
fingers are implied in DNA binding,
although their use in protein-protein in-
teractions, as shown for some other zinc
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finger proteins (Mackay and Crossley,
1998), is not excluded. Outside the zinc-
finger domain, there is much less con-
servation among all the members of the
family. Nonetheless, one noticeable fea-
ture conserved among the Drosophila
family members is a small, N-terminal
segment, referred to as the NT box (He-
mavathy et al., 2000). No known func-
tion has been determined for this box,
but one may postulate that it is involved
in nuclear localization based on the pre-
sence of many basic residues. Inte-
restingly, all the vertebrate members
contain a different conserved motif at
their extreme N-termini, which was first
identified in the unrelated Gfi-1 onco-
protein, and thus called SNAG (snail/-
gfi-1) domain. This motif, MPRSFLVK,
is necessary but probably not sufficient
for transcriptional repression (Grimes et
al., 1996; Nakayama et al., 1998; Hema-
vathy et al., 2000; Kataoka et al., 2000).
Residual repressor function may be loca-
ted in the region in between the SNAG
domain and zinc-finger domain (Naka-
yama et al., 1998). All the targets of
snail activity in Drosophila, rhomboid,
single-minded and lethal-of-scute (Ip et
al., 1992; Kasai et al., 1992) and studies
with vertebrate snails show that snail
orthologues act indeed as transcriptional
repressors. However, they may function
as activators under some circumstances,
as the human SLUG and Drosophila
snail  each  confer  transcriptional

activation when assayed by transfection
(Mauhin et al., 1993; Nakayama et al.,
1998; Hemavathy et al., 2000).

How does snail confer its activity in
transcriptional regulation? The evolutio-
narily conserved recognition consensus
for DNA binding of the zinc finger
region is 5’-CANNTG, with a prefe-
rence for NN being GG or CC, but
variants of this core may bind the
proteins as well (Mauhin et al., 1993;
Fuse et al., 1994; Inukai et al., 1999).
This core sequence resembles the E,-
box, the consensus of bHLH protein
targets. Under some circumstances, the
snail family proteins may compete di-
rectly with bHLH proteins for the same
binding sequences. Interestingly, the E,-
box has also been identified in the
promoter of the human E-cadherin gene,
while repression via bHLH factors could
not be demonstrated (Giroldi et al.,
1997). Later Drosophila snail was
shown to repress DE-cadherin (Oda et
al., 1998). Since the loss of E-cadherin
expression by epithelial cells is corre-
lated with the acquisition of mesen-
chymal characteristics, which in turn is
often correlated with snail expression, it
was well conceivable that snail represses
E-cadherin expression also in verte-
brates, and is thus a key factor in EMT.
The resemblance of the PrE or VE to PE
transition to an EMT suggested a similar
key role for snail in PE formation, which
we investigated in chapters 4 and 5.

SCOPE OF THIS THESIS

For most mammalian embryos, the
implantation of the embryo in the ute-
rine wall is essential for its further deve-
lopment and survival. Therefore, the
first differentiation events in such em-
bryos are aimed at the establishment of
placental structures, to establish the con-
tact and nutrient and waste exchange be-
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tween embryo and uterus. In the mouse
embryo, the trophectoderm and the adja-
cent parietal endoderm (PE) form the
first placental structure, the parietal yolk
sac. Despite the importance of PE for
further embryonic development, relati-
vely little is known about the regulation
of its formation and function. However,
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it was speculated already about twenty
years ago that PE formation is induced
by cell contacts and a cAMP elevating
hormone, probably secreted by the tro-
phectoderm. After the discovery of the
peptide hormone PTHrP as an inducer of
PE formation in vitro (Chan et al., 1990;
van de Stolpe et al., 1993), our group
has investigated whether and how
PTHrP plays a similar role in the forma-
tion of PE in the mouse embryo. The
work described in the thesis of M. Kar-
perien demonstrated that the spatio-
temporal expression of PTHrP and the
type I PTH/PTHrP receptor (PTH(rP)-
RI) strongly supports a role for this hor-
mone/receptor system in PE formation
in the mouse embryo. Subsequent in
vitro studies, described in the thesis of
M. Verheijen, demonstrated that the
PTH(rP)-RI is the only receptor through
which PTHrP induces PE formation. It
additionally showed that the activation
of PKA, a downstream effector of
PTH(rP)-RI signaling, is sufficient for
the induction of PE differentiation, and
suggested that downregulation of Ras
and MAP kinase activity are required for
this process, but by themselves are not
inductive.

Meanwhile, the genes encoding the
PTHrP or the PTH(rP)-RI protein had
been respectively ablated (Karaplis et
al., 1994; Lanske et al., 1996) in mice,
but surprisingly, no abnormalities in PE
formation had been detected in embryos
missing either gene. However, PTH(rP)-
RI embryos are proportionally smaller
and start dying at around the age when
in the wild type situation, the receptor is

only expressed in the PE. Therefore, it
was tempting to investigate whether the
growth retardation and early death of the
knockout embryos were due to a thus far
undiscovered PE phenotype in these em-
bryos. Consequently, the project descri-
bed in this thesis was aimed first at elu-
cidating the cell-biological significance
of PTHrP signaling via the PTH(rP)-RI
in PE formation. The second aim was to
identify new molecules, propagating the
PTHrP induced signaling involved in PE
formation. In addition to the analysis of
PE layers in wild type and PTH(rP)-RI
knockout embryos, we also made use of
F9 embryonal carcinoma cells for our
studies. These cells provide an excellent
system to study PE formation in vitro
(Hogan et al., 1983), and are thus a very
helpful tool, as the onset of PE forma-
tion in the embryo occurs at a stage
when the embryo is hardly accessible for
experimentation.

As explained in this chapter, we pos-
tulate that PE formation is an epithelio-
mesenchymal transition. We demonstra-
te in this thesis that PTHrP signaling via
PTH(rP)-RI is required for this EMT,
which in turn is required for proper PE
differentiation. We identified the regula-
tion of connexin 43 and snail by this
signaling and studied their function in
PE formation. Our results led to new in-
sights in the molecular regulation of dif-
ferent aspects of PE formation. Further-
more, the findings described in this the-
sis open avenues to explain the growth
retardation and death of the PTH(rP)-RI
knockout embryos, as well as the role of
PTHTrP in tumor progression.

31






CHAPTER 2

PARATHYROID HORMONE RELATED PEPTIDE
INDUCES AN EPITHELIO-MESENCHYMAL
TRANSITION THAT IS REQUIRED FOR PARIETAL
ENDODERM DIFFERENTIATION

Jacqueline M. Veltmaat*, Jeanine A. A. Hendriks*', Beate
Lanske’,Jean-Paul Thiery3 , Siegfried W. de Laat, and Libert H.K.
Defize

*both authors contributed equally /_\
Hubrecht Laboratory, Netherlands Institute for Developmental Biology, Uppsalalaan /_\
8, 3584 CT Utrecht, The Netherlands. 'Current address: Isotis B.V., P.O. box 98,
3720 AB Bilthoven, The Netherlands. *Molecular Endocrinology, Max-Planck
Institute for Biochemistry, Am Klopferspitz 18a, 82152 Martinsried, Germany. *UMR

144 Morphogenése Cellulaire et Progression Tumorale, Institut Curie, Section de

Recherche, 26 Rue d’Ulm, 75248 Paris Cedex 05, France.






PTH(rP)-RI is required for proper PE formation

PARATHYROID HORMONE RELATED PEPTIDE INDUCES AN
EPITHELIO-MESENCHYMAL TRANSITION THAT IS REQUIRED FOR
PARIETAL ENDODERM DIFFERENTIATION

ABSTRACT

Primitive endoderm (PrE) and visceral endoderm (VE) cells migrate over the
trophectoderm and as such contribute to parietal endoderm (PE), the inner layer of the
parietal yolk sac in the mouse embryo. Based on the loss of epithelial morphology of
PrE and VE cells during their migration over the trophectoderm, and the mesenchymal
morphology of PE cells, we consider PE formation an epithelio-mesenchymal transition
(EMT). Here we studied the significance of Parathyroid hormone related peptide
(PTHrP) signaling via the type I PTH/PTHrP receptor (PTH(rP)-RI) for the migration
and morphological transformation of endoderm cells, two aspects of EMT, as well as
for PE-specific gene expression, during in vitro and in vivo PE formation. We
demonstrate that addition of PTHrP to F9 derived PrE and VE cells induces the loss of
typical epithelial cell-cell junctions, concomitant with the induction of a mesenchymal
morphology and PE-specific enhanced thrombomodulin expression. PTHrP enhances
migration during the formation of F9 PE. However, analysis of the parietal yolk sac
from mutant mouse embryos lacking the PTH(rP)-RI reveals that receptor activation is
not required for migration, as endodermal cells are present. Importantly, these cells
display the morphology and gene expression typical for epithelia, and lack PE-specific
enhanced thrombomodulin expression. We conclude that signaling via the PTHrP
hormone/receptor complex is required for PrE/VE cells to properly differentiate to
mesenchymal PE, but not for migration. The failure of mutant PE cells to complete the
EMT may cause the growth retardation and mortality that has been previously
described for these mutant embryos.

INTRODUCTION

The two extreme tissue phenotypes
are the epithelial and mesenchymal phe-
notype. Epithelia line surfaces of organs
and body cavities, and can be defined as
continuous sheets of cells with basal-
apical polarity, situated on a basal mem-
brane, with the cells tightly connected to
each other by specific junctions. These
junctions fulfill an anchoring function
(adherens junctions and desmosomes)
and form a permeability barrier across
cell sheets (tight junctions), or they fa-
cilitate intercellular passage of molecu-
les and with that allow communication
between cells (gap junctions) (Alberts et

al., 1983; Hay, 1995; Birchmeier et al.,
1996; Davies and Garrod, 1997). Most
of these junctions are interconnected
through cytoskeletal networks: actin mi-
crofilaments organize tight junctions and
adherens junctions into continuous belts
along the lateral membranes of the cells
(Collins and Fleming, 1995; Kusumi et
al., 1999), while cytokeratin intermedi-
ate filaments crosslink desmosomes
across the cytoplasma with each other
and with hemi-desmosomes, giving the
epithelium tensile strength (Kouklis et
al., 1994; Collins and Fleming, 1995;
Birchmeier et al., 1996; Boyer et al.,
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1996; Davies and Garrod, 1997). Mesen-
chymal cells develop from epithelial
cells by loss of these junctions and reor-
ganization of cytoskeletal structures, and
acquisition of front-to-back polarity,
allowing (enhanced) migration. As a re-
sult of this so-called epithelio-mesen-
chymal transition (EMT), the cells be-
come solitary or only very loosely con-
nected (Hay, 1995; Thiery and Chopin,
1999). Usually mesenchymal cells se-
crete high levels of extracellular matrix
molecules and possess invasive capacity.

The formation of mesoderm from
ectoderm during early gastrulation is
usually considered the first EMT in
mouse embryonic development (Hay,
1995; Viebahn, 1995). However, we no-
ted that PE formation may also be consi-
dered an EMT, occurring even before
gastrulation, since (i) PrE and VE, the
precursors of PE, are considered ‘epithe-
lioid’ or epithelial respectively, based on
their morphological appearance, locali-
zation on a basal lamina, and possession
of apical microvilli (Hogan and Tilly,
1981; Hogan, 1981; Franke et al., 1982;
Hogan and Newman, 1984; Salamat et
al., 1995) which are typical epithelial
characteristics (Hay, 1995), (ii) they
acquire a flattened, elongated fibroblast-
like morphology as they migrate onto
the basal lamina underlying the trophec-
toderm while forming the PE layer (Sol-
ter and Damjanov, 1973; Enders et al.,
1978; Gardner, 1982; Cockroft and
Gardner, 1987), (iii) by ongoing mor-
phological modifications the PE cells
become increasingly solitary, smooth
cells, with a rounded cell body from
which long filopodia-like protrusions
extend (Hogan and Newman, 1984;
Cockroft, 1986), (iv) the cells secrete
large amounts of extracellular matrix
factors that constitute a thickening basal
lamina, now called Reichert’s membrane
(Hogan and Tilly, 1981; Hogan et al.,
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1982; Hogan et al., 1982)

Previously, we and others have
shown that PTHrP induces PE formation
in vitro (Chan et al., 1990; van de Stolpe
et al., 1993) and ex vivo (Behrendtsen et
al., 1995), and does so exclusively via
the type I PTH/PTHrP receptor
(PTH(rP)-RI) (Verheijen et al., 1999).
The expression of PTHrP by TE and de-
cidual cells, and expression of the recep-
tor by the VE in the marginal zone and
by PE strongly suggest a similar role in
vivo (Karperien et al., 1994, 1996;
Verheijen et al., 1999). Mouse embryos
lacking the PTH(rP)-RI are growth
retarded and the first die at the 9" day of
gestation, when wild type embryos
express the receptor in PE only (Lanske
et al., 1996; Verheijen et al.,, 1999).
Since PE cells constitute the inner layer
of the parietal yolk sac, which surrounds
and protects the embryo and
importantly, serves as a nutrient filter
between mother and embryo (Gardner,
1983; Freeman, 1990; Cross et al.,
1994), the mutant phenotype is presuma-
bly caused by a dysfunctional PE layer
(Lanske et al., 1996; Verheijen et al.,
1999). However, no abnormalities were
observed in histological examination:
PE cells seemed to normally occupy the
Reichert’s membrane and contribute to
its composition by the secretion of lami-
nin (Lanske et al., 1996), leaving the
role of PTHrP and its receptor in PE for-
mation in vivo enigmatic.

To better understand the cell-biologi-
cal significance of this hormone/receptor
complex in PE formation, we studied its
role in two aspects of EMT seen during
PE formation, i.c. the changes in expres-
sion of markers that discriminate epithe-
lium from mesenchyme, and migration,
as well as in PE-specific thrombomodu-
lin expression. The results of
experiments on in vitro PE formation
from F9 cells indicate that addition of
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PTHrP induces the morphological
transition of PrE and VE to a
mesenchymal cell type. Additionally, it
enhances but importantly, is not required
for migration during PE formation. This
suggests that PTH (rP)-RI activation is
not required for migration. By
microscopical and molecular analysis of
the parietal yolk sac of PTH(rP)-RI null
mutant embryos, we confirmed that du-
ring PE formation in vivo, PE precursors
migrate in the absence of PTHrP
signaling via this receptor. However, the
PTH(rP)-RI -/- cells that are considered
PE on the basis of topography, display
an epithelial instead of mesenchymal
morphology, and additionally, do not
express the PE-marker thrombomodulin
(Imada et al., 1987; 1990a, b; Weiler-
Guettler et al., 1996). Thus PTH(rP)-RI
activation is required for the differentia-
tion of PE precursors to a mesenchymal
cell type with PE specific gene expres-
sion. The incomplete EMT and lack of
cell-type specific differentiation during
PE formation in the PTH(rP)-RI -/- em-
bryos strongly support our previous as-
sumption that the growth retardation and
early death of these mutants is caused by
a dysfunctional parietal yolk sac.

MATERIALS AND METHODS

Cell culture and differentiation

F9 EC cells were obtained from ATTC
(American Type Tissue Culture, Rockville, MD) and
cultured on gelatinized tissue culture surfaces as
described elsewhere (Veltmaat et al, 2000). All
tissue culture plastic was from Costar (Badhoe-
vedorp, The Netherlands). To obtain PrE, cells in
monolayer were treated for 3 days with 10 M all
trans retinoic acid (RA) (Sigma, Bornem, Belgium).
To obtain VE, cells were cultured in suspension in
bacterial dishes in the presence of 5 x 10°M RA for
7 days, generating aggregates of various sizes, with a
core of undifferentiated cells surrounded by VE
(Hogan et al., 1981). These so-called embryoid bo-
dies were re-plated on gelatinized surfaces. PrE and
VE were differentiated to PE by subsequent treat-

ment with PTHrP;34 (PTHrP) (Bachem, Bubendorf,
Switzerland) for 1 day (embryoid body outgrowths)
or 2 days (monolayer).

Mice, dissection of extraembryonic endoderm

PTH(rP)-RI heterozygous mice (Lanske et al.,
1996) in a C57BL/6 x CBA genetic background were
intercrossed and embryos were isolated at E7.5, E8.5
or E9.5. Midday of the day of appearance of a vagi-
nal plug was designated E0.5. The Reichert’s mem-
brane with the PE attached were isolated and care-
fully anchored to polyethylene coverslips (Sarstedt
Inc., Newton, NC) as described (Hogan et al., 1994)
using a pair of tweezers, and analyzed by means of
phase contrast microscopy. Membranes were fixated
mildly (10-20 minutes) in a 4% paraformaldehyde
solution in PBS, and used for immunohistochemistry
as described for F9 cells below combined with epi-
fluorescence microscopy. Some embryonic material
was used for a genotyping PCR.

Genotyping PCR
DNA was purified from embryonic tissue de-

rived from the crossings described above. PCRs were
done to test for the presence of the intact PTH(rP)-RI
allele and substitution by the neo-cassette. Primers
were  GCAGAGATTAGGAAGTCTTGGA  and
GCCGTCGTCCTTGGGAACTGT (forward and re-
verse for receptor), and for the neomycin cassette
GGAGAGGCTATTCGGCTATGAC (forward), and
CGCATTGCATCAGCCATGATGG (reverse). Both
products were simultaneously amplified in a reaction
volume of 25 pl, using 1 ul DNA, 1.5 mM MgCl2,
0.5 mM of each dNTP, 20 pmol of each primer, and
1 U Taq Polymerase in its reaction buffer (Eurogen-
tec, Seraing, Belgium). Reactions were cycled in a
BIOMETRA UNO II thermocycler (Biometra, Got-
tingen, Germany) through 5 min. 95°C, 40x(30 sec.
95°C, 30 sec. 61°C, 45 sec. 72°C), 7 min 72°C and
soaked at 4°C, and analyzed by gel electrophoresis.

Electron microscopy

F9 EC cells were grown in monolayer on poly-
ethylene coverslips (Sarstedt) in the presence of RA
for 3 days to obtain PrE. They were fixated in 2%
paraformaldehyde/2% OsO,/50 mM cacodylic acid
pH 7.2 during 4 hr. at room temperature, and
postfixated in 1% OsO04/1.5% K4(FeCNg)/50 mM
sodium phosphate pH7.3 during 1.5 hr. on ice,
followed by a 30 minute 1% uranyl acetate treatment
at room temperature. After dehydration, cells were
flat embedded in Epon. Ultrathin sections of 70 nm
were cut, of which contrast was enhanced by uranyl
acetate and lead citrate treatment. Sections were
analyzed by transmission electron microscopy
(Philips).

Immunohistochemistry
FO9 cells that had been treated with RA during 3
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days were trypsinized and re-plated in a density of
25000 cells/cm” with RA or PTHrP on polyethylene
coverslips (Sarstedt). After 2 days, they were washed
in PBS (phosphate buffered saline supplemented
with 0.1 mM CaCl, and 1 mM MgCl,) at 37°C cells
and fixated mildly during 10-20 minutes in 2-4%
paraformaldehyde in PBS at room temperature for
most immunohistochemical applications. For detec-
tion of desmoplakin I and II, cells were fixated 10
minutes in methanol at —20°C. After fixation, cells
were washed in PBS at room temperature. For detec-
tion of E-cadherin, [B-catenin, connexin43, and
thrombomodulin, fixation was quenched 30 minutes
in PBS/20 mM NH,CI at 4°C, followed by washings
with PBS at room temperature. Cells were placed in
NETGEL (50 mM Tris pH 7.4, 150 mM NacCl, 5 mM
EDTA, 0.05% (v/v) NP-40, 0.25% (w/v) gelatin,
0.02% (w/v) sodium azide) supplemented with 10
mM CaCl, and 1 mM MgCl,, for at least one hour.
Cells were incubated with first and subsequently
secondary antibody during 1 hr in supplemented
NETGEL, and washed in PBS after each incubation.
For detection of ZO-1, cytokeratins and actin, cells
were permeabilized 5 minutes in PBS/0.2% Triton
X-100 after fixation, washed in PBS. Antibody incu-
bations were diluted in PBS according to manu-
facturer’s recommendations. Cells were analyzed by
confocal laser scanning microscopy. Ratomouse-E-
cadherin (DECMA) was from Sigma, mouse-3-
catenin and connexin43 were from Transduction La-
boratories, mouseamouse desmoplakin I/I anti-
bodies were from Boehringer Mannheim, rabbit-
abovine-pan-keratin was from DAKO, Texas-Red
conjugated phalloidin was from Molecular Probes
Inc. Cy-3 conjugated secondary antibodies and Te-
xas-Red conjugated secondary antibodies were from
Jackson Laboratories. Rabbitamouse-ZO-1 anti-
bodies were a kind gift of Dr. M. Arpin (Institut Cu-
rie, Paris, France) and diluted 1:200. Ratoamouse
thrombomodulin antibodies 273-34A were a kind
gift of Dr. S.J. Kennel and diluted 1: 250 (Oak Ridge
National Laboratory, Tennessee, USA).

Analysis of cell migration

To analyze whether PTHrP affects migration of
PE precursors, F9 embryoid bodies were re-plated in
the absence or presence of PTHrP and photographed
1 day later. Migration was defined as the distance
that cells had migrated away from the edge of the
embryoid body, calculated as the average distance of
the cell farthest away from the edge, determined in 8
directions with 45° intervals. The mean total distance
was calculated for 16 embryoid bodies without and
25 with PTHrP. In all cases, a two-sided Student’s t-
test was performed to calculate the significance of
the difference in means +/- standard error of the
mean (SEM).
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RESULTS

PTHrP induces a mesenchymal mor-
phology in the epithelial precursors of
PE in vitro.

To gain more insight in the signifi-
cance of PTHrP in PE formation, we
started analyzing in vitro in which as-
pects of the EMT as it occurs during in
vivo PE formation PTHrP plays a role.
VE of an E8.5 mouse embryo has an
epithelial morphology (figure 1A), while
PE cells, which are formed by
differentiation of PrE and VE, are
solitary, rounded off cells (figure 1B).

PE formation can be mimicked in vi-
tro by differentiating F9 EC cells. When
treated with retinoic acid (RA) for 3
days in monolayer, about 80% of the EC
cells acquire a flat, polygonal morpho-
logy, and are associated in continuous
sheets, as shown in figure 1C. These
cells are considered PrE, based on their
morphology, the loss of expression of
SSEA-1, a marker for undifferentiated
cells that is expressed by untreated F9
EC cells (Solter and Knowles, 1978),
and gain of expression of the endoder-
mal markers TROMA-1, (Kemler et al.,
1981; Duprey et al., 1985), laminin
(Strickland et al., 1980) and tissue plas-
minogen activator (tPA) (Strickland and
Mahdavi, 1978). However, they do not
yet express the PE marker thrombomo-
dulin at the membrane (figure 2 A, A’)
(Imada et al., 1987, 1990a, b; Verheijen
et al., 1999). At this time they express
the PTH(rP)-RI (van de Stolpe et al.,
1993). Subsequent addition of PTHrP
results in a refractory, rounded off shape
with filopodia-like extensions and less
than 20% contact with neighboring cells
in 50-80% of the cells (fig. 1D). These
cells are considered PE on the basis of
their rounded morphology and reduced
contact with other cells (Behrendtsen et
al., 1995), elevated expression of lami-
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nin and tPA, and high expression of
thrombomodulin (figure 2B, B”).

Alternatively, treating F9 cultures in
suspension with RA results in aggre-
gates with an outer layer of VE cells
characterized by the expression of
alpha-fetoprotein (Grabel and Casanova,
1986). Upon re-plating of these so-cal-
led embryoid bodies on gelatinized tis-
sue culture plastic the endoderm cells
grow out as continuous sheets (figure
1E) with very low levels of thrombomo-
dulin expression at the membrane (fi-
gure 2C, C’). Incidentally, solitary cells
are seen, of which the number is greatly
increased and morphology is more roun-
ded by addition of PTHrP upon re-pla-
ting. These cells are considered PE as
indicated by their rounded morphology
(figure 1F), and a high expression level
of thrombomodulin (figure 2D, D).

mouse endoderm

F9 endoderm

F9 endoderm embry-

Figure 1: Morphology of extraembryonic
endoderm (like) cells derived from mouse

embryos and F9 cells.

Phase-contrast images of fresh in vivo isolates and F9 cul-
tures. All photographs are displayed at the same magnifica-
tion.

phase contrast thromomoedulin phase contrast

thromomodulin

Figure 2: Expression of the PE marker
thrombomodulin by F9 cells.

Phase-contrast (A-D) and g epifluorescence images of the
corresponding areas (A’-D’) showing immunoreactivity for
the PE marker thrombomodulin in F9 endoderm after fixation.
All photographs are displayed at the same magnification.

These data demonstrate that PTHrP
induces a mesenchymal phenotype du-
ring PE in vitro formation, at least at the
morphological level. We further investi-
gated this at the molecular level, by ana-
lyzing the expression of molecular mar-
kers that distinguish epithelial cells from
mesenchymal cells. Next we analyzed
the role of PTHrP in migration, to shed
light on the possible role of PTHrP in
the EMT as it occurs during PE forma-
tion in vivo.
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Epithelial junctions
between PrE and
VE cells are lost
during PTHrP
induced PE forma-
tion in vitro.
Epithelia can be
discriminated from
mesenchymal cells
by their expression
of specialized cell-
cell junctions, e.g.
zonular adherens
junctions and/or des-
mosomes, and most
often tight junctions
(Davies and Garrod,
1997). We used the
localized expression
of  proteins  that
constitute various
junctions to further
examine F9 PrE, VE
and PTHrP induced
PE cells for their
epithelial or mesen-
chymal  character.
Figure 3A shows
that PrE cells
express zonula oc-
cludens 1 (ZO-1), an
intracellular marker
for tight junctions
(Collins and
Fleming, 1995), at
the cell membrane,
suggesting it is in-
corporated in intact

junctions. E-cadhe-
rin (figure 3C) and
-catenin (figure

3E), the transmem-
brane and intra-
cellular constituents
respectively of adhe-
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E-cadherin L0-1

f-catenin

connexind}

DF /11

Figure 3: Analysis of cell-cell junctions in F9 endoderm.
Immunoreactivity of F9 endoderm as analyzed by confocal laser scanning microscopy on F9
PrE (left column, from a culture as displayed in figure 1C), F9 PrE derived PE (right
column, from a culture as displayed in figure 1D) and F9 VE (K) as displayed in figure 1E).
Shown are expression of ZO-1 as a marker for tight junctions (A, B), E-cadherin (C, D) and
B-catenin (E, F) as markers for adherens junctions, connexin43 (G, H) as a marker for gap
junctions, and desmoplakins (DP) I/IT (I, J, K) as markers for desmosomes. The prevalence
of positive cells is displayed in table 1. All photographs are displayed at the same
magnification. Figure L is a transmission electron micrograph demonstrating the presence
of a gap junction in F9 PrE between the black arrowheads. F-actin fibers located laterally
are indicated by white arrowheads. Scale bar is 500 nm.
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rens junctions (Boyer et al., 1996) are
expressed at the membrane as well,
indicative for the presence of adherens
junctions, which we confirmed by
transmission electron microscopy (figure
3L). The expression of connexin43
(Cx43), the most abundant component of
gap junctions in F9 cells, which we have
shown to be functional (van der Heyden
et al., 2000), is shown in figure 3G. On
the other hand, desmoplakin I/Il (DP),
the intracellular constituent of desmoso-
mes (Boyer et al., 1996), are expressed
at the membrane only in a few PrE cells
(< 1%), of which an example is shown
in figure 31. In VE cells, expression pat-
terns of ZO-1, E-cadherin and B-catenin
were identical to those in PrE cells (not
shown). While Cx43 was localized at the
membrane as well as intracellularly in
PrE, in VE cells it was mainly localized
at the membrane (van der Heyden et al.,
2000). Most strikingly, expression of DP
was seen in more than 80% of VE cells
(figure 3K), in contrast to the very low
expression in PrE cells.

Upon treating PrE cells with PTHrP,
membrane localized expression of E-
cadherin (figure 3D) and B-catenin (fi-
gure 3F) was fragmented or completely
abolished, and E-cadherin was often in-
ternalized. The majority of Cx43 was

mainly localized intracellularly as well,
with sparsely distributed spots remai-
ning at the membrane (figure 3H), in
accordance with a decreased, but still
present, intercellular communication as
we recently described (van der Heyden
et al., 2000). Membrane localization of
Z0-1 (figure 3B) and DP (figure 3J) was
no longer detected. VE derived PE ex-
pressed all these molecules similar to
PrE-derived PE (not shown).

Together, these data (as summarized
in table 1) show that F9 PrE and VE
possess anchoring junctions, as well as
tight and gap junctions, and thus can
both be considered epithelia. They dis-
play qualitative differences in membrane
localized expression of DP, which may
reflect maturation of the epithelial state
in VE, and in expression of Cx43. The
partial or complete absence or relocation
of all the junctional molecules and
rounding of the cells upon treatment
with PTHrP is indicative for a mesen-
chymal phenotype, induced by PTHrP.
In addition to their loss of anchoring and
tight junctions, the PE cells have less
gap junctions, and therewith a reduced
capacity for intercellular communication
(van der Heyden et al., 2000).

Membrane-localized expression of

junctional proteins in F9

endoderm.

The prevalence of membrane-localized expression
of junctional proteins in F9 endoderm is indicated
with — (absent in all cells), +/- (present in less than
- 1% of the cells) or +++ (present in 75-100% of the

Table 1
PrE VE PE
Z0O-1 (tight junction) +++ -
E-cadherin (adherens junction) +++ -
-catenin (adherens junction) +++ -
connexin43 (gap junction) +++
desmoplakin I/IT (desmosome) +/- +++ -

cells). Expression patterns are illustrated in figure
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F9 PrE cells have an epithelial cyto-
skeletal organization, which is lost up-
on PTHrP treatment.

Another hallmark, in which epithelial
cells differ from non-epithelial cells, is
the organization of  cytoskeletal
filaments (Alberts et al., 1983). In epi-
thelial cells, the actin microfilaments are
organized in a continuous subcortical
belt at the lateral membranes, and cyto-
keratin intermediate filaments form an
intricate network across the cytoplasm.
In mesenchymal cells, cytokeratins do
not form such a network, but may be
linked to focal adhesion plaques instead,
and their expression may be complemen-
ted or substituted by another interme-
diate filament, vimentin. In contrast, the
subcortical actin fibers are fragmented,
or may form stress fibers attached to fo-
cal adhesion plaques at the basal mem-
brane, or alternatively, this cytoskeleton
may completely collapse.

We tested F9 PrE cells and PTHrP
induced PE cells for the expression and
localization of actin microfilaments and
keratin intermediate filaments. Actin
microfilaments were mainly running
along the lateral periphery of PrE cells
as a thick subcortical belt, typical for
epithelial cells (figure 4A). Occasionally
these filaments formed stress fibers. In
PTHrP induced PE cells, the thick
subcortical belts were not detected at all
(figure 4B). Instead, microfilaments
were fragmented and in many cells
perinuclear staining was observed.

In PrE cells, the epithelial cytokeratin
filaments, although strongly variably a-
bundant, were always organized in a net-
work (figure 4C). In contrast, in the
PTHrP induced PE cells, these keratins
were no longer detected as a network,
but they were still present perinuclearly
(figure 4D). The intermediate filament
that is typical for mesenchymal cells,
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vimentin, is also present to some extent
in F9 PrE, but strongly upregulated in
F9 PE cells (Trevor, 1990), indicative
for the transition to a mesenchymal
differentiation state. This is confirmed
by the respective absence and presence
of vimentin in VE and PE in vivo (Lane
et al., 1983; Lehtonen et al., 1983).

F9 PrE

F9 PE

F-actin

keratins

Figure 4: Cytoskeletal organization in F9

endoderm.

Immunoreactivity of F9 endoderm as analyzed by confocal
laser scanning microscopy on F9 PrE (left column, from a
culture as displayed in figure 1C), and F9 PrE derived PE
(right column). Shown are expression of F-actin
microfilaments (A, B) or keratin intermediate filaments (C,
D). Photographs A and B are displayed at the same
magnification. Photographs C and D are displayed at the same
magnification, which is slightly higher than for A and B.

Thus, the cytoskeletal rearrangements
that we observed upon PTHrP treatment
confirm that this peptide induces a
mesenchymal phenotype during the
formation of PE.

Cell migration during the formation
of PE in vitro occurs independently of
exogenous PTHrP.

Cells undergoing an EMT usually ac-
quire an increased migratory speed (Bo-
yer et al., 1996). To assess the role for
PTHrP in this aspect of PE formation,
we mimicked the in vivo situation
(where endoderm has to grow away from
the inner cell mass) more closely by gro-
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wing F9 cells in suspension in the pre-
sence of RA. This allowed the formation
of aggregates with a core of undif-
ferentiated cells, surrounded by VE cells
as indicated by expression of alpha-
fetoprotein (Dziadek and Adamson,
1978; Hogan et al., 1981). These so-
called embryoid bodies were re-plated
on gelatinized tissue culture plastic, and
photographed the next day. Migration
was determined by measuring the dis-
tance between the edge of the embryoid
body and the farthest outgrown cell as
measured in 8 pre-determined directions.
As shown in table II and figure 5A, cells
grow out in the absence of exogenous
PTHrP, while retaining their epithelial
character as indicated by morphology
and membrane localized E-cadherin and
B-catenin expression (figure 5C°, C’’).

outgrowth phase-contrast

- PTHrP

+ PTHrP

However, the addition of PTHrP
increased the average distance signifi-
cantly. Since the total number of out-
grown cells in the absence or presence
of PTHrP did not differ significantly
(not shown), this larger distance was
attributable to enhanced migration of
individual cells in the presence of
PTHrP. In the absence of PTHrP less
than 10% of the outgrown cells had lost
contact with neighboring cells, and these
had only incidentally assumed a fibro-
blastic or more rounded, mesenchymal
morphology (figure 5A, arrow). Upon
addition of PTHrP, the percentage of
solitary cells with such typical PE mor-
phology and loss of adherens junctions
was strongly increased (70%+24%, fi-
gure 5B arrow, D’, D”’), as was throm-
bomodulin expression (figure 2D, D).

B-catenin

E-cadherin

-

Figure 5: F9-embryoid body outgrowth in absence and presence of PTHrP.

F9 EC cells were cultured in suspension with RA during 7 days, generating embryoid bodies with a core of undifferentiated
cells, surrounded by VE. Upon subsequent re-plating and 1 day culture in the absence (A) or presence (B) of PTHrP,
outgrowths of cells with a predominantly epithelial or mesenchymal morphology were seen respectively. In the absence of
PTHrP, most outgrown cells (of which the nuclei are shown in C at a larger magnification) have membrane localized expression
of E-cadherin (C’) and B-catenin (C’”), while in the presence of PTHrP, more solitary cells are seen (B), often with a rounded
morphology (as estimated from light-refraction), typical for PE (arrow in A, B), with a lack of membrane localized expression
of E-cadherin (D”) and B-catenin (D’”) in outgrown cells (nuclei shown in D).

Outgrowth of F9 embryoid bodies.

The migration of cells growing out from F9 embryoid bodies

Table 11

in the absence or presence of PTHrP was measured as end-
point values at 1 day after re-plating on gelatinized surfaces.
Values represent the mean distance (in arbitrary units, a.u.) of
the cell farthest away of the edge of the aggregate, as

- PTHrP + PTHrP

(n = 16) (n = 25) measured in 8 directions per aggregate, with the S.E.M. over
the number of aggregates (n) re-plated. The effect of PTHrP
on outgrown distance is significant (p < 0.01, two-sided Stu-

Distance from edge 54+0.6 8.4+0.7 dent’s t-test). 1 a.u is approximately equal to 4 VE-cell diameters.
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These data indicate that VE cells, the
epithelial precursors of PE, possess a
capacity to migrate, which is indepen-
dent of exogenous PTHrP. We can not
exclude a role for endogenous PTHrP in
this basal migration in vitro, as PTHrP
and the PTH(rP)-RI are expressed upon
RA treatment of F9 cells and may pro-
vide autocrine or paracrine stimulation
(Chan et al., 1990; van de Stolpe et al.,
1993). Importantly however, the addi-
tion of PTHrP significantly enhances the
migration of outgrowing cells and their
acquisition of a mesenchymal morpho-
logy, and as such PTHrP is sufficient to
in vitro induce the EMT as seen during
PE formation in vivo.

PTH(rP)-RI null mutant embryos
form PE cells that have not acquired
the mesenchymal morphology.

To determine whether PTHrP signa-
ling is also required for these aspects,
we analyzed PE formation in PTH(rP)-
RI knockout mouse embryos. Signaling
of PTHrP during PE formation through
another receptor can most likely be
excluded, since ES cells derived from
such embryos do not form PE upon
addition of PTHrP in vitro (Verheijen et
al., 1999).

We isolated the Reichert’s membrane
from embryos at E7.5-E9.5 derived from
crosses between PTH(rP)-RI heterozy-
gous mice in a C57BL/6 genetic back-
ground, and investigated them by phase
contrast microscopy. In accordance with
our previous findings (Lanske et al.,
1996), we found that cells were present
on these membranes at all stages, indi-
cating that PTHrP signaling is not neces-
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sary for migration. The cells constituting
the PE layer of E7.5 embryos were dif-
ficult to analyze, but seemed to predo-
minantly have an epithelial appearance,
regardless of genotype. We found that
cells of the PE layer in E8.5 hetero-
zygous and wild type embryos mostly
displayed a rounded, mesenchymal mor-
phology (figure 6A, D), and were some-
times mingled with patches of epithelial
cells, while in E9.5 embryos these pat-
ches were seldomly observed (table III).
In contrast, in null mutants of E8.5 and
E9.5, the PE layer consisted predomi-
nantly of cells with an epithelial mor-
phology resembling VE (figure 1A, 6B,
E, table III).

Table II1

+/- or +/+ -/-

E8.5 E9.5 E8.5 E 9.5
epithelial 2 2 13 2
predominantly
mesenchymal,
with epithelial 17 0 0 1
patches
mesenchymal 55 22 1 0
TOTAL 74 24 14 3

Morphology of PE of embryos from
crosses between C57BL/6 PTH(rP)-R1 +/-

mice.

Table III displays the number PE isolates dissected from 12
litters at E8.5 and 6 at E9.5 of the indicated PTH(rP)-R1
genotype with an epithelial versus mesenchymal morphology
of PE cells on the Reichert’s membrane, as observed by phase
contrast microscopy at the time of isolation. 54 Embryos (24
at E8.5 and 30 at E9.5) of these litters were not available for
analysis due to unresolved genotype or failed PE isolation.
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PE layer +-

VE hyer +-

PE layer -/-

B-catenin

Figure 6: Morphology and protein expression in PE cells with different genotypes for
the PTH(rP)-RI.

Phase contrast and epifluorescence images of the corresponding areas of cells occupying the Reichert’s membrane in PTH(rP)-
RI heterozygous mouse embryos (A, D) and their PTH(rP)-RI null mutant litter mates (B, E), and of heterozygous VE (C) at
E8.5 (A-C) or E9.5 (D, E) in a C57BL/6 genetic background. Expression and localization of B-catenin (A’-C’) and
thrombomodulin (D’, E’) was analyzed by epifluorescence microscopy. Expression of these proteins in wild-type embryos
resembled that of heterozygous littermates. The low expression of thrombomodulin in VE is masked by expression in

vasculature, therefore not shown. All images are displayed at the same magnification.

To test if these morphologically
epithelial cells were also linked by cell-
cell junctions, we analyzed the cells of 9
wild type and heterozygous, and of 6
homozygous null mutant embryos at
E8.5 for membrane-localized expression
of P-catenin. We could not find
membrane labeling of B-catenin in PE of
any of the wild type and heterozygous
embryos (figure 6A’), while it was
localized at the membrane in PE of all
null mutant littermates (figure 6B’),
suggesting the presence of adherens
junctions. Thus, both in morphology and
expression of B-catenin, mutant PE cells
resemble VE cells, which thus seem to
fail to complete their EMT.

Additionally, we examined E9.5 em-
bryos for expression of the PE marker
thrombomodulin, and found that the
mesenchymal morphology of PE of wild
type and heterozygous embryos (n=21)
always correlated with high levels of
thrombomodulin expression (figure 6D,
D”). In contrast, the epithelial morpholo-
gy of PE in their null mutant littermates

(n=3) always correlated with low levels
of thrombomodulin expression at the
membrane (figure 6E, E’). Whether
these mutant PE cells resembled VE
cells with respect to their expression of
thrombomodulin was difficult to deter-
mine, since expression of thrombomodu-
lin in VE was masked by expression of
this protein in the vasculature in vivo.
However, it closely resembled the low
expression levels observed in F9 VE
(figure 2C’), suggesting that the mutant
PE cells are VE cells that fail to dif-
ferentiate.

Taken together, our results indicate
that PTHrP signaling via the PTH(rP)-RI
is sufficient and required to induce the
differentiation to a mesenchymal cell
phenotype with PE specific gene expres-
sion during PE formation in vitro and in
vivo. It enhances migration in vitro, and
is therefore a true inducer of the EMT as
seen during PE formation. However, our
in vivo results demonstrate that signaling
via this hormone/receptor system is not
required for migration. Therefore, PE
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precursors in PTH(rP)-RI null mutant
embryos contribute to a PE layer albeit
without acquisition of a mesenchymal,
PE-specific differentiation state. The
lack of differentiation that we found in
cells of the PE layer of PTH(rP)-RI
mutant embryos at the age at which they
are first growth retarded and start dying,
strongly supports our previous assump-
tion that their phenotype is caused by a
dysfunctional parietal yolk sac.

DISCUSSION

We propose to consider the diffe-
rentiation of PrE and VE to PE an epi-
thelio-mesenchymal transition (EMT).
We provide evidence that PTHrP signa-
ling via the PTH(rP)-RI is required for
the epithelial precursor cells of PE to
undergo the transition to a mesenchymal
cell type with PE specific morphology
and marker expression, but not for their
migration over the Reichert’s membra-
ne, away from the embryo proper. We
provide support for our previous as-
sumption that PTH(rP)-RI null mutant
embryos are growth retarded due to a
malfunctioning PE.

PTHrP is sufficient for induction of a
mesenchymal phenotype during PE
formation.

PrE and VE have been recognized as
epithelia before by others, mainly based
on positional and structural features of
the cells (Franke et al., 1982; Hogan and
Newman, 1984). PE cells in vitro and in
early post-implantation mouse embryos
are scattered over the surface as solitary
cells with a fibroblastic morphology,
and can thus be considered mesen-
chymal on a structural basis. Others and
we have shown before that PTHrP is an
inducer of PE formation in vitro (Chan
et al., 1990; van de Stolpe et al., 1993)
and ex vivo (Behrendtsen et al., 1995).
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We investigated the presence of cell-
cell junctions in F9 derived PE and its
precursors in vitro to test the hypothesis
that PE formation by PTHrP occurs via
an EMT. Adherens type junctions are
the most important junctions for epithe-
lial cells. Our immunohistochemical da-
ta for E-cadherin and B-catenin expres-
sion strongly suggested the presence of
adherens junctions, which we confirmed
to exist by performing electron micro-
scopy. The existence of another adhe-
rens type junction, the desmosome, was
suggested by the punctate membrane
bound expression of DP in a low percen-
tage of PrE cells, and in the majority of
VE cells. The membrane localization of
Z0O-I in F9 PrE has not been reported
before, and its presence in these cells
and in F9 VE is indicative for existence
of tight junctions. This may reflect ma-
turation of these epithelia to functioning
as a selective permeability barrier,
similar as in trophoblast differentiation
(Collins and Fleming, 1995). Moreover,
the high abundance of DP at the mem-
brane of VE cells suggests that this epi-
thelium is maturer than PrE. The quali-
tative difference between PrE and VE
was also seen in the membrane localized
expression of Cx43 in a punctate
pattern, which corresponds well with the
existence of gap junctional intercellular
communication, as we described else-
where (van der Heyden et al., 2000).
Together, these data indicate that PE
precursors are epithelial cells, intimately
connected by anchoring junctions, tight
junctions, and functional gap junctions.

We found no membrane localized
DP, nor ZO-I, E-cadherin and B-catenin,
in PE cells that had emerged after
treating PrE or VE cells with PTHrP,
indicating that anchoring junctions and
tight junctions are disintegrated by the
action of PTHrP. In addition to the loss
of these typical epithelial junctions,
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PTHrP leads to a reduction of membrane
bound expression of Cx43, concomitant
with reduced gap junctional communica-
tion, as we reported (van der Heyden et
al., 2000). The partial or complete loss
of the various junctions by PrE and VE
after treatment with PTHrP and the
absence of these junctions in PE in vivo
are indicative for mesenchymal cells.

We further characterized the process
as EMT by analyzing the cytoskeletal
organization in F9 endoderm cells. We
found that actin and cytokeratins form
subcortical bundles and trans-cytoplas-
mic networks respectively in PrE, simi-
lar to the findings of others (Tienari,
1989; Trevor and Steben, 1992), and in-
dicative for epithelial cells. Alternative-
ly, the loss of actin bundles in PE cells
strongly suggests a mesenchymal cha-
racter of these cells, as does the loss of
organization of cytokeratins in PE cells.
Moreover, the mesenchymal phenotype
of PE cells in vitro and in vivo is
confirmed by the substitution of cyto-
keratins by vimentin (Lane et al., 1983;
Lehtonen et al., 1983; Trevor, 1990).

Also with respect to secretory beha-
vior, PE cells in vitro, ex vivo and in
vivo have typically mesenchymal fea-
tures. They express and secrete high le-
vels of a number of matrix components,
such as laminin, collagen IV, entactin,
fibronectin, heparan sulphate proteogly-
cans and SPARC, which become assem-
bled in the Reichert’s membrane (Hogan
et al., 1980, 1982; Smith and Strickland,
1981; Kurkinen et al., 1983; Mason et
al., 1986). Additionally, PE cells secrete
modulators of the extracellular matrix,
such as tPA (Marotti et al., 1982), gela-
tinase B/MMP9 and TIMPs (Behrendt-
sen and Werb, 1997). Such molecules
are generally expressed by mesenchymal
cells while not, or to a lesser extent, by
epithelial cells (Hay, 1995).

Thus we have provided evidence that

PTHrP induces a mesenchymal pheno-
type, by inducing the loss of cell-cell
contacts and typical epithelial cytoskele-
tal organization and inducing the roun-
ded morphology typical for PE cells.
These PE cells secrete high amounts of
extracellular matrix molecules and their
modulators, typical for mesenchymal
cells. Interestingly, as far as peptide
growth factors have been shown to be
involved in EMTs, they are usually
signaling via tyrosine kinase receptors
(Birchmeier et al., 1996; Boyer et al.,
1996; Thery and Stern, 1996; Davies
and Garrod, 1997; Thiery and Chopin,
1999), while PTHrP induces the EMT
involved in PE formation via binding to
the PTH(rP)-RI, a G-protein coupled 7-
pass transmembrane receptor.

Signaling of PTHrP via the PTH(rP)-
RI is required for a mesenchymal
phenotype of PE in vivo.

Our analysis of C57BL/6 PTH(rP)-RI
null mutants revealed that the -cells
residing on the inner side of the Rei-
chert’s membrane had retained the epi-
thelial morphology of PE precursor
cells, and had not acquired a mesenchy-
mal morphology typical for PE cells.
Although some matrix factors, e.g. fi-
bronectin, induce a mesenchymal mor-
phology of PE cells in vitro and ex vivo
(Grabel and Watts, 1987; Behrendtsen et
al., 1995), our results indicate that the
composition of the Reichert’s membrane
alone is not sufficient to support this
morphological transition in vivo. In ad-
dition, we found that the cells were still
connected by adherens junctions, as sug-
gested by the membrane-localized ex-
pression of B-catenin. This clearly indi-
cates that signaling via the PTH(rP)-RI
is needed to complete the EMT during
PE formation in mouse embryos in the
C57BL/6 genetic background.
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PTHrP signaling is not required for
migration during PE formation.

We observed a basal migration of VE
cells when we re-plated F9 embryoid
bodies. In the absence of PTHrP, most
outgrown cells had an endodermal
phenotype, and proliferation was sel-
domly observed, which indicates that
new cells must derive from migratory
endoderm cells in the embryoid body
itself. In these in vitro assays, signaling
via endogenously produced PTHrP and
the PTH(rP)-RI may still occur, and
even be necessary for the migration that
we found. However, the necessity of
their signaling for migration in vivo was
excluded by analysis of the Reichert’s
membrane of mouse embryos that lack
the PTH(rP)-RI. Their Reichert’s mem-
brane appeared to be covered by out-
growth from PrE and VE. Since it is
highly unlikely that PTHrP may signal
via another receptor in these tissues, as
we reported previously (Verheijen ef al.,
1999), these results indicate that PTHrP
signaling is not needed for migration.
However, addition of PTHrP significant-
ly enhanced the migration of PE precur-
sors in vitro (this report) and is even re-
quired when embryoid bodies are re-pla-
ted on non- or low-permissive substra-
tes, such as laminin (J. Veltmaat, unpub-
lished results). Similarly, an additive
effect of PTHrP in increasing the
number of outgrowing cells from
isolated inner cell masses on fibronectin,
laminin, vitronectin and collagen IV has
been reported (Behrendtsen et al., 1995).

The observed migration of cells in
vivo is not necessarily a default effect of
proliferation of the VE, as daughter cells
might also form an extra layer on top of
the existing VE, or undergo apoptosis.
Their migration onto the basal lamina
may be facilitated by extracellular ma-
trix factors, e.g. fibronectin, which has
been shown to enhance outgrowth of
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cells from plated embryoid bodies or
inner cell masses (Grabel and Casanova,
1986; Grabel and Watts, 1987; Carnegie
and Cabaca, 1993; Behrendtsen et al.,
1995). Alternatively, it may be facilita-
ted by tyrosine kinase receptor signaling
activated by e.g. FGF-4, which is pro-
duced in the blastocyst and has been
shown to stimulate migration of endo-
derm cells from isolated inner cell mas-
ses (Rappolee et al., 1994). FGF-4
signaling increases the expression of
Gelatinase B and tPA (Rappolee et al.,
1994) which may allow cells to modu-
late the substrate such, that it facilitates
their migration (Behrendtsen and Werb,
1997; Cheng and Grabel, 1997).

Towards understanding the phenotype
of PTH(rP)-RI null mutant embryos.

Our analysis of PE cells in null
mutant embryos revealed that they had
not acquired a mesenchymal morpho-
logy, and were still connected through
adherens junctions. In addition, using
thrombomodulin as a marker to analyze
the differentiation of PE (Imada et al.,
1987, 1990a, b; Weiler-Guettler et al.,
1996; Verheijen et al., 1999), we found
that it was not expressed as abundantly
as in wild type PE. Thus, although these
cells can be considered PE on a topogra-
phical basis, they are not true PE cells
since they failed to differentiate in the
absence of PTHrP signaling.

PTH(rP)-RI null mutant embryos are
normal at E7.5, but significantly smaller
at E8.5 and E9.5, while 50% of them die
between E9.5 and E12.5 (Lanske ef al.,
1996; Verheijen et al.,, 1999), and al-
most 100% has died at E18.5 (Lanske et
al., 1996). Since at E8.5 and E9.5 the
only site of receptor expression is the
parietal endoderm (Karperien et al.,
1994, 1996; Verheijen et al., 1999), it
was assumed that this tissue was not
properly formed due to absence of
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PTHrP signaling. Surprisingly, histolo-
gical analysis indicated that PE cells
were formed and secreted laminin
(Lanske et al.,, 1996). However, such
analysis of paraffin embedded tissue
does not allow detailed morphological
analysis, and the deposition of laminin
does not necessarily indicate that the
cells are well differentiated parietal en-
doderm, since precursors cells of PE
also produce laminin, albeit to a lesser
extent. Our observation that the mutant
PE cells have not lost their adherens
junctions (figure 6), make it conceivable
that they have retained their VE cha-
racter, and thus are also connected by
tight junctions. These may prevent the
diffusion of lipids and membrane pro-
teins between the apical and basolateral
domains of the cells, and in addition,
form an impermeable seal that prevents
the passive passage of nutrients and
waste products between the mother and
the embryo. Additionally, the mutant PE
cells may not function as PE, e.g. in
depositing matrix factors in the Rei-
chert’s membrane, giving the Reichert’s
membrane its appropriate characteristics
to support embryonic growth and life.

This may explain the smaller body size
and possibly the death of PTH(rP)-RI -/-
embryos around mid-gestation.

By demonstrating an epithelial phe-
notype and the lack of PE-specific en-
hanced thrombomodulin expression of
the PE layer in PTH(rP)-RI -/- embryos,
we have demonstrated that this tissue is
aberrantly formed. This aberrant pheno-
type may explain the growth retardation
and early death of these mutants.
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Connexin43 regulation in F9 differentiation

DyYNAMIC CONNEXIN43 EXPRESSION AND GAP-JUNCTIONAL
COMMUNICATION DURING ENDODERM DIFFERENTIATION OF F9
EMBRYONAL CARCINOMA CELLS

ABSTRACT

Gap junctional communication permits the direct intercellular exchange of small
molecules and ions. In vertebrates, gap-junctions are formed by the conjunction of two
connexons, each consisting of a hexamer of connexin proteins, and are either
established or degraded depending on the nature of the tissue formed. Gap junction
function has been implicated in both directing developmental cell fate decisions and in
tissue homeostasis/metabolite exchange. In mouse development, formation of the
extraembryonic parietal endoderm from visceral endoderm is the first epithelial-
mesenchyme transition to occur. This transition can be mimicked in vitro by F9
embryonal carcinoma (EC) cells treated with retinoic acid, to form (epithelial) primitive
or visceral endoderm, and then with parathyroid hormone related peptide (PTHrP) to
induce the transition to (mesenchymal) parietal endoderm. Here, we demonstrate that
connexind3 mRNA and protein expression levels, protein phosphorylation and
subcellular localization are dynamically regulated during F9 EC cell differentiation.
Dye injection showed that this complex regulation of connexin43 is correlated with
functional gap junctional communication. Similar patterns of connexin43 expression,
localization and communication were found in visceral and parietal endoderm isolated
ex vivo from mouse embryos at day 8.5 of gestation. However, in F9 cells this tightly
regulated gap junctional communication does not appear to be required for the
differentiation process as such.

INTRODUCTION

Gap-junctions permit the direct -elinating neuropathies, lens cataractoge-

exchange of small molecules and ions,
including second messengers such as
cAMP, IP;, calcium, and metabolites,
between the cytoplasm of adjacent cells
in developing and differentiated tissues
(for reviews see (Bruzzone et al., 1996;
Goodenough et al., 1996). Exchange of
these compounds may function in tissue
homeostasis, electrical synchronization
and transmission or sharing of signaling
molecules between particular cell clus-
ters. Impaired gap-junctional intercel-
lular communication (GJIC), often re-
sulting from mutations in the constituent
proteins, has been linked to several hu-
man diseases including deafness, demy-

nesis (reviewed by Simon and Good-
enough (1998), White and Paul (1999))
and in the skin disease erythrokerato-
dermia variabilis (Richard et al., 1998).
Gap-junctions are formed through the
direct interaction of two connexons on
neighboring cells. Each connexon con-
sists of a hexamer of one or more types
of connexins, oriented circularly around
an aqueous pore of 1.2 nm diameter
(Unger et al., 1999) (for review see
Yeager (1998)). More than 15 different
types of mammalian connexins have
been cloned and categorized by mole-
cular weight; each has their own, more
or less restricted, expression pattern and
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permeability characteristics. The organi-
zation of connexin molecules into func-
tional channels is very complex. For
some, expression and function is regula-
ted at, at least, four different levels:
transcription, RNA turnover, phospho-
rylation-dependent subcellular localiza-
tion and post-translational modification
dependent gating of the channel that
eventually forms. Connexin 43 (Cx43),
for example, can be regulated at the
transcriptional level by various hormo-
nes and ligands (estrogen, cAMP and
Wnt (Yu et al., 1994; van der Heyden et
al., 1998), at the level of RNA stability
(by RA (Clairmont et al., 1996)), by
(in)direct phosphorylation (via PKC,
MAP-kinase and c-Src (Postma et al.,
1998; Hossain et al., 1998; Warn-
Cramer et al., 1998)) and gating (by pH
and cAMP (Morley et al., 1997; Bevans
and Harris, 1999)).

Just after implantation in the uterine
wall, cells derived from the inner cell
mass of mouse blastocyst stage embryos
express Cx43. These cells of the egg-
cylinder are subdivided in several diffe-
rent communication compartments (Ka-
limi and Lo, 1989). The most extensive
GJIC and prominent Cx43 expression is
found in the extraembryonic visceral
endoderm (VE) (Kalimi and Lo, 1989;
Ruangvoravat and Lo, 1992; Dahl et al.,
1996) although to date, no specific func-
tion for this extensive coupling in the
VE has been identified. This VE can
transdifferentiate to parietal endoderm
(PE) in the marginal zone of the concep-
tus where it comes into contact with
trophectoderm. We consider this VE to
PE conversion of the extraembryonic tis-
sue, from an endocytotic cell providing
nutrients to a migratory cell depositing
extracellular matrix (Gardner, 1983;
Freeman, 1990; Bielinska et al., 1999)
the earliest epithelial-mesenchyme tran-
sition (EMT) in mouse development.
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Current evidence suggests that it is lar-
gely controlled by parathyroid related
peptide (PTHrP) dependent signaling
(Chan et al., 1990; van de Stolpe et al.,
1993; Karperien et al., 1994, 1996; Beh-
rendtsen et al., 1995; Verheijen et al.,
1999).

In vitro, the VE to PE transition can
be mimicked by F9 embryonal carcino-
ma (EC) cells. Treatment of these cells
in monolayer or as aggregates in suspen-
sion culture (‘embryoid bodies’) with
retinoic acid (RA) results in differen-
tiation to primitive endoderm (PrE) or
VE respectively (Strickland and Mah-
davi, 1978; Hogan et al., 1981). Subse-
quently, PrE/VE cells can be induced to
transdifferentiate into PE by addition of
cyclic AMP (cAMP) elevating agents
such as PTHrP or by plasma membrane
permeable forms of cAMP itself (Strick-
land et al., 1980). Previous studies on
Cx43 expression in F9 EC cells have
suggested regulation by RA and cAMP
at the RNA level (Nishi et al., 1991;
Clairmont et al., 1996; Clairmont and
Sies, 1997). However, a comprehensive
study of Cx43 mRNA and protein ex-
pression and protein (sub)cellular locali-
zation in combination with a functional
analysis of gap-junctional communica-
tion during differentiation has not been
described so far. Furthermore, the ef-
fects of interference with gap junctional
communication on F9 EC differentiation
are unknown.

Here, we have examined in detail the
regulation of Cx43 during differentiation
in the PrE/VE to PE transition of F9 EC
cells at the four different levels descri-
bed and where feasible verified these
results with regulation in VE and PE
isolated ex vivo from the mouse con-
ceptus We have correlated the complex
Cx43 regulation with gap-junctional
communication. Finally, we provide evi-
dence that GJIC is not essential for F9
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endoderm differentiation in vitro and
propose that the presence of extensive
GJIC in embryonic VE serves a role in
metabolite exchange between mother
and the early embryo.

MATERIALS AND METHODS

Cell culture

F9EC cells were obtained from the American
Type Cell Culture, Rockville, MD), and maintained
essentially as described before (Veltmaat et al.,
2000). For experiments in monolayer, cells were see-
ded on gelatinized tissue culture dishes (Costar) or
polyethylene tissue culture coverslips (Sarstedt) at a
density of 500 cells/cm?® and grown for 5 days in
growth medium (EC cells), or seeded at a density of
1000 cells/cm® in presence of 10° M all-trans RA
(Sigma, Zwijndrecht, The Netherlands) (PrE), for 5
days, with or without 107 M PTHrP 34 (here
referred to as PTHrP) (Bachem, Bubendorf, Swit-
zerland) or 1 mM dibutyryl cyclic AMP (Aldrich,
Zwijndrecht, The Netherlands) (dbcAMP) for the last
two days (PE). For shorter exposures to RA, PTHrP;_
34 (here referred to as PTHrP), or dbcAMP, the
agents were added for the indicated time for the last
stages of the 5 day differentiation period.

To obtain VE-like cells, EC cells were
aggregated in bacterial dishes in medium containing
5x10° M RA, as described before (Veltmaat et al.,
2000), generating ‘embryoid bodies’. Control aggre-
gates did not receive RA and remained undiffe-
rentiated. Medium was refreshed on the 3™ or 4™
day, and the embryoid bodies were re-plated (approx.
10 aggregates per 16 mm diameter dish) on gela-
tinized culture surfaces (tissue culture plastic or
polyethylene coverslip) on the 7" day. Control ag-
gregates were re-plated in growth medium while em-
bryoid bodies were re-plated in presence of 5x10° M
RA, 107 M PTHrP or 1 mM dbcAMP for one more
day to obtain outgrowths with, respectively, EC, VE-
like (RA), PE-like (PTHrP, dbcAMP) characteristics.

To block gap junctional intracellular commu-
nication, 75 pM 18a-glycyrrhetinic acid (AGA)
(Sigma) was added to the culture after cells or
aggregates had attached. A DMSO solvent control
was included in all experiments.

VE/PE isolation from mice

F1 embryos were obtained from C57BL/6
females mated to CBA males. At day 8.5 of gestation
(E8.5), embryos were collected in PBS/1% BSA.
Visceral yolk sac (VYS) endoderm and parietal
endoderm was carefully isolated and attached to
tissue culture coverslips (Costar) using a pair of

tweezers. Explants were either fixed for indirect
immunofluorescence staining using the protocol
below or kept in chemically-defined culture medium
(bicarbonate buffered mixture of Iscove’s modified
Dulbecco’s Medium and Ham’s F12 Medium
(Gibco), supplemented with 1% Glutamax (Gibco)
15 mg/1 Transferrin (Sigma), 7 mg/1 Insulin (Sigma),
0.05% (w/v) BSA (Sigma), 40 ul/l Monothioglycerol
(Sigma), 1% Chemically Defined Lipids (Gibco) and
1 U/ml LIF) for 1-4 hours until dye spreading assays
were performed.

Northern blotting and hybridization

Cells were washed twice with ice cold PBS and
lysed in 0.1 M NaCl, 200 mM Tris/HCI pH 7.4, 10
mM EDTA, 500 pg/ml proteinase K, 0.5% SDS.
NaCl was added to a final concentration of 0.5 M in
5 ml lysate (107 10° cells) and incubated for 2 hours
at room temperature with 250 mg oligo dT cellulose
(Pharmacia, Roosendaal, The Netherlands) suspen-
ded in 5 ml 0.4 M NaCl, 20 mM Tris pH 7.4, 10 mM
EDTA, 0.2% SDS. This was loaded onto a polyprep
chromatography column (BioRad, Veenendaal, The
Netherlands) and washed once with suspension buf-
fer and three times with 0.1 M NaCl, 10 mM Tris pH
7.4, 1 mM EDTA, 0.2% SDS. Subsequently, poly A"
RNA was eluted with 4 ml 1 mM Tris pH 8, | mM
EDTA, precipitated, and resuspended in 10 mM Tris
pH 7.4. 2 pg of poly A" RNA was separated on a 1-
% (w/v) agarose/6% (w/v) formaldehyde gel and
blotted onto Hybond-N filter. Hybridization with 50-
100 ng probe was performed in 0.5 M NaH,POy,, 7%
(w/v) SDS, 1 mM EDTA, 0.1 mg/ml salmon sperm
DNA at 65°C overnight. A 1.0 kb rat Cx43 probe
and a 1.4 kb GAPDH probe were labeled using a
multiprime labeling set (Rediprime, Amersham, Den
Bosch, The Netherlands) and 1[a-P]dCTP (A-
mersham) resulting in specific activities around
4x10% dpm/pg DNA. Signal was visualized and
quantified using a Phosphorlmager (Molecular
Dynamics) and ImageQuaNT 4.2 Software.

Dye injections

Cells were cultured and induced to differentiate
in 30 mm tissue culture dishes as described above.
Prior to the experiments, the culture medium was
replaced by serum-free HEPES buffered DF me-
dium. Micro electrodes (tip diameter < lum) were
backfilled with 4% Lucifer Yellow in 150 mM LiCl
+ 10 mM HEPES (pH 7.4). Dye containing micro-
electrodes were inserted in selected cells, which were
located in clusters of at least fifty. The dye was al-
lowed to diffuse out of the pipette into the impaled
cell and its adjacent cells for 2 minutes. The electro-
de was then retracted, the culture was viewed with
epifluorescent illumination (excitation 420 - 490 nm,
emission > 520 nm) and the number of fluorescent
cells, excluding the one injected, was counted.
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Immunofluorescence

Cells and isolated mouse VE/PE on coverslips
were prepared as described above, washed twice
with phosphate buffered saline (PBS) and fixated in
3.5% formaldehyde in PBS for 30 minutes. Samples
were then permeabilized with 0.3% Triton X-100 in
PBS for 5 minutes and quenched with 50 mM
glycine in PBS twice for 10 minutes. Non-specific
binding was blocked by incubation in NET-gel (150
mM NaCl, 5 mM EDTA, 50 mM Tris/HCI pH 7.4,
0.05% NP40, 0.25% gelatin, 0.02% NaNj3) twice for
10 minutes. Cx43 antibody (Transduction labs,
Lexington, KY, USA) was diluted 1:500 in NET-gel
and cover slips were incubated for one hour at room
temperature. Primary antibody was detected with
CY3 conjugated sheep anti-mouse IgG (Jackson
Immuno Research, West Grove, PA, USA) for one
hour. Non-bound antibodies were removed by 6
washes with NET-gel and cells were embedded in
Mowiol. Cells were viewed with a confocal laser-
scanning microscope (Leica).

Immunoprecipitation and Western blot detection

Immunoprecipitation and Western blot detection
was performed as described before (Van der Heyden
et al., 1998). In short, cells, cultured and diffe-
rentiated in 95 mm dishes, were washed twice with
PBS at 4EC and lysed in 1 ml cold radio-immuno-
precipitation assay (RIPA) buffer (20 mM Tris/HCl
pH 7.4, 150 mM NacCl, 10 mM Na,HPO,, 1% Triton
X-100, 1% Na-deoxycholate, 0.1% SDS, 1 mM
EDTA, 50 mM NaF, 1 mM Na;VO,, ImM PMSF,
10pg/ml aprotinin). Lysates were clarified by centri-
fugation at 14,000 x g. 0.5 pg Cx43 antibody (Trans-
duction labs, Lexington, KY) was added to the lysate
containing 1 mg protein, and mixed for 4 hours at
4°C. Protein A-sepharose was added for 16 hours to
precipitate the immune complexes. The precipitate
was washed four times with RIPA, the proteins then
dissolved in Laemmli sample buffer, resolved by
12.5% SDS-PAGE and subsequently electroblotted
on Immobilon-P membrane (Amersham). For
Western blot detection, Cx43 antibody (see above) or
thrombomodulin antibody (273-201B; a gift from Dr.
S.J. Kennel, Oak Ridge National Laboratory, Oak
Ridge, TN) were used according to standard
procedures.

RESULTS

Cx43 mRNA levels are enhanced in
PrE and decreased in PE F9 cells.

We first examined the kinetics of Cx43
expression during F9 EC cell differen-
tiation. F9 EC cells in monolayer culture
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were treated with RA for 5 days, with or
without PTHrP or dbcAMP during the
last two days (figure 1).

F9 EC cell differentiation in

monolayer
day 1-3 day 4-5 cell state
- - EC
RA RA PrE
RA RA+PTHrP PE
RA RA+dbcAMP PE

F9 EC cell differentiation in
embryoid bodies

day 1-7 day 8 cell
hanging plated state
drops
- - EC
RA RA VE
RA PTHrP PE
RA dbcAMP PE

Figure 1: Schematic representation of F9

differentiation protocols.

F9 EC cells were differentiated in monolayer for 5 days with
RA without or with PTHrP or dbcAMP added at day 4, for the
indicated time. The morphology of the cultures is shown in
the microphotographs shown in the lower panel. F9 EC were
differentiated to embryoid bodies by aggregating cells in
hanging drops in the presence of RA during 7 days and
subsequently re-plating with RA or PTHrP or dbcAMP on a
gelatinized culture surface, and culture for 1 day.
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Messenger RNA was isolated, blotted
and hybridized with rat Cx43 and mouse
GAPDH probes. As shown in figure 2,
Cx43 mRNA is present in undifferen-
tiated F9 EC cells. RA treatment results
in an increase in Cx43 mRNA levels,
first evident at day 4 and continuing at
least until day 5. Differentiated PrE (5
days RA) exhibits a 2.2 fold increase
over undifferentiated cells, consistent
with previous studies (Nishi et al., 1991;
Clairmont et al., 1996). Subsequent dif-
ferentiation into PE induced by either
the natural ligand PTHrP, or by dbcAMP
results in a decrease in Cx43 RNA le-
vels. As a negative control for the latter
differentiation step we used isoprotere-
nol as a stimulus. Isoproterenol treat-
ment, like PTHrP or dbcAMP treatment,
results in elevated intracellular cAMP
levels but does not lead to PE differen-
tiation (M. Verheijen and L.H.K. Defize,
unpublished observations). As shown in
figure 2, isoproterenol does not affect
Cx43 mRNA levels, suggesting that
Cx43 expression is a differentiation rela-
ted, and not an intracellular cAMP rela-
ted, event.

RA days 03455 5 5 5 5

PTHrP hrs 4 16 48

dbcAMP hrs 48

Iso hrs 48

Cx43 - e e e -

carpH P OPDEee o9
2.5

g 20

2§ 15

=
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Figure 2: C(x43 mRNA levels are

regulated during F9 cell differentiation.
Northern blot of poly A" RNA, hybridized with a Cx43 probe,
stripped and rehybridized with a GAPDH probe. The

Cx43/GAPDH ratio is depicted graphically.

RA treatment of F9 EC cells results in
elevated Cx43 protein level and Cx43
phosphorylation.

To test whether the regulation at the
RNA level was followed by an increase
in Cx43 protein in RA treated F9 cells,
we followed the kinetics by immuno-
precipitation and Western blotting (fi-
gure 3a). F9 EC cells display predomi-
nantly two forms of Cx43, a major band
with an apparent molecular weight of 42
kDa, representing non-phosphorylated
Cx43 (NP), and a minor band at 46 kDa
representing phosphorylated Cx43 (P2).
This is in agreement with findings in
other cell types (Musil et al., 1990). The
P2 form is correlated with plasma mem-
brane localized and coupling competent
Cx43 (Musil et al., 1990; Musil and
Goodenough, 1991). After three days of
RA treatment this pattern starts to
change and both NP and P2 bands be-
come denser. Furthermore, a third band,
representing another phosphoform of
Cx43 (P1) becomes more apparent be-
tween NP and P2. The three bands are
even more pronounced after 5 days of
RA treatment and the P2/NP ratio is
increased. Finally, three smaller bands
of ~30, ~23 and ~19 kDa are observed,
probably representing Cx43 degradation
products (Guan and Ruch, 1996). The
appearance of degradation products in
combination with an increase in the
intact protein probably results from an
increased Cx43 turnover rate in response
to RA treatment.

We next analyzed the protein pattern
upon transition from PrE to PE by either
a 2-day stimulation with PTHrP or
dbcAMP. As shown in figure 3b, RA
alone for five days again results in in-
creased levels of Cx43 and in phospho-
rylation/degradation forms, with a clear
increase in the P2/NP ratio. Co-stimu-
lation of RA and PTHrP or dbcAMP
during the last two days of the five-day
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differentiation protocol, results in a
slight decline in protein levels and
degradation forms, while the P2/NP
ratio clearly decreases. In general
dbcAMP is a more potent inducer of PE
than PTHrP as reflected by the lower
level of Cx43 in cells treated with
dbcAMP compared with PTHrP treated
cells.

A
0 05 1 3 5 daysRA
I 1T 1T 1T 1T 1
97 -
66 -
_— e — - - Cx43-P2
45- &S L | i Cx43-P1
Cx43-NP
%*
29 - .
- —
kDa
B D
e 5
T
S 9
O & &7& I
g & & &
I 1T 1T 1T 1
97 -
66 -
— — R —— CX43'P2
45- . BB &8 e = Cx43-P1
Cx43-NP
29 - %
— SE— —_— *
— *
kDa

Figure 3: Cx43 protein levels and Cx
phophorylated forms are regulated

during F9 cell differentiation.

A: Cx 43 was immunoprecipitated from 1 mg of total cell
lysate from F9 EC cells stimulated with 10°M RA for the
indicated time points. Precipitated Cx43 was subsequently
detected by Western blotting and Cx43 antibody detection. B:
F9 EC cells were kept undifferentiated or were differentiated
to PrE cells with 10°°M RA for five days, or differentiated to
PE cells with either RA+PTHrP or RA+dbcAMP. Subse-
quently, immunoprecipitation was performed as in (A). Posi-
tions of non-phosphorylated Cx43 (Cx43-NP) and phospho-
rylated Cx43 (Cx43-P1, Cx43-P2), and degradation products
(*) are indicated at the right, molecular mass markers are
indicated at the left. Bands at ~50 and ~25 kDa result respec-
tively from heavy and light chain of the immunoprecipitating

antibody.
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Endoderm differentiation alters
subcellular Cx43 distribution.

We next analyzed the subcellular lo-
calization of Cx43 protein in the light of
the changes in expression level and
phosphorylation described in the previ-
ous section. After Cx43 has been produ-
ced in the endoplasmic reticulum, its or-
ganization into connexons begins in the
Golgi apparatus (Musil and Good-
enough, 1993). From there intact conne-
xons are transported to the plasma mem-
brane and eventually form gap-junctions
with opposing connexons on adjacent
cells. After a relatively short period (2-4
hr) the connexins are degraded by prote-
asomal and lysosomal pathways (Laing
and Beyer, 1995; Laing et al., 1997).
The distribution of Cx43 in F9 EC, PrE
and PE cells in monolayer was examined
by CSLM and data were subsequently
transformed into pseudo-3D images to
distinguish plasma membrane from
intracellularly localized protein. As de-
picted in figure 4, Cx43 is detected in
large clusters on and beneath the apical
plasma membrane in undifferentiated
EC cells. In PrE cells, much more Cx43
is found at the plasma membrane, most
often between adjacent cells where it
adopts the typical distribution of func-
tional gap-junctions (figure 4). This has
been shown previously to correlate with
the P2 phosphorylation state of Cx43 in
NRK cells (Musil et al., 1990). In PE,
either induced by PTHrP or dbcAMP,
Cx43 is still present on the plasma mem-
brane, however most of it appears to be
internal, possibly already in the degrada-
tion pathway (figure 4). Furthermore,
the altered morphology of the PE cells is
clearly evident, and functional connec-
tions between cells are apparent from
the typical gap-junctional distribution of
Cx43 along the extensions.
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Figure 4: Subcellu-
lar Cx43 localiza-
tion during F9 cell
differentiation in

monolayer.

Cells were grown on
gelatinized polyethylene
coverslips in monolayer and
differentiated as depicted in
figure 1. Cx43 was detected
by indirect-immunofluores-
cence CLSM on EC, PrE
and PE differentiated by
PTHrP or dbcAMP. Pseudo-
3D images are generated to
facilitate discrimination be-
tween plasma membrane as-
sociated and intracellular
localized Cx43 and should
be viewed with red/green
glasses. Bar, 20 uM.

color figure can
be seen on page

85.

Figure 5: Subcellu-
lar localization of
Cx43 during F9
cell differentiation
in embryoid bo-

dies.

Cells were differentiated as
depicted in figure 1. Cx43
was detected and visualized
as described in the legend
of figure 4. Bar, 40 uM.

color figure can
be seen on page
85.
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Differentiation of F9 as embryoid bo-
dies (figure 1) more closely resembles
differentiation of the ICM/epiblast in
vivo (Hogan et al., 1981). Although less
suited to quantitative biochemical assays
than F9 PrE cultures it is amenable to
assays comparing single cells within a
culture such as indirect immunofluores-
cence. Embryoid bodies with an outer
layer of VE were plated on tissue culture
plates in the presence of RA, and then
with PTHrP or dbcAMP for one day to
form PE (figure 1), were compared with
undifferentiated aggregates for the dis-
tribution of Cx43. Analysis of fluores-
cence by CLSM (figure 5), showed that
undifferentiated cells growing out the
aggregate express Cx43 in small clusters
on the plasma membrane with some
clusters localized in between adjacent
cells. Outgrown VE cells show a more
flattened morphology, typical for this
cell type in culture: Here Cx43 is loca-
lized mainly at the plasma membrane
between neighboring cells, with very
little Cx43 intracellularly. In PE cells,
derived from the embryoid body, clus-
ters of Cx43 are mainly observed in
extensions between neighboring cells.
Cx43 distribution in embryoid body out-
growths is similar as in PrE and PE deri-
ved from monolayer culture, but it ap-
pears relatively more confined to the
cell-to-cell borders.

F9 PrE/VE and PE are believed to
represent the visceral and parietal endo-
derm respectively of the early post-im-
plantation mouse embryo. To investigate
whether the Cx43 distribution in F9 EC
cells and their derivatives reflects that of
their counterparts in vivo, we isolated
the visceral and parietal yolk sac (VYS,
PYS) from E&.5 mouse embryos, to
analyze the expression of Cx43 in VE
and PE in vivo. As shown in figure 6,
Cx43 is localized almost exclusively at
the plasma membrane of the VYS
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endoderm (VE), comparable with the F9
VE. No expression of Cx43 was

observed in PE isolated at this stage
(data not shown) suggesting that it is not
equivalent in this respect to F9 PE.

%, F B

Figure 6: Cx43 localization in isolated

mouse visceral yolk sac endoderm.

VYS endoderm was isolated from E8.5 mouse embryos and
attached to cover slips. Cx43 was detected by indirect-
immunofluorescence microscopy.

Gap-junctional intercellular commu-
nication correlates  with  Cx43
expression patterns.

To determine the extent to which
Cx43 expression and  subcellular
localization relates to GIIC, we
performed cellular injections with the
gap junction permeable fluorescent dye
Lucifer Yellow. In each differentiation
state, cells within a cluster of surroun-
ding, physically interacting cells were
injected with the dye and spreading of
the dye into neighboring cells was quan-
tified after two minutes. As depicted in
figure 7 and table I, EC cells in mono-
layer are well coupled. Coupling increa-
sed after the differentiation into PrE
cells induced by RA as expected given
the increase of Cx43 levels and localiza-
tion in the plasma membrane at cell-cell
contacts (figure 4, 5). Dye coupling
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dropped below initial levels when cells
were induced to differentiate to PE cells
by either PTHrP or dbcAMP; this paral-
lels the observed alterations in subcel-
lular distribution of Cx43 (figure 4). Re-
markably, PE cells physically only lin-
ked through small extensions to another
are still capable of communicating, al-
though the amount of dye flow into ad-
jacent cells was substantially reduced.
We found similar results in EC, VE and
PE cells emerging from plated F9
embryoid bodies although the absolute
number of coupled cells was lower for
EC and VE (2- to 3-fold) than in mono-
layer cultures. Again, the extent of func-

Table 1
Differen- Number of N
tiation coupled cells

F9 monolayer

EC 18.3+2.3 17

PrE 32.8 +£3.2 17

PE (PTHrP) 33+0.6 16

PE (dbcAMP 54+1.0 16

F9 embryoid body

EC

VE 7.1+£1.0 10

PE (PTHrP) 17.5+1.8 12

PE (dbcAMP) 53+0.6 10
53+0.8 14

mouse embryo

VE

PE 19.2+1.6 5
0.2+0.2 6

Dye coupling in F9 cells and isolated
mouse VYS endoderm (VE) and PE.

Chemical coupling in F9 cells is subsequently enhanced and
decreased during EC to PrE and PrE to PE differentiation,
which is similar to isolated mouse VYS and parietal
endoderm. Junctional transfer was indexed by the number of
cells to which the fluorescent dye Lucifer Yellow was trans-
ferred upon injection of a test cell (mean +s.d.). The test
cells were located in the middle of a cluster of at least 50
cells with similar cell density for all differentiation states. N
determines the number of dye injections for each
condition.

Figure 7: Dye
differentiation.
Cells were grown and differentiated in monolayer as descri-
bed (fig. 1) resulting in EC, PrE and PE (dbcAMP or PTHrP).
One cell (indicated with an asterisk), within a large cluster of
cells, was injected with 4% Lucifer Yellow. The dye was
allowed to spread for two minutes and was subsequently
visualized by epifluorescent illumination (left). Subsequently,
phase contrast pictures from the same area were taken (right).
F9 differentiation is independent of functional coupling.

coupling during F9

Table 11

Number of N
coupled cells

Treatment

PrE control 40.8 £ 5.7 6
PrE AGA 1 day 0.0+0.0 7
PrE AGA 2 days 0.0 £0.0 6

Dye coupling is blocked by 18a-glycyrrhe-
tinic acid (AGA).

F9 EC cells were differentiated for 5 days with RA in
monolayer, with or without 75 uM 18a-glycyrrhetinic acid
(AGA) as indicated prior to examining. Control cells were
treated with 0.1% DMSO during the last 2 days of the
differentiation protocol. Junctional transfer was indexed as in
Table I.
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tional coupling correlates well with
Cx43 localization (figure 5).

We also analyzed dye coupling in
VYS endoderm and PE isolated ex vivo.
VYS endoderm is well coupled (table I)
as expected from the Cx43 localization
(figure 6). No dye spreading was obser-
ved in isolated PE, which in combina-
tion with the lack of immunodetectable
Cx43 again indicates a functional differ-
ence between PE from F9 cells and PE
isolated from E8.5 mouse embryos.

In summary, the functional coupling
of F9 EC cells, their differentiated deri-
vatives and endoderm isolated from the
mouse conceptus at E8.5 correlates re-
markably well with Cx43 protein ex-
pression and subcellular localization for
each cell and tissue, however, EC-deri-
ved PE does not reflect all the charac-
teristics of PE ex vivo.

It has been reported that in another
EC cell line, for instance P19 EC cells,
Cx43 mediated coupling is required for
proper neural cell differentiation (Bani-
Yaghoub et al., 1999), while in other
systems, e.g. the lens, Cx43 mediated
coupling is not essential for differen-
tiation but is thought to regulate tissue
homeostasis (Gao and Spray, 1998). To
determine whether the alterations in
Cx43 expression and gap-junctional
communication were functionally invol-
ved in F9 cell differentiation to endo-
derm or were simply the result of dif-
ferentiation, we induced F9 EC cells to
differentiate in monolayer and as em-
bryoid bodies in the presence and ab-
sence of 18a-glycyrrhetinic acid (AGA),
a potent inhibitor of gap-junctional com-
munication (Martin et al., 1991). To
confirm the inhibitory effect of AGA on
GJIC in F9 cells, PrE cells were first
generated in monolayer, with AGA pre-
sent or absent for the last 1-2 days of the
differentiation period. Dye spreading be-
tween neighboring cells was then mea-
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sured. Control cells displayed a high le-
vel of communication (table II), similar
to that found in earlier experiments
(table I). In contrast, treatment of cells
with AGA for one or two days com-
pletely abolished GIJIC. However, by
morphological criteria (i.e. cell flatte-
ning, formation of extensions, extent of
contact, cell rounding), inhibition of
GJIC by AGA does not alter diffe-
rentiation of F9 cells into PrE/VE by RA
or into PE by PTHrP or dbcAMP, whe-
ther the cells were treated in monolayer
or as embryoid bodies (data not shown).
We confirmed the lack of effect of
AGA on PE differentiation using the PE
marker thrombomodulin (TM) (Imada et
al., 1987; 1990a, b). TM is only expres-
sed at high levels in F9 EC cells treated
with RA and cAMP or PTHrP, and not
in F9 cells treated with RA or PTHrP/
dbcAMP alone. Thus, PrE differentia-
tion is a first requirement for TM induc-
tion in PE cells. F9 EC monolayers were
treated with RA for three days, followed
by RA, RA+PTHrP or RA+dbcAMP for
two days, with or without AGA as indi-
cated. Cell lysates were made and equal
amounts of protein were separated by
SDS-PAGE and blotted. TM was sub-
sequently detected on Western blot with
a thrombomodulin polyclonal antibody.
As shown in figure 8, RA alone with or
without AGA did not induce TM ex-
pression. Treatment with either PTHrP
or dbcAMP resulted in TM expression
with the strongest response observed
with dbcAMP. Inhibition of GJIC during
the whole differentiation period or only
during the last two days of (PTHrP/
dbcAMP) treatment only, did not
prevent nor enhance TM upregulation,
demonstrating that both PrE (required
for subsequent PE formation) and PE
differentiation are not blocked by
inhibition of GJIC. However, a slight
decrease in TM expression was observed
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when differentiated with dbcAMP and
treated with AGA.

In conclusion, GJIC does not seem to
be essential for in vitro F9 differen-
tiation into PrE/VE or PE, nor does
blockage of GJIC induce or enhance F9
differentiation into either PrE/VE or PE.
Therefore, alterations in Cx43 expres-
sion, localization and functioning seem
rather a consequence of differentiation
processes and probably reflect specific,
but yet unidentified, aspects of tissue
homeostasis of the visceral and parietal
endoderm in mouse embryogenesis.

PrE PE PE
(PTHrP) (dbcAMP)
< day 1-3 - + - - + _ _ ¥
< day 4-5 - + - + + - + +
.
97 -
66 - ' . L
45 -
kDa

Figure 8: Thrombomodulin expression in
F9 PrE and PE cells with or without
inhibition of GJIC.

F9 EC cells were differentiated during 5 days in monolayer
by RA, PTHrP and dbcAMP as indicated in the absence (-) of
presence (+) of 75 pM 18a-glycyrrhetinic acid (AGA) during
the whole period or only the last two days. Equal amounts of
total cell lysate were separated by 10% SDS-PAGE and
subsequently blotted onto Immobilon filter. Thrombomodulin
was detected by antibody incubations and enhanced chemi-
luminisence (ECL) and is indicated by the arrow at the left.
Molecular mass markers are also indicated at the left.

DISCUSSION

In this study we have performed a
functional analysis of Cx43 during endo-
derm differentiation in F9 cells. F9 EC
cells also express Cx26 and Cx37, while
PrE and PE cells express Cx26, Cx32
and Cx37, although at relatively much
lower levels than Cx43 (Nishi et al.,
1991; Willecke et al., 1991); we could
not detect Cx26 protein by immuno-
fluorescence microscopy in either undif-

ferentiated or differentiated F9 cells
(data not shown). Therefore, Cx43 ap-
pears to be the most abundant and rele-
vant connexin in F9 cells with respect to
communication. This assumption is con-
firmed by our findings that dye sprea-
ding correlates well with Cx43 expres-
sion and subcellular localization. Since
AGA is a general gap-junction blocker,
the existence of other connexin types
than Cx43 in F9 cells and their potential
contribution to cell-cell coupling, does
not affect the conclusions on the absence
of a role for GJIC in F9 differentiation.
The effect of RA on GJIC and con-
nexin expression is highly dependent
upon the cell type. RA treatment of P19
EC cells, syrian hamster embryo cells
and human NTera2 cells results in
decreased gap-junctional communica-
tion, correlated with an altered subcel-
lular localization and/or decreases in
Cx43 protein and mRNA level (Rivedal
et al., 1994; Bani-Yaghoub et al., 1997,
Belliveau et al., 1997). In contrast, Cx43
expression and gap-junctional communi-
cation is enhanced by RA in several
other cell types, like rat liver epithelial
cells, mouse C3H 10T1/2 cells and F9
EC cells by post-transcriptional regula-
tion (Acevedo and Bertram, 1995; Bex
et al., 1995; Clairmont et al., 1996). In
F9 EC cells, it was found that the Cx43
message is stabilized by RA via ele-
ments located in the 3' UTR (Clairmont
et al., 1996; Clairmont and Sies, 1997).
Thus far, Cx43 regulation by PTHrP
has not been reported. However, a func-
tional analogue of PTHrP, i.e. PTH, has
been studied for its role in Cx43 regu-
lation in osteoblast cells. These studies
reveal that PTH, and cAMP analogues,
induce a rapid redistribution of Cx43 to
the plasma membrane, and later in Cx43
gene expression probably via cAMP re-
sponsive promoter elements, resulting in
a rapid and sustained increase in GJIC in
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this cell type (Schiller et al., 1992; Do-
nahue et al., 1995; Schiller et al., 1997,
Civitelli et al., 1998). Furthermore, in
many different cell types, for example
C6 glioma, 3T3, 10T1/2, mouse mam-
mary tumor cells and cardiac myocytes,
cAMP analogues also increase GJIC and
Cx43 expression (Mehta et al., 1992;
Atkinson et al., 1995; Darrow et al.,
1996). In contrast, our results show that
PTHrP( .34y and dbcAMP decrease GJIC
and Cx43 expression in F9 cells, which
might be explained by the assumption
that Cx43 regulation in F9 by PTHrP
and dbcAMP is an indirect result of the
differentiation process rather than a di-
rect effect of the stimuli on Cx43 func-
tion. Alternatively, the rapid decrease in
Cx43 mRNA upon PTHrP addition
(figure 2) suggests a more direct regu-
lation of GJIC by PTHrP.

We show that RA treatment of F9 EC
cells results in the increase of Cx43
phosphoforms (figure 3). It has been
shown previously that the P2 form of
Cx43 is the plasma membrane localized,
communication competent Cx43 type
(Musil et al., 1990; Musil and Good-
enough, 1991). In F9 cells, we also see a
strong correlation between P2 increase,
Cx43 plasma membrane localization and
GJIC consistent with earlier observa-
tions in other cell types. Remarkably, we
observed the highest, relative increase in
the P1 phosphoform upon RA addition.
As was shown by Musil and Good-
enough (1991), this phosphoform is
modified into the P2 form.

We (this study) and others (Kalimi
and Lo, 1989; Ruangvoravat and Lo,
1992; Dahl et al., 1996) have shown that
mouse VE express high levels of func-
tional Cx43 and are very well coupled.
These results are reflected in differen-
tiated F9 cells, where we see the highest
functional Cx43 expression in the PrE/
VE cell state. We demonstrate that inhi-
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bition of GJIC in PrE/VE cells does not
prevent or facilitate subsequent differen-
tiation into PE however. From this we
conclude that the significance of this
high Cx43 expression and GJIC proba-
bly resides in a function in PrE/VE
rather than in the PrE/VE to PE transi-
tion. The functions attributed to VE
include nutrient uptake and transport,
synthesis and secretion of proteins in-
volved in nutrient transport, and it is the
VE that coordinates blood cell differen-
tiation and vessel formation of the ad-
jacent mesoderm in the developing yolk
sac (reviewed by Bielinska et al.,
(1999)). A correlation between some
secretion processes, like hormone secre-
tion, and GJIC has been made in several
systems. It has been shown for instance,
that GJIC via Cx43 plays a critical role
in the production and secretion of
insulin (Vozzi et al., 1995). GIJIC
modulates enzyme secretion by regula-
ting calcium oscillations (Stauffer et al.,
1993). Furthermore, expression of Cx43
correlates with hormone production and
secretion in human and baboon corpora
lutea (Khan-Dawood et al., 1996) and,
luteinizing hormone-releasing hormone
secretion in GT1-7 cells correlates with
dye coupling (Matesic et al., 1997). In
the regulation of secretion, GJIC is
thought to synchronize cell clusters to
regulate and stimulate pulsative secre-
tion of hormones and digestive enzymes
in different tissues and organs. This, still
unknown, mechanism could also provide
means to regulate or optimize metabolite
passage by VE.

Another system in which gap-junc-
tions play an essential role in metabo-
lite/nutrient exchange is found in the
lens. Like the early embryo, the lens is
devoid of a direct blood supply, and
thereby totally relies on metabolite ex-
change to its numerous gap-junctions.
The lens epithelial cells confine the
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border between inner lens fiber cells and
the extraocular space. These lens epithe-
lial cells express relatively high amounts
of Cx43 in various vertebrates. A Cx43
null mutation results, amongst many
other defects, in cataract formation in
the adult lens nucleus, probably due to
osmotic imbalance, while embryonic
lens differentiation is not affected (Gao
and Spray, 1998). Thus, in analogy to
the lens system, a role for GJIC in VE
could be found in nutrient and meta-
bolite exchange between the early em-
bryo and uterus, rather than in governing
differentiation as such.

We found a good correlation between
our results obtained with the F9 model
system and with isolated mouse VE and
PE with respect to Cx43 localization and
function. Although F9 PE already ex-
presses less functional Cx43 than its
precursors PrE and VE, these F9 PE
cells are still dye coupled in contrast to
PE derived from the mouse conceptus. It
could be reasoned that, due to the ab-
sence of some factors in the culture
medium, the in vitro derived PE is still
not fully differentiated resulting in a
residual Cx43 expression and commu-
nication. On the other hand, we cannot
exclude that in vivo PE cells are still
ionically coupled and cell-cell commu-

nication does play a role in PE function.

In conclusion, we demonstrate that
GJIC in F9 EC cells can be differentially
regulated, increased and decreased, de-
pendent upon its differentiation state but
has no obvious effect on the dif-
ferentiation process itself. From this we
hypothesize that GJIC in VE probably
acts in metabolite and nutrient exchange
between the early embryo and the
endometrium. Furthermore we are the
first to show that F9 differentiation to
PE by its natural ligand PTHrP is ac-
companied by changes in GJIC and that
this is correlated with differential
expression of Cx43 mRNA and protein
levels and subcellular localization. Fi-
nally, the observations made in the F9
model system are similar, but not identi-
cal, to isolated mouse VYS endoderm
and PE.
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Snail is a direct target of PTHrP action

SNAIL IS AN IMMEDIATE EARLY TARGET GENE OF PARATHYROID
HORMONE RELATED PEPTIDE SIGNALING IN PARIETAL ENDODERM
FORMATION

ABSTRACT

In mouse development, parietal endoderm (PE) is formed from both primitive
endoderm (PrE) and visceral endoderm (VE). This process can be mimicked in vitro by
using F9 embryonal carcinoma cells (EC) cells, differentiated to PrE or VE cells, and
treating these with parathyroid hormone related peptide (PTHrP). By means of
differential display RT-PCR, we identified snail (Sna) as a gene upregulated during the
differentiation from F9 PrE to PE. We show that Sna is an immediate early target gene
of PTHrP action in the formation of F9 PE cells. Using RT-PCR, we detected Sna
transcripts in pre-implantation mouse embryos from the zygote-stage onwards. Sna was
strongly upregulated in parallel with type I PTH/PTHrP Receptor (PTH(rP)-RI) mRNA
in mouse blastocysts plated in culture, concomitant with detection of the PE-marker
Follistatin and appearance of PE cells. By radioactive in situ hybridization on sections
of mouse embryos, we found Sna expression in the earliest PE cells at E5.5. Sna
remained expressed until at least E7.5. At this stage, we also observed clear expression
in endoderm cells delaminating from the epithelial sheet of VE cells in the marginal
zone. We conclude that PTH(rP)-RI and Sna are expressed in endodermal cells that
change from an epithelial to a mesenchymal phenotype. Since Sna expression has been
described at other sites where epithelio-mesenchymal transitions (EMT) occur, such as
the primitive streak at gastrulation and in pre-migratory neural crest cells, we
hypothesize that Sna is instrumental in the action of PTHrP inducing PE formation,
which we propose to be the first EMT in mouse development.

INTRODUCTION

Parathyroid Hormone related Peptide vivo (Karperien et al.,, 1994, 1996;

(PTHrP) induces parietal endoderm (PE)
differentiation in vitro in F9 embryonal
carcinoma (EC) cells that have been first
treated with all-trans retinoic acid (RA)
to form F9 primitive endoderm (PrE)
(Chan et al., 1990; van de Stolpe et al.,
1993). The only receptor involved in
PE-formation in vitro is the "classical"
or type I PTH/PTHrP-receptor (here
referred to as PTH(rP)-RI) (Verheijen et
al., 1999). The complementary distribu-
tion of mRNA and protein of both
PTHyP and PTH(rP)-RI during mouse
development suggests that this hormone-
receptor complex plays a similar role in

Verheijen et al., 1999). This is suppor-
ted by data showing that function-per-
turbing antibodies against PTHrP inhibit
outgrowth and differentiation of PE cells
from isolated inner cell masses (Beh-
rendtsen et al., 1995). Binding of PTHrP
or PTHrP, 34 to PTH(rP)-RI can activate
two distinct G-protein coupled signaling
cascades, leading to intracellular Ca®"
release and an increase in intracellular
cyclic AMP respectively (Abou-Samra
et al., 1992; Bringhurst et al., 1993).
Both pathways can be activated in F9
PrE cells, when treated with PTHrP, 34
(Verheijen, 1997). However elevation of
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intracellular cyclic AMP (cAMP) levels
alone, by using the cell permeable ana-
logue dibutyryl cAMP (dbcAMP), is
sufficient to induce complete transition
to PE-like cells (Strickland ef al., 1980).

In order to identify target genes for
PTHrP in the formation of PE, we car-
ried out a differential display RT-PCR
on cDNA from F9 PrE and F9 PE cells,
and found the snail gene (Sna) to be
differentially expressed. Sna belongs to
the evolutionarily conserved snail fami-
ly of the Cys,His, class of zinc finger
transcription factors. Their relationship
is mainly based on strong conservation
of the C-terminal zinc finger domain in
all species. Sna was originally identified
in Drosophila (Simpson, 1983; Grau et
al., 1984; Boulay et al., 1987), that also
expresses the closely related family
members escargot (Whiteley et al.,
1992), worniu (Ashraf et al., 1999) and
the somewhat less related pan-neural
gene scratch (Emery and Bier, 1995;
Roark et al.,, 1995). Most vertebrate
species have two snail genes, snail (Sna)
and slug (Slu or Slugh), of which Sna
molecularly and, in mouse, also
functionally most closely resembles
Drosophila sna and escargot.

In the chick embryo, expression pat-
terns of Sna and Slu are largely inverted
compared to mouse. However, their
combined expression pattern is highly
conserved in all vertebrate embryos.
This, with the molecular similarities, led
to the suggestion that the genes arose by
duplication of an ancestor gene, and that
they exert similar functions. At sites
where they were originally co-expres-
sed, their functional redundancy could
lead to one gene being lost (Sefton et
al., 1998). Analysis of expression pat-
terns and function, have clearly shown
c¢Slu to be important for the epithelio-
mesenchymal transition (EMT) that
takes place in the presumptive meso-
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derm and neural crest (Nieto et al.,
1994), limb bud formation (Buxton et
al., 1997; Ros et al., 1997), and in the
developing heart (Romano and Runyan,
1999). A similar role for Xenopus laevis
Slu has also been shown in the EMT that
takes place in the neural crest (LaBonne
and Bronner-Fraser, 1998; Carl et al.,
1999), and has been suggested for the
murine S/u gene on the basis of expres-
sion pattern (Savagner et al., 1998) and
in vitro studies (Savagner et al., 1997).
However, the mouse null mutant for Slu
(Jiang et al., 1998b) showed no obvious
EMT-defect in mesoderm and neural
crest formation. The explanation for this
may be that S/u is expressed late in
mouse development (after ES.5), and re-
latively late in presumptive migratory
neural crest (Jiang et al., 1998b; Savag-
ner et al., 1998; Sefton et al.,, 1998);
another gene, which may be partially re-
dundant later, is therefore likely to regu-
late earlier EMTs. Sna would be a good
candidate for this, since (i) it is expres-
sed earlier and more widely in mouse
development than Slu, (ii) Slu and Sna
expression overlap in late development,
(ii1) expression of Sna is high in parietal
endoderm, presumptive mesoderm in the
primitive streak and derivatives, in me-
senchymal cells in limb bud, lung, kid-
ney, and in pre-migratory as well as
migratory neural crest cells (Nieto et al.,
1992; Smith et al., 1992; Sefton et al.,
1998), all possible sites of EMT, and
(iv) sna has been shown to be func-
tionally redundant to escargot and wor-
niu in Drosophila (Ashraf et al., 1999).
We have recently proposed that the
differentiation of PrE or visceral endo-
derm (VE) to PE resembles an EMT
(Verheijen and Defize, 1999). At the
blastocyst stage, an epithelial layer of
PrE cells covers the inner cell mass
(ICM) of the mouse embryo. Where PrE
cells are in contact with the trophec-
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toderm (TE), however, they have a PE-
like morphology, in that they are elon-
gated and only loosely associated
(Enders et al., 1978). As implantation
begins, PrE cells delaminate from the
elongating egg-cylinder, and start for-
ming PE. PrE cells remaining in contact
with the epiblast develop into VE, a
polarized epithelium with basal-apical
polarity, apical tight junctions and nu-
merous microvilli. At the junction be-
tween the epiblast and the trophec-
toderm, the so-called marginal zone, PE
cells delaminate from this epithelial
sheet of VE cells and assume an elon-
gated, fibroblast-like morphology. Later,
they acquire a rounded cell body from

which long, filopodia-like protrusions
extend (Enders et al., 1978), providing a
front-to-back polarity. PE cells have a
smooth surface, produce and secrete co-
pious amounts of extracellular matrix
which form the Reichert's membrane
(Hogan et al., 1980; Smith and Strick-
land, 1981; Hogan et al., 1982; Kurki-
nen et al., 1983; Mason ef al., 1986), are
motile as indicated by their filopodia,
and lack E-cadherin expression (Vestwe-
ber and Kemler, 1984). These features
of PE are all characteristic of mesenchy-
mal cells (Hay, 1995), suggesting that
PrE to PE and VE to PE transitions may
be the first EMT in mouse development
(see also table I).

Table I
Epithelium PrE Mesenchyme PE
VE
Sheets of cells \ Single, loose cells \
Linked by cell adhesion molecules \ No or low (E-)cadherin expression \
(mainly E-cadherin)

Non-motile \/ Highly motile \/
Basal-apical polarity v Front-to-back polarity \/
Apical microvilli v Smooth surface, no microvilli \/
Non-invasive (attachment to basal v Invasive (migration through basal -
lamina) lamina)

Secretion of copious amounts of ECM \/

Production of proteases \

Characteristics of epithelial and mesenchymal cells and their display in PrE, VE and

PE.

Abbreviations: PrE: primitive endoderm, VE: visceral endoderm, PE, parietal endoderm, ECM: extra-cellular matrix. (Modified

from Verheijen and Defize, 1999).

PE expresses Sna at E6.5, and main-
tains expression until at least ES8.5
(Nieto et al., 1992; Smith et al., 1992).
However, the onset of PE formation oc-
curs earlier, around the time of implan-
tation. In the light of Sna upregulation in
F9 cells undergoing a PrE to PE transi-
tion, we investigated the onset and regu-
lation of its expression both in vitro in
F9 cells and in vivo. We here demon-
strate for the first time that in F9 PrE

cells, Sna is an immediate early respon-
se gene to PTHrP and dbcAMP, and that
this induction is correlated with the for-
mation of PE. We furthermore document
a link between the spatio-temporal ex-
pression of the PTH(rP)-RI and Sna in
PE-formation ex vivo and in vivo. Thus
Sna is likely to be important both in
inducing and in maintaining the changes
in morphology and motility arising du-
ring PE formation. In the light of the
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expression of snail homologues in EMTs
in a variety of tissues, and the present
results, we conclude that the formation
of PE is the earliest EMT in mouse
development.

MATERIALS AND METHODS

Cell culture

F9 EC cells were obtained from ATCC (Ameri-
can Type Cell Culture, Rockville, MD), and main-
tained in monolayer culture on gelatinized tissue cul-
ture plastic in DMEM:Ham's F12 (1:1), buffered
with 44 mM NaHCO; (DFbic), 7.5 % FCS, supple-
mented with non-essential amino acids, 10 U/ml pe-
nicillin, and 10 pg/ml streptomycin (all from Gibco
BRL, Breda, The Netherlands). EC cells were in-
duced to differentiate to PrE with 10° M all-trans re-
tinoic acid (RA) (Sigma, Bornem, Belgium) and
subsequently to PE with 107 M PTHrP, 34 (PTHrP)
(Bachem, Bubendorf, Switzerland) or rat PTH;.34
(PTH) (Peninsula Laboratories, St. Helens, United
Kingdom) or ImM dibutyryl cyclic AMP, (dbcAMP)
(Aldrich, Zwijndrecht, The Netherlands). For experi-
ments in monolayer culture, cells were seeded at a
density of 500 cells/cm? and maintained as EC for 5
days, or seeded at a density of 1000 cells/cm® and
grown for 5 days in the presence of RA, and with
PTHrP, PTH or dbcAMP present during the last
period as indicated in the figures. For inhibition of
protein synthesis, 20 pg/ml cycloheximide was ad-
ded 30 minutes prior to stimulation with PTHrP. Dif-
ferentiation was monitored morphologically by pho-
to-microscopy. On the 5™ day, cells were lysed for
RNA isolation.

To generate VE-like cells, F9 EC cells were sus-
pended in a density of 10,000 cells/10 ml medium in
the absence (for EC) or presence of 5x10° M RA (for
VE) (Hogan et al., 1981). We adapted the "hanging
drop assay" (Mummery et al, 1990) to obtain
embryoid bodies of identical size and to control the
ratio of "core"-to-VE cells: 20 pl drops containing 20
cells were placed on the lid of a petridish, then
inverted over the base filled with PBS. Aggregates
received fresh medium at the 3 or 4™ day with
medium without (for EC) or with RA (for VE). At
the 7" day, EC-aggregates received fresh medium
without RA, and RA-aggregated embryoid bodies
received fresh medium containing 5x10° M RA, 107
M PTHrP or 1 mM dbcAMP, while in suspension or
simultaneously re-plated to obtain outer layers or
monolayer outgrowths of respectively, EC cells, VE-
(RA), or PE-like (PTHrP, dbcAMP) cells. Re-plating
at the 7" day was done on gelatinized tissue culture
plastic (5 aggregates per well, 24 well dish).
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Outgrowth and morphological changes were
monitored photo-microscopically. On the 8" day,
cultures were lysed for RNA isolation.

Differential display RT-PCR (DD-RT-PCR)

F9 PrE (3 days RA) and F9 PE (3 days RA+2
days PTHrP) cells were harvested. Total RNA isola-
tion, DNase treatment, cDNA synthesis by reverse
transcription using Oligo(dT), purification, and dif-
ferential display PCR were performed as described
(Kester et al., 1997). Before purified cDNA was used
for differential display, its quality and recovery was
verified with a B-Actin PCR as described below. For
DD-RT-PCR 2 pl ¢cDNA (or H,O as a control) was
amplified using 200 ng of 1 arbitrary primer and 1
uCi [**P]dATP in each of 12 parallel reactions. The
primers used were on average 20 bp long, with 50%
GC content. The reaction was electrophoretically se-
parated on a Sequagel XR (Biozym, Landgraaf, The
Netherlands). Differential bands were excised from
the gel, and re-amplified by PCR, using the same pri-
mer that had been used for the differential display
reaction. Amplification products were cloned into the
PCR2.1-TOPO vector (Invitrogen, Groningen, The
Netherlands), and for each cloned product, 8 colonies
were used for restriction analysis and screened for
false positives as follows: Per product, clones with
different restriction patterns were again re-amplified
with the primer used in the differential display. Per
primer, amplification products were dot spotted on
duplicate filters, which were hybridized with the
Y[**P]dCTP labeled product of a DD-RT-PCR with
the same primer on F9 PrE or PE, essentially as
described (Kester et al., 1997). Products that showed
differential hybridization were used as a probe for a
conventional Northern blot and sequenced with the
ABI Prism 377 DNA Sequencer (Perkin Elmer,
Foster City, California).

PolyA" isolation and Northern blotting

Approximately 3 pg poly-adenylated RNA
samples (isolated using Oligo(dT)-cellulose (type 7,
Pharmacia Biotech, Roosendaal, The Netherlands)),
were electrophoretically separated in formalde-
hyde/1% agarose gels (Sambrook et al., 1989),
blotted and hybridized on Hybond N filters (Amer-
sham, Roosendaal, The Netherlands) as described by
the manufacturer. Probes comprised the differential
display fragments as an EcoR1 insert from the
PCR2.1-TOPO vector, or the EcoR1-BglIl 5' Sna
fragment from clone 5-15 (a kind gift of Dr. Grid-
ley). All probes were labeled to a specific activity of
approximately 10° cpm/:g DNA, using the Redivue
kit and o[*P]JdCTP (both from Amersham).
Hybridization with a 1.4 kb Pstl fragment of the gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH)
cDNA or a f-actin probe was used as a loading
control.
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Mouse embryos
For early pre-implantation stage embryos, wild

type C57BL/6 x CBA F1 females were super-ovu-
lated (Roelen et al., 1998) and mated with F1 males.
Natural matings were used to obtain blastocysts and
post-implantation embryos. Midday of the day of ap-
pearance of a vaginal plug was designated E0.5. Fe-
males were sacrificed by cervical dislocation at the
required day of pregnancy. Collection of embryos in
M2 medium and subsequent culture in M16 medium
was as described (Hogan et al., 1994). Zygotes or 2-
cell embryos from several crosses per stage were as-
signed randomly to pools of 20 embryos, and were
either lysed directly, or cultured until 4-cell, morula
or blastocyst stage and then lysed in Ultraspec (Bio-
tecx, Veenendaal, The Netherlands) for later analysis
by RT-PCR. For blastocyst outgrowths, E3.5 embry-
os were collected, distributed over 15 pools of 20
embryos, and grown for 1 day as described above. 6
Pools were then lysed in Ultraspec, and the other 9
pools were transferred to gelatinized tissue culture
dishes containing DMEM, 20% FCS, 10 U/ml peni-
cillin, 10 pg/ml streptomycin, 10*M B-mercapto-e-
thanol (Sigma) and grown for 3 to 5 days in a humi-
dified incubator at 37°C, 7.5% CO, followed by ly-
sis. Lysates were analyzed by semi quantitative RT-
PCR.

RT-mediated PCR and semi-quantitative RT-
mediated PCR

Total RNA or polyA+ RNA was isolated from
monolayer cultures of F9 cultured cells as described
above. Total RNA from pools of 15 F9 embryoid bo-
dies, or 20 mouse embryos were isolated from Ultra-
spec according to the manufacturer's protocol and
precipitated in the presence of 1 pul seeDNA
(Amersham). All RNAs were DNase treated, using 1
U RQI1 RNase-free DNase (Promega, Leiden, The
Netherlands) according to the manufacturer's proto-
col, then phenol-extracted and ethanol-precipitated.
The pellet was resuspended in 15 or 20 ul H,O, of
which half was used for cDNA synthesis by reverse
transcription (RT) using the Superscript kit (Gibco
BRL) according to manufacturer's protocol. 4 U
RNasin (Roche, Almere, The Netherlands) was ad-
ded to a total reaction volume of 20 ul. cDNAs were
used in PCRs without further purification, using an
equivalent of the corresponding RNA as a negative
control. The cDNAs and corresponding RNAs were
routinely checked by a plateau-phase f-actin RT-
PCR to verify efficiency of cDNA-synthesis and test
for contaminating DNA respectively.

RT-PCR was carried out on at least 3 inde-
pendent samples, and run in a BIOMETRA UNOII
Thermo cycler (Biometra, Gottingen, Germany). Pri-
mers are shown in table II. The following cDNA in-
put was used: An equivalent of 50 ng total RNA or 2
ng polyA+ RNA from F9 monolayer cultures in 1 pl;

an equivalent of 1/4 of an F9 embryoid body in 1 pl;
an equivalent of 1 pre-implantation embryo or plated
blastocyst in 2 pl. RT-PCR for f-actin was per-
formed with 165 ng (2.5 :1) of each primer, 0.2 mM
dNTPs each, 1.5 mM MgCl,, 0.625 U Goldstar poly-
merase (Eurogentec, Seraing, Belgium) in 1x Gold-
star reaction buffer in a total of 50 pl. Amplification
cycles were as follows: 3 min. 94°C, 40x (15 sec.
94°C, 30 sec. 56°C, 45 sec. 72°C), 7 min. 72°C, soak
at 4°C. If no f-actin product was seen after gel-
electrophoresis, hemi-nested PCR was carried out
with 2 pl of the first reaction under the same condi-
tions. This was necessary for some pre-implantation
embryo samples only. RT-PCR for Sna on pre-im-
plantation embryos was performed with 0.8 w:M of
each primer, 0.2 mM dNTPs each, 10% DMSO, 2
mM MgCl,, 1x Goldstar reaction buffer, 1 U Taq po-
lymerase in a 25 pl reaction volume. Amplification
cycles were as follows: 5 min. 94°C, 40x (45 sec.
94°C, 45 sec. 58°C, 45 sec. 72°C), 7 min. 72°C, soak
at 4°C. If no amplification product was seen after
gel-electrophoresis, nested PCR with 2 pl of the first
reaction was carried out under the same conditions.
RT-PCR for PTH(rP)-RI was performed as for Sna,
but without DMSO and with 1.5 mM MgCl,, and an
annealing temperature of 61°C. RT-PCR for folli-
statin was performed as for S-actin, with the forward
and nested reverse primer, and with an annealing
temperature of 60°C. If no product was detected, a
larger product was first amplified by using the for-
ward and reverse primer, followed by a hemi-nested
PCR on 2 pl of the first reaction with the forward
and nested reverse primer.

To determine relative expression levels of Sna in
F9 embryoid bodies, blastocysts and plated blasto-
cysts, a semi-quantitative RT-PCR assay was deve-
loped. Accuracy and the range of linear DNA-quan-
tification by the Fluorlmager 595 (Molecular Dy-
namics) with ImageQuaNT 5.0 software were first
determined by quantifying a serial dilution of DNA-
fragments in the range of expected RT-PCR product
sizes on a thin 2% agarose gel containing 1:13,000
VistraGreen (Amersham). We found that DNA is
accurately quantifiable in a linear range (r = 0.99)
when loaded within the 0.1 to 10 ng range on a thin
gel, that has had minimal exposure to light. Since
RT-reactions are a source of large variation in (semi-
)quantitative PCR (Freeman et al., 1999), cDNA
samples (and corresponding RNA samples) were
titrated such that their f-actin amplification products
in the log-linear phase of the PCR varied less than
four-fold among each other (Keller et al., 1993).
These amounts of cDNA were subsequently used for
semi-quantitative RT-PCRs. In these reactions, three
subsequent samples were taken, loaded on gel within
the range of linear quantification, and analyzed to
verify that amplification occurred in the log-linear
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phase of each PCR (cycles 24, 27, 30 for S-actin;
cycles 30, 33, 36 for Sna; cycles 29, 31 and 33 for
PTHrP-RI; and cycles 32, 34, 36 for follistatin).
follistatin could only be measured accurately in the
36 cycle sample. If no product was seen, a sample
from a 40 cycle PCR was analyzed on gel or used in
a nested PCR to determine if any follistatin transcript
could be detected. Each RT-PCR was repeated 3
times to correct for variations in amplification
efficiency. For each sample the amount of ampli-
fication products of Sna, PTH(rP)-RI and follistatin
relative to S-actin were determined. The Student's t-
test was used to determine significance of changes in

relative expression levels.

In Situ Hybridization (ISH)

Post-implantation embryos were dissected in
decidua at E5.5-7.5 as described (Hogan et al,
1994), embedded in paraffin, and sectioned. In situ
hybridization for Sna was performed with overnight
hybridization at 55°C with a **S-UTP RNA probe
spanning the Sacl-EcoR1 3' UTR fragment of clone
5-15 (described above), and high stringency washing
at 65°C, as described (Feijen et al., 1994).

Table 11
Gene Primer Sequence Product size
(bp)
B -actin forward CCTGAACCCTAAGGCCAACCG
B -actin reverse GCTCATAGCTCTTCTCCAGGG 398 with forward
B -actin nested reverse TGTAGCCACGCTCGGTCAGGA 267 with forward
Sna forward CTAGGTCGCTCTGGCCAAC
Sna reverse TCA(#)GCGAGGGCCTCCGGAGCAGCCAGACT 835 with forward
Sna nested forward GGAAGCCCAACTATAGCGAGC
Sna nested reverse  CAGTTGAAGATCTTCCGCGAC 424 with nested
forward

PTH(rP)-RI forward GCAGAGATTAGGAAGTCTTGGA
PTH(rP)-RI reverse AGCCGTCGTCCTTGGGAACTGT 280 with forward
follistatin forward atacggatccTTTTCTGTCCAGGCAGCTCCAC
follistatin nested reverse ataggaattcACTTACTGTCCGGGCACAGCTCA 320 with forward
follistatin reverse ataggaattcGTCAACACTGAACATTGGTGG 545 with forward

Primers used in plateau-phase and semi-quantitative RT-PCRs.

Sequences of forward and reverse primers are denoted in 5' to 3' direction for each gene, with the size of their expected
amplification product. Lower case is used to designate sequences used to insert a linker in primers for follistatin. In the Sna
reverse primer, a sequence encoding a HA-tag (AGGCTAGCGTAATCTGGAACATCGTA) is inserted, indicated by (#).

RESULTS

DD-RT-PCR reveals Sna upregulation
in F9 parietal endoderm.

Differential display RT-PCR with 12
arbitrary primers on cDNA derived from
F9 PrE and PE cells yielded 25 frag-
ments upregulated in F9 PE, and 20 of
these fragments could be re-amplified
(results not shown). These were cloned
into PCR2.1-TOPO vector and of each
cloned fragment, 8 colonies were scree-
ned to eliminate false positives as de-
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scribed under materials and methods.
All but 4 clones, representing 4 different
fragments, were eliminated, and ulti-
mately tested in a Northern blot. Of
these 4 fragments, we confirmed upre-
gulation of only one during diffe-
rentiation of F9 cells (#145, figure 1).
Sequence analysis revealed that this
fragment of 300 bp was 98% homolo-
gous to part of the zinc finger domain of
Sna (bp 536-836, Nieto et al., (1992)).
Indeed, the fragment hybridized to a
transcript of approximately 1.7 kb in
Northern blot analysis, as previously re-
ported for Sna (Nieto et al., 1992; Smith
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et al., 1992). This transcript was hardly
detectable in FOEC cells, but clearly vi-
sible in FOPrE and PE (figure 1). In ad-
dition to this transcript, which is the on-
ly one reported in mouse (Nieto et al.,
1992; Smith et al., 1992), we detected a
transcript larger than 4.8 kb, the ap-
proximate genomic size of Sna, in cul-
tures treated with PTHrP or PTH (right 2
lanes in fig. 1). In our hands, PTH is
more potent in inducing F9 PE than
PTHrP is, as indicated by transcription
of the PE-marker thrombomodulin (1 -
mada et al., 1990a, b), and a more pro-
found rounded up morphology after 48
hr. treatment (figure 1, top panel). This
is also reflected in Sna transcription.
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Figure 1: Differential expression of Sna

during F9 differentiation.

The top panel shows microphotographs of F9 cells in their va-
rious differentiation stages as a result of the treatment indi-
cated at the bottom. Below the microphotographs are Nor-
thern blot results of poly-A* RNAs of differentiating F9 cells
hybridized with differential display clone #145, a probe of the
5' region of Sna, thrombomodulin (TM), and S-actin. 28S and
18S ribosomal RNA bands as seen in control lanes with total
RNA are indicated at the right. Abbreviations: EC: embryonal
carcinoma, PrE: primitive endoderm, PE: parietal endoderm,
d: days of treatment, RA: 10°® M all-trans retinoic acid, PTH:
107 M parathyroid hormone, PHTrP: 107 M PTH related
peptide.

To rule out the possibility of cross
hybridization with another (zinc finger)
containing mRNA, parallel blots were
hybridized with a probe spanning the 5’
(non-zinc finger) region (figure 1) and a

probe spanning the 3'-UTR (not shown),
both generated from the Sna cDNA clo-
ne 5-15. These probes recognize the 1.7
kb transcript, as well as the larger one,
strongly suggesting that both are Sna
mRNAs. The 5' probe was used in sub-
sequent Northern blot experiments.

elevated
levels

Sna is a target for
intracellular cyclic AMP
specific for PE-formation.
Snail family members are mostly
associated with the onset of EMT and
are particularly expressed in mesen-
chyme. Since aspects of the differen-
tiation of PE from PrE resemble such a
transition to mesenchymal cells, we fo-
cused on this differentiation step, and
determined the kinetics of Sna trans-
cription following addition of PTHrP to
F9 PrE cells by Northern blot hybri-
dization. As can be seen in fig. 2A, RA
alone already induces Sra to some ex-
tent within 1 day, and the level is main-
tained during prolonged treatment. How-
ever, within half an hour after subse-
quent PTHrP treatment of F9 PrE cells,
Sna expression increases significantly.
The upregulation is high initially, while
Sna mRNA levels gradually decrease,
but after 48 hours they are still higher
than in cells treated with RA alone. In
three independent experiments, we ob-
served a similar rapid increase and sub-
sequent downregulation in Sna mRNA
levels, although the extent and duration
varied and seemed to positively corre-
late with the extent to which cells show
the morphological changes (as visuali-
zed in microphotographs in figure 1)
associated with terminal PE differen-
tiation (data not shown). When F9 PrE
cells are treated with dbcAMP instead of
PTHrP, Sna is also upregulated, sugges-
ting the effect of PTHrP is mediated via
the cyclic AMP/Protein kinase A path-
way. After 48 hours of treatment with
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dbcAMP Sna is higher than in cells trea-
ted with PTHrP and under these
conditions more cells display a pro-
foundly mesenchymal morphology than
following PTHrP treatment, again sug-
gesting that regulation of Sna expression
correlates with the extent to which cells
acquire the mesenchymal PE phenotype.
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Figure 2: Rapid induction of Sna by
PTHrP in F9 PrE cells, specific for

differentiation to PE.

Northern blots of poly-A" RNA of F9 cells in various stages
of differentiation, hybridized with the 5' Sna probe and
GAPDH as a loading control. 28S and 18S ribosomal RNA
bands as seen in control lanes loaded with total RNA are
indicated at the right. Bars represent the ratio between Sna
and GAPDH relative to EC cells. Abbreviations used are as in
fig. 1, and dbcAMP: 1 mM dibutyryl cyclic AMP, isoprot: 10
UM isoproterenol, h: hours of treatment. A: cells were grown
for 5 days in the absence or presence of RA to induce PrE,
and treated for the last /2 to 48 hours with PTHrP or dbcAMP
to induce PE, or with isoproterenol as a control. Error bars
indicate SEMs of three independent culturing experiments. B:
F9 cells were left untreated or treated for varying periods
with RA and subsequently treated during 1 hr with PTHrP or
dbcAMP.

In contrast, in F9 PrE cells treated for
48 hours with isoproterenol, Sna mRNA
levels are comparable to those in cells
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treated with RA alone (figure 2A).
Isoproterenol elevates intracellular cy-
clic AMP levels in these cells to a si-
milar or higher extent as PTH and like-
wise is capable of activating reporter
constructs via cyclic AMP response
elements (Verheijen and Defize, unpu-
blished results) but does not induce a
differentiated PE morphology. The ab-
sence of elevated Sna mRNA levels up-
on prolonged isoproterenol treatment
suggests that upregulation of Sra trans-
cription via persistently high levels of
cyclic AMP is correlated with diffe-
rentiation, and not simply an effect of
elevated intracellular cyclic AMP levels
as such. This was further investigated by
adding dbcAMP to cells that were previ-
ously either untreated or treated with RA
for varying periods. As can be seen in fi-
gure 2B, cultures untreated or treated
with RA for 1 or 2 days do not show ele-
vated Sna transcription after 1 hour
treatment with dbcAMP. Addition of
dbcAMP for 1 hour results in elevated
Sna mRNA levels only when cells are
treated with RA for at least three days.
This coincides with differentiation to
PrE-like cells, as indicated by e.g. ex-
pression of the PTH(»P)-RI (van de Stol-
pe et al., 1993). In these cells, PTHrP
also effectively raises Sna levels (figure
2B). Longer treatment with RA does not
induce higher Sna levels in response to
PTHrP, and levels are comparable to
those observed in other experiments in
cells treated with RA during 5 days fol-
lowed by a short treatment with PTHrP
(figure 2A, 3).

Sna is an immediate early target gene
of PTH(P)-RI signaling in the
formation of PE.

The capacity of PTHrP to induce Sna
transcription within 30 minutes raised
the question whether Sna is an imme-
diate early target of PTH(rP)-RI sig-
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naling and may thus be a key element in
PE formation. To address this, we trea-
ted F9 PrE for 30 minutes or 2 hours
with PTHrP in the absence or presence
of cycloheximide or with cycloheximide
alone. Cycloheximide was added 30 mi-
nutes prior to PTHrP addition, in order
to block all protein synthesis. Northern
blot analysis (figure 3) shows that Sna
transcripts are still expressed, in fact at
even higher levels in cultures treated
with both PTHrP and cycloheximide, or
cycloheximide alone. This indicates that
Sna is indeed an immediate early target
gene for PTH(rP)-RI signaling. Results
are shown for 2 hours of PTHrP
treatment only, and were similar in two
other experiments in which cells were
treated with PTHrP during 30 minutes.
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Figure 3: Sna is an immediate early target

of PTHrP in F9 PrE cells.

Northern blot of poly-A" RNA of F9 EC, and PrE with or
without induction with PTHrP for 2 hours, hybridized with
the 5' Sna probe and GAPDH as a loading control. Abbrevia-
tions used are as in fig. 1. Cycloheximide (CX, 20 pg/ml) was
added to the cells 30 minutes prior to PTHrP addition, or as a
control added without PTHrP. Bars represent the ratio be-
tween Sna and GAPDH relative to EC cells. This experiment
was repeated twice with 30 min. PTHrP treatment, and yiel-
ded similar results. The 18S ribosomal RNA band as seen in
the control lane loaded with total RNA is indicated at the
right.

Sna is upregulated in the formation of
PE-like cells independent of the direct
precursor.

F9 EC cells treated in monolayer with
RA and PTHrP differentiate non-syn-

chronously, but specifically to PE. Their
developmental potency is, however, in-
creased by growth as aggregates in sus-
pension culture. Exposure to RA under
these conditions of "embryoid body for-
mation" results in a core of undiffe-
rentiated cells, surrounded by an outer
layer of VE-like cells that express the
VE marker alpha-fetoprotein and are ca-
pable of trans-differentiation into PE up-
on re-plating on an appropriate extra-
cellular matrix component. This process
is enhanced by addition of dbcAMP
(Grover et al., 1983; Hogan et al., 1983;
Grabel and Watts, 1987) or PTHrP (our
unpublished observations). We re-plated
5 aggregates per well to allow non-over-
lapping outgrowth. To determine the re-
lative levels of Sna in such small cul-
tures, we developed and validated a stra-
tegy for semi-quantitative RT-PCR (de-
scribed under materials and methods).
To further validate our strategy, a semi-
quantitative RT-PCR on Sna and f-actin
was done with cDNA generated from
RNA samples used for Northern blot-
ting. Figure 4A shows that changes in
mRNA levels determined by semi-quan-
titative RT-PCR reflect the changes as
conventionally measured on a Northern
blot.

Next we analyzed Sna expression re-
lative to S-actin in RNA isolated from 7
day "hanging drop" aggregates which
had subsequently been treated 1 day
with fresh RA or PTHrP, while in sus-
pension or re-plated. Black bars in fi-
gure 4B show that Sna expression is de-
tectable at a very low level in untreated
EC aggregates in suspension and higher
in aggregates exposed to RA. This is
presumably attributable to the outer VE-
like layer and its outgrowth, as elevation
of Sna is also seen when cells are grown
in monolayer in the presence of RA (fig.
2A). When RA-exposed aggregates are
treated with PTHrP or dbcAMP, diffe-
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rentiation to PE-like cells is induced and
Sna levels show a further, significant
increase (two-tailed Student's z-test,
p<0.05). In our experiments, RA-treated
aggregates that received fresh medium
with RA and were simultaneously re-
plated on gelatin, also show an increase
in Sna mRNA levels (figure 4B, white
bars). However, this increase is not
significantly different from similar ag-
gregates that had remained in suspension
(two-tailed Student's ¢-test, p>0.10). In
re-plated aggregates, the induction of
Sna upon treatment with PTHrP is again
significantly different from treatment
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Fig. 4: Sna is upregulated by PTHrP in F9

embryoid bodies.

Abbreviations used are as in figs. 1 and 2, and VE: visceral
endoderm. A: RNA samples from monolayer cultures were
analyzed by Northern blotting (top, with 18S ribosomal RNA
band as seen in control lane indicated at the right) and semi-
quantitative RT-PCR (middle) to validate the semi-
quantitative RT-PCR strategy. The graph at the bottom shows
results of one representative experiment. Bars represent the
ratio between Sna and GAPDH (Northern blot, black bars) or
Sna and f-actin (semi-quantitative RT-PCR, white bars),
relative to EC cells. B: Semi-quantitative RT-PCR results of
aggregation experiments. From left to right: undifferentiated
aggregates were left untreated (EC), while aggregates
differentiated with RA received fresh RA (VE), PTHrP or
dbcAMP (both PE) while in suspension or re-plated. One day
later, aggregates were used for semi-quantitative RT-PCR for
Sna. Morphological changes associated with treatment while
plated can be seen in the microphotographs at the top, and
semi-quantitative RT-PCR results of plated aggregates below.
The graph at the bottom shows the ratio between
amplification products of Sna and p-actin relative to
untreated aggregates. Error bars represent standard deviations
of three independent PCR results on 2 independent culture
experiments. Differences between aggregates that had
remained the last day in suspension (black bars) or that were
plated (white bars) are not significant (two-tailed Student's 7-
test, p>0.10). RA-treated aggregates have significantly higher
Sna levels than untreated aggregates, and PTHrP induced Sna
levels differ significantly from RA induced levels (two-tailed
Student's ¢-test, p<0.05).

with RA alone (two-tailed Student's ¢-
test, p<0.05). From the experiments with
F9 in monolayer and aggregate cultures,
we conclude that Sna is induced by
PTH(rP)-RI signaling in the formation
of PE in vitro, independent of whether
its precursor is PrE or VE.

Sna is upregulated during the ex-vivo
formation of PE.

We next tested whether there is a si-
milar (rapid) upregulation of Sna as PE
forms ex vivo from plated blastocysts.
When plated on tissue culture substrates,
blastocysts attach and trophectoderm
cells grow out, liberating the inner cell
mass. PrE cells thus migrate from the
inner cell mass over the trophectoderm
(TE) cells, where they are exposed to
PTHrP secreted by these cells (Behrend-
tsen et al., 1995). This results in their
differentiation to PE cells during migra-
tion. In the experiments described here,
blastocysts were plated for 3 to 5 days
and then analyzed for expression of Sna
relative to f-actin by semi-quantitative
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RT-PCR. Figure 5 shows that Ska is al-
ready expressed in blastocysts at the
time of plating, but that the level strong-
ly increases upon plating (one-sided Stu-
dent's t-test, p<0.05). Expression of
PTH(rP)-RI and follistatin was also
analyzed in the same samples. PTH(7P)-
RI is expressed in endoderm migrating
through the marginal zone of ES5.5
mouse embryos (Karperien et al., 1994).
Figure 5 shows that it is also strongly
upregulated in plated blastocysts (one-
sided Student's t-test, p<0.05). Folli-
statin, expressed in low levels in primi-
tive ectoderm (PrEc) and very strongly
in PE at E7.5 of gestation (Feijen et al.,
1994), was not detectable in blastocysts,
even using a hemi-nested PCR (not
shown), but is detectable in a single
round of RT-PCR in plated blastocysts
(fig. 5). Upregulation of Sna in plated
blastocysts is thus coincident with up-
regulation of follistatin and PTH(rP)-RI,
suggestingthat Sna is most highly
expressed in the emerging PE.

Sna is expressed in pre-implantation
embryos and is specifically upregu-
lated in the first PE cells of the mouse
embryo.

The presence of low levels of Sna
RNA in mouse blastocysts prompted us
to determine the onset of its transcrip
tion at earlier developmental stages. In
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blastocyst blastocyst
Sna el
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P-actin — — =
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g
&2
i >
] L
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an approximate equivalent of 1 embryo,
Sna was detected in the zygote, at the 2-
cell stage and beyond (figure 6A). The
top row of figure 6a shows the results of
a first round PCR for Sna on one series
of pre-implantation embryos. In other
series, first round PCRs for Sna showed
variability in yield of an amplification
product in embryos at the 2-cell and
later stages, probably due to variability
in the RT-reaction. However, in a hemi-
nested PCR, an amplification product
for Sna was always detected in all stages
of development (figure 6A, middle row),
indicating it is readily transcribed by the
zygotic transcription machinery
(Schultz, 1993; Aoki et al., 1997).

To determine the kinetics of Sna ex-
pression in endodermal cells, we carried
out in situ hybridization on sections of
early post-implantation mouse embryos.
Just after implantation, at E5.5, the inner
cell mass has grown out into an epiblast
consisting of PrEc, covered by a layer of
PrE, that differentiates into VE or PE.
At this stage, the first few PE cells are
evident on the basal surface of the TE
(Kaufman, 1992), and Sra expression
was detected in PE cells (figure 6B, a
(sagittal section), b and c (transverse
sections)), and in low levels in the ecto-
placental cone, while neither their pre-
cursor, PrE or VE, nor the PrEc shows
expression.

Figure 5: Sna is upregulated in plated
blastocysts.

RNA was extracted from blastocysts directly or several days
after plating, and analyzed for Sna, PTH(rP)-RI, and

follistatin mRNA expression relative to f-actin expression by

semi-quantitative RT-PCR. Each PCR was repeated 3 times
independently. Error bars represent SEMs of 6 (blastocyst,
black bars), respectively 9 (plated blastocysts, white bars)
independent pools of 20 blastocysts each. Sna and PTH(rP)-
R1 are both significantly upregulated upon plating (one-tailed
Student's #-test, p< 0.05). The right panel shows a blastocyst
(top) and plated blastocyst (bottom) at the same
magnification. White arrows indicate inner cell mass, short
black arrows indicate individual PE cells. Large flat cells are

trophectoderm cells, indicated by a long black arrow.
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One day later, at E6.5, as gastrulation
is initiated, Sna is again detected in PE
cells, while expression  remains
undetectable in their precursor, VE (fi-
gure 6B, e (sagittal section), f, g and h
(transverse sections)). At E6.5, Sna can
also be more clearly detected in the
ectoplacental cone, and in addition, is
highly expressed in the emerging primi-
tive streak in the nascent mesoderm
where an EMT takes place (figure 6B, e,
g), as reported previously by Nieto et
al., (1992) and Smith et al., (1992). At
E7.5 expression at these sites was con-
firmed, and, additionally, found in the
mesodermal wings and allantois (figure
6B, 1, j, k, and 1). At this stage, endo-
dermal cells delaminating from the epi-
thelial sheet of VE cells in the marginal
zone can be discriminated, expressing
Sna (see magnification of sagittal sec-
tion 6B, i: figure 6B, d).

DISCUSSION

The formation of PE from PrE and
later from VE has a number of cha-
racteristics of an EMT. The availability
of the F9 EC cell system, in which PE
differentiation can be studied in vitro,
could thus also provide an excellent mo-
del system for studying molecular as-
pects of EMT. The data presented in this
paper support this proposition.

In previous studies we have provided
evidence that PTHrP and the type I
PTH/PTHrP receptor (PTH(rP)-RI) play
an important role in PE formation in
vivo (van de Stolpe et al., 1993; Karpe-
rien et al., 1994, 1996; Verheijen et al.,
1999). While PTH(rP)-RI is expressed
by PE and its precursors, PTHrP is pre-
sent in large amounts in the decidua and
trophectoderm. Others have provided e-
vidence in cultured blastocysts that
PTHrP produced by trophectoderm in-
deed acts as an endogenous regulator of
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PE differentiation (Behrendtsen et al.,
1995). In vitro, PTHrP can also induce
the formation of PE when added to F9
PrE cells (Chan et al., 1990; van de
Stolpe et al., 1993).

Using differential display RT-PCR,
we identified Sna as a target gene for
PTHrP in F9 PrE cells. Interestingly,
others have already described Sna ex-
pression in PE in mice (Nieto et al.,
1992; Smith et al., 1992), and human
SNAIL has recently been found in pla-
centa (Twigg and Wilkie, 1999) to
which PE cells also contribute (Enders,
1997). In several species, including the
mouse, expression of either Sna or Slu
has been detected in presumptive meso-
derm and pre-migratory neural crest
cells and maintained in mesenchymal
derivatives (Nieto ef al., 1992; Smith et
al., 1992; Essex et al., 1993; Hammer-
schmidt and Nusslein-Volhard, 1993;
Thisse et al., 1993, 1995; Mayor et al.,
1995; Jiang et al., 1998b; Savagner et
al., 1998; Sefton et al., 1998). Based
upon these expression data, it was
suggested that Sna or Slu could play a
role in the formation and/or maintenance
of mesenchymal cells in these processes.
For murine S/u, such a role in EMT was
indeed established at least in vitro:
Savagner et al., (1997) showed that
overexpression of the gene in NBT-II
cells, a model system for EMT, resulted
in desmosome breakdown an the
appearance of a mesenchymal pheno-
type. Furthermore, a role for ¢Slu in
EMT in the developing chicken heart
was recently established as well (Ro-
mano and Runyan, 1999). It was sugges-
ted by the work of Sefton et al., (1998),
that ¢S/lu and mouse Sna play similar
roles in their respective species in pro-
cesses involving EMT.

In the present study, we demonstrate
that Sna is strongly upregulated as a re-
sult of addition of the peptide hormone.
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Figure 6: Sna expression during early mouse gestation.

A: Amplification products of a plateau-phase first round and nested PCR for Sna and a first round plateau phase PCR for f-
actin. RNA was isolated from mouse embryos at zygotic (Z), 2 cell (2), 4 cell (4), morula (M) and blastocyst (B) stage. Three
independent pools of 20 embryos were analysed by RT-PCR. Results are shown for one series of embryos. In other series,
results for first round RT-PCR for Sna were variable, but in nested PCRs a product was always seen at all stages of
development. B: In situ hybridization with a Sna probe in E5.5 (top), E6.5 (middle) and E7.5 (bottom) mouse embryos. Left
column shows sagittal (s) sections, in which the plane of transverse (t) sections is indicated by letters corresponding to the
sections shown at the right to sagittal section. An asterisk (») indicates the marginal zone. Section (d) is a magnification of the
marginal zone region, demarcated by the box in section (i).

PTHrP to F9 PrE cells. Sna has been mal cap assays for mesoderm induction
shown to be inducible by other hormo- (Hammerschmidt and Nusslein-Volhard,
nes, such as activin A in zebrafish ani- 1993), while injection of antivin RNA
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(which inhibits activin activity) in ze-
brafish downregulates Sna expression
(Thisse and Thisse, 1999). Likewise, ad-
dition of basic fibroblast growth gactor
(bFGF) and the activin A homologue
XTC-MIF to Xenopus animal caps (Sar-
gent and Bennett, 1990) also upregulates
Sna. By analogy, FGF-4 induces S/u in
chick limb bud formation (Buxton ef al.,
1997), as does FGF-1 when added to
NBT-II cells (Savagner et al., 1997).
However, to date, an immediate early
effect of any of these growth hormones
has not been shown. Here, we show that
the upregulation of Sna by PTHrP in F9
PrE cells still occurs in the presence of
cycloheximide, providing evidence for
the first time that Sna expression is an
immediate early effect of this hormone
in PrE cells.

The immediate rise in expression of
Sna in response to PTHrP in F9 PrE
cells is suggestive for a role of the gene
in the onset of EMT. Supporting this, we
find that Sna is already present at low
levels in both epithelial precursors of F9
PE, i.e. F9 PrE and VE. This is in line
with the reported expression of Sna in
epithelial precursors of mesenchymal
cells, such as the ectoderm cells in the
primitive streak region which will be-
come mesoderm, and in the pre-mi-
gratory cells in neural crest formation
(Nieto et al., 1992; Smith et al., 1992;
Sefton et al., 1998).

The initial burst of Ska expression
induced by PTHrP is transient, but after
48 hours, when the cells have acquired a
definitive PE morphology, Sna levels
are still higher than in untreated F9 PrE
cells. The transient nature of the expres-
sion could be due to the instability of
PTHrP under tissue culture conditions.
In accordance with this idea, in F9 PrE
and VE cells treated with PTH or
dbcAMP instead of PTHrP, Sna levels
remain high even after 24 or 48 hours.
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This parallels more closely the situation
in vivo, where high levels of Sna are
detected in PE from E5.5 (our data) until
at least E8.5 (Nieto et al., 1992). The
levels of Sna after prolonged treatment
of F9 PrE or VE with PTHrP, PTH or
dbcAMP seems related to the extent to
which cultures acquire a rounded, me-
senchymal, PE morphology. We there-
fore speculate that the early upregulation
of Sna correlates with the initiation of
the transition to a mesenchymal morpho-
logy, while the extent and/or main-
tenance of high Swa levels correlates
with the extent and/or maintenance of
the mesenchymal phenotype. In vivo,
PTH(rP)-RI could be continuously sti-
mulated by PTHrP secreted by the TE
cells, leading to constitutively high le-
vels of Sna in PE.

The ex vivo Dblastocyst plating
periments showed significant upregula-
tion of Sna concomitant with the upre-
gulation of PTH(rP)-RI and follistatin,
as well as the appearance of PE cells. In
vivo, follistatin is expressed at E6.5 by
primitive ectoderm (Feijen et al., 1994),
but here, in plated blastocysts, we use
follistatin as a marker for PE. Thus,
these data strongly suggest that the
emerging PE cells account for the
increase of Sna.

We found Sra expression in the
mouse embryo from zygote stage on-
ward, well before the formation of PE,
albeit in very low levels. This seems to
be in contrast to expression in other
species, where Sna is first detected at
the onset of mesoderm formation
(Sargent and Bennett, 1990; Kosman et
al., 1991; Nieto et al., 1994; Hardin,
1995; Brown and Denell, 1996; Erives et
al., 1998; Langeland et al., 1998). How-
ever, in zebrafish Sna has been found
ubiquitously expressed before gastrula-
tion as a maternal transcript, but it is
strongly upregulated at the onset of
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zygotic transcription at the dome stage
and becomes rapidly confined to the
dorsal presumptive mesoderm at gastru-
lation (Hammerschmidt and Nusslein-
Volhard, 1993; Thisse et al., 1993). It is
not clear whether there is a function for
the Sna expressed at the early stages of
mouse development. It could contribute
to cell cycle control, as has been de-
scribed for Drosophila escargot in ima-
ginal wing disc cells (Hayashi et al.,
1993; Fuse et al., 1994, 1996; Hayashi,
1996) and for mouse Sna in trophoblast
giant cells (Nakayama et al., 1998). Al-
ternatively, it might control programmed
cell death, similar to the C. elegans snail
family member ces-I (Metzstein and
Horvitz, 1999) and human SLUG (Inukai
et al., 1999). It is also possible that
these low expression levels are of no
functional significance, which is suppor-
ted by the report that Sna -/- mice sur-
vive until gastrulation. Interestingly,
these mice show defects in parietal
endoderm and mesoderm formation
(Jiang et al., 1998a). More detailed
analysis of pre-implantation develop-
ment of these Sna mutant embryos may
reveal whether Sna is just present as a
transcript or whether a functional pro-
tein is present at these stages.

By RT-PCR, we find relatively little
Sna mRNA in blastocysts, which con-
sists of inner cell mass and trophec-
toderm only, while in situ hybridization
data show that expression is sharply
upregulated at E5.5, when the embryo
has just implanted in the uterine wall,
specifically in the first PE cells. At
E6.5, Sna is highly expressed in both PE
and emerging mesoderm, and in lower
levels in the ectoplacental cone. Unex-
pectedly, at these stages we could not
detect expression in the PrE or VE cells,
precursors of PE, in apparent contrast to
the expression in F9 PrE and VE (this
report), and the expression in other

epithelial pre-EMT cells, as shown by
others. However, we cannot exclude the
possibility that Sna is expressed below
detection levels in PrE. Alternatively,
Sna may be expressed in PrE only in the
marginal zone; these cells are difficult to
detect at early stages in conventional
paraffin sections. At E7.5, Sna was
clearly detected in PE and is present also
in the endodermal cells that line the
ectoplacental cone in the marginal zone.
At this stage all PrE cells have differen-
tiated into either PE or VE cells (Cock-
roft and Gardner, 1987), and it is until
about this stage that the VE cells resi-
ding in the marginal zone retain their
potential to contribute to PE (Hogan and
Tilly, 1981; Cockroft and Gardner,
1987). Sna expression in endoderm at
this stage is restricted to cells delami-
nating from the epithelial sheet of VE
cells in the marginal zone and to PE
more distally.

Expression of PTH(rP)-RI mRNA
and protein at E5.5 and E6.5 is detected
in PE and extraembryonic VE, most
prominently in the marginal zone
(Karperien et al., 1994; Verheijen et al.,
1999). At E7.5, PTH(rP)-RI mRNA and
protein expression is low in VE, but
prominent throughout PE. From this
stage, PTH(rP)-RI protein expression in
the extraembryonic VE further decreases
and is no longer detectable at E9.5
(Verheijen et al., 1999). At all of these
stages, PTHrP is expressed from the
adjacent trophoblast and decidual cells
(Karperien et al., 1996), and the protein
is detected in trophectoderm cells as
early as the blastocyst stage (van de
Stolpe et al., 1993). These data suggest
that the Sna expression observed at sites
where PE differentiation is initiated and
maintained, is indeed controlled by
activation of the PTH(rP)-RI.

The way by which PTHrP, acting
through the PTH(rP)-RI, regulates Sna
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expression is unclear. This could be
direct, through enhancer sequences loca-
ted in the promoter of the Sna gene or
indirect, e.g. through rapid changes in
cell-cell and cell-matrix interactions.
The aggregate studies suggest that these
latter changes could contribute to Sna
expression as well, since we found some
induction when RA-treated aggregates
were plated on gelatin compared to ag-
gregates that had remained in sus-
pension. Probably, if aggregates were
re-plated on fibronectin, which is a more
potent inducer of PE than gelatin (Gra-
bel and Watts, 1987; Behrendtsen et al.,
1995), and which contributes to the
Reichert's membrane over which PE
cells migrate in vivo (Wartiovaara et al.,
1979), induction would be stronger.

In summary, our data show that Sna
is an immediate early response gene of
PTHrP-R1 signaling in F9 endoderm-
like cells, suggesting that Sna is
instrumental in initiating and maintai-
ning the PE phenotype. In the light of
the proposed role of Sna and Slu in
EMT, we suggest that the formation of
PE is the first EMT in mouse develop-
ment, a suggestion we have made previ-
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ously on the basis of morphological and
biochemical changes associated with

this process.

Note: After submission of this manuscript, two
reports were published in which the authors show
that Sna represses E-cadherin expression by binding
to its promoter (Cano et al., 2000; Batlle et al.,
2000). Accordingly, the expression patterns of E-
cadherin and Sna during mouse development are
complementary (Cano et al., 2000). Both during
development and tumorigenesis, Sna expression and
loss of E-cadherin in epithelial cells are associated
with the acquisition of a mesenchymal phenotype
and tumorigenic and invasive properties. Thus, these
two reports strongly support our hypothesis that the
formation of PE is an EMT, and that it is induced
and/or maintained by high levels of Sna expression.
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Color figures of Chapter 3, page 59

PE (PTHrP)

PE (dbcAMP)

Color figures of
page 59

Figure 4: Subcellu-
lar Cx43 localiza-
tion during F9 cell
differentiation in

monolayer.

Cells were grown on
gelatinized polyethylene
coverslips in monolayer and
differentiated as depicted in
figure 1. Cx43 was detected
by indirect-immunofluores-
cence CLSM on EC, PrE
and PE differentiated by
PTHrP or dbcAMP. Pseudo-
3D images are generated to
facilitate discrimination be-
tween plasma membrane as-
sociated and intracellular
localized Cx43 and should
be viewed with red/green
glasses. Bar, 20 uM.

Figure 5: Subcellu-
lar localization of
Cx43 during F9
cell differentiation
in embryoid bo-

dies.

Cells were differentiated as
depicted in figure 1. Cx43
was detected and visualized
as described in the legend
of figure 4. Bar, 40 uM.
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Snail induces mesenchymal aspects of PE

SNAIL INDUCES MESENCHYMAL CHARACTERISTICS DURING THE
FORMATION OF PARIETAL ENDODERM

ABSTRACT

Previously, we have demonstrated that the proper formation of parietal endoderm
(PE) in the mouse occurs via an epithelio-mesenchymal transition (EMT), which
requires the action of parathyroid hormone related peptide (PTHrP) via its type I
PTH/PTHrP receptor. Using differentiating F9 embryonal carcinoma cells as an in vitro
model for PE formation, we have also identified the transcription factor snail (Sna) is
an immediate early target gene of PTHrP in this process. Again using the F9 model
system, we here demonstrate that high levels of exogenous Sna expression can replace
PTHrP in evoking the dissociation of adherens junctions, as well as the migration,
dispersion, and rounding off of the cells that normally occur during PE formation.
Additionally, we show that the distal PE cells in E7.5 PTH(rP)-RI knockout embryos,
which fail to acquire the mesenchymal morphology and PE-specific differentiation, lack
Sna expression, while the proximal cells still express Sna. We propose a pivotal role for
Sna in the PTHrP induced EMT during PE formation.

INTRODUCTION

Epithelium and mesenchyme and it also wunderlies the inva-

constitute the two extreme phenotypes
of tissue organization. Epithelial cells
can transform into mesenchymal cells by
a so-called epithelio-mesenchymal tran-
sition (EMT), a process in which cells
undergo drastic morphological changes.
These involve the downregulation of e.g.
adherens junctions and a re-organization
of cytoskeletal structures. In addition, a
switch in integrin expression, the assem-
bly of focal adhesion plaques, and an
increased production of matrix compo-
nents occur. This leads to changes in ad-
hesion to the extracellular matrix, and is
usually accompanied by increased mi-
gration. As a result of EMT, cells indi-
vidualize while dissociating from the
epithelial sheet (Hay, 1995; Birchmeier
et al., 1996; Boyer et al., 1996; Davies
and Garrod, 1997). This process is re-
currently used during embryonic deve-
lopment of many species to establish the
complex three dimensional body plan,

sive/metastatic behavior of epithelial tu-
mors (Thiery and Chopin, 1999). As out-
lined previously (chapters 1 and 2) we
consider the formation of the extra-
embryonic tissue parietal endoderm (PE)
from its precursors primitive endoderm
(PrE) and visceral endoderm (VE)
during mouse embryonic development
an EMT, which requires signaling by
parathyroid hormone related peptide
(PTHrP) wvia its type 1 receptor
(PTH(rP)-RI) (chapter 2 of this thesis).
In the last several years, expression
of family members of the snail (Sna)
zinc finger transcription factors has been
found in various species in mesenchy-
mal cells, and in cells undergoing an
EMT (Nieto et al., 1992; Smith et al.,
1992; Essex et al.,, 1993; Hammer-
schmidt and Nusslein-Volhard, 1993;
Thisse et al., 1993; Mayor et al., 1995;
Thisse et al., 1995; Jiang et al., 1998b;
Savagner et al.,, 1998; Sefton et al.,
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1998; Romano and Runyan, 1999). It is
conceivable that they mediate a reduc-
tion of cell-cell contacts during EMT,
since experimentally induced high ex-
pression levels of the orthologues slug
and Sna lead to the dissociation of the
desmosomes and adherens junctions res-
pectively in cultured cells (Savagner et
al., 1997; Cano et al., 2000; Batlle et
al., 2000). It has been shown that Sna
exerts this effect by evolutionarily con-
served binding to E-boxes (Kasai et al.,
1992; Mauhin et al., 1993; Giroldi et al.,
1997) that are present in the promoter of
the human and mouse E-cadherin gene
(Cano et al., 2000; Batlle et al., 2000).
Ectopic expression of Sna in epithelial
(carcinoma) cells leads to repression of
E-cadherin transcription. This is fol-
lowed by the dissociation of adherens
junctions and acquisition of a migratory,
invasive phenotype, and increased tumo-
rigenic potential of these cells when in-
jected into nude mice (Cano et al., 2000;
Batlle et al., 2000). Although slug, an
orthologue of Sna, can bind to the same
E-boxes in the mouse, E-cadherin trans-
cription seems to be regulated speci-
fically by Sna, given the mutually exclu-
sive expression patterns of Sna and E-
cadherin mRNA during tumorigenesis
and embryonic development, while slug
and E-cadherin partially overlap (Cano
et al., 2000; Batlle et al., 2000). These
findings suggested a conserved role for
Sna in inducing EMTs during tumor pro-
gression and embryonic development.
We have previously shown that mem-
brane-localized expression of E-cadherin
is lost during the PTHrP-induced EMT
that underlies PE differentiation (chapter
2 of this thesis). Moreover, we have de-
monstrated in vitro that Sna is an
immediate early target of PTHrP in the
formation of PE (Veltmaat et al., 2000),
and that it is upregulated early during
PE formation ex vivo and in vivo. There-
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fore, we asked here whether elevated
Sna expression is sufficient to induce as-
pects of this PTHrP-induced EMT. We
studied this in vitro by using F9
embryonal carcinoma (EC) cells, diffe-
rentiated to PrE or VE-like cells, the
epithelial precursors of PE-like cells.
We demonstrate that overexpression of
Sna in these cells was sufficient for the
loss of adherens junctions, as well as for
cell migration, cell dispersion and the
rounded morphology as also seen as a
result of PTHrP treatment. In addition,
we show that in the distal PE cells of
E7.5 mouse PTH(rP)-RI -/- embryos,
which fail to undergo differentiation to a
mesenchymal cell type and lack the PE-
specific expression of thrombomodulin,
Sna expression is absent. We propose
that Sna plays a pivotal role in
mediating the EMT that is induced by
PTHrP during PE formation.

MATERIALS AND METHODS

Cell culture and differentiation

F9 embryonal carcinoma (EC) cells (ATTC)
were cultured and differentiated as described before
(Veltmaat et al., 2000). In short, to obtain primitive
endoderm-like cells (PrE), cells in monolayer were
treated for 3 days with 10 M all trans retinoic acid
(RA). To obtain visceral endoderm-like cells (VE),
cells were aggregated in suspension cultures in
bacterial dishes in presence of 5x10° M RA for 7
days, giving rise to so-called embryoid bodies with a
core of undifferentiated cells surrounded by VE. F9
PrE and VE were differentiated to parietal endo-
derm-like cells (PE) by subsequent treatment with
107 M PTHrP, 3, (PTHrP) for 1 or 2 days.

Transient transfections

For transient transfections, F9 PrE cells were
trypsinized and seeded in a density of 25000
cells/cm® on gelatinized polyethylene coverslips
(Sarstedt) in 24 well clusters. The following day,
they were transfected with 375 ng pREP7-Sna (a
generous gift of Dr. J. Cross) or empty vector, and
125 ng pREP7-Green fluorescent protein (GFP), by
lipofectamin (Life Technologies) according to the
manufacturer’s protocol. The second day after trans-
fection, they were used for immunohistochemistry.
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Immunohistochemistry on transient transfectants

At the second day after transfection, cells were
washed in PBS (phosphate buffered saline supple-
mented with 0.1 mM CaCl, and 1 mM MgCl,) at
37°C cells and fixated mildly in 2-4% paraform-
aldehyde in PBS at room temperature during 10 mi-
nutes. Quenching, permeabilization, antibody incu-
bations and analysis by confocal laser scanning
microscopy were carried out as described in chapter
2 of this thesis.

Generation of semi-stable cell lines

For semi-stable Sna expression, F9 EC cells were
first stably transfected with p-BAct-tTA-neo. This
construct expresses the tetracycline repressible
transactivator (tTA) under the control of human B-
actin promoter sequences, and the neomycin resis-
tance gene from an independent promoter. Clones re-
sistant to 400 pg/ml G418 (GibcoBRL) were tested
for expression of tTA, and the regulation of its acti-
vity by tetracycline, by transient transfection with
pUHD16-3, expressing the f-galactosidase gene un-
der the control of the minimal CMV promoter prece-
ded by tet-operon sequences. Clone 621 stably ex-
pressing tTA was co-transfected with pTRE-HA-Sna
(Sna fused to the haemagglutinin tag, a generous gift
from Dr. Garcia de Herreros) or the mock construct,
empty pUHC10-3 (Gossen and Bujard, 1992), which
both contain the minimal CMV promoter preceded
by tet-operon sequences. Either of these constructs
was co-transfected with pPGK-Hyg (expressing the
hygromycin resistance gene) and pPGK-GFP in a
2:1:2 molar ratio, using 10 ug DNA per 10 cm dia-
meter dish with 50 pl Superfect (Qiagen) according
to the manufacturer’s protocol. Per transfection, 3
independent pools of hygromycin resistant clones
were generated and used for RT-PCR and aggre-
gation assays. From transfection onwards, pools
were expanded in the presence of 1pug/ml tetracycline
(Sigma) to suppress expression from pTRE-HA-Sna,
and 400 pg/ml G418 (GibcoBRL) and 200 pg/ml
hygromycin (Calbiochem).

Analysis of transfection efficiency and regulation
of expression by semi-stable cell lines

After sufficient expansion of the pools, each
culture was trypsinized and seeded simultaneously
for aggregation assays (see below) and expression
analysis by epifluorescence microscopy and semi-
quantitative RT-PCR. For the latter two, cells were
seeded in triplicate in monolayer in presence of RA
to generate PrE-like cultures during 3 days. One
culture of each line was analyzed by epifluorescence
microscopy for GFP expression. GFP was found in
each line in at least 50% of the cells, suggesting that
also at least 50% of the cells contained the snail or
mock construct. The corresponding cultures of each
line were washed 3 times with PBS with or without

tetracycline, and refreshed with medium with or
without tetracycline for 6 hours, harvested and as-
sayed for relative Sna expression levels by semi-
quantitative RT-PCR analysis using the f-actin pri-
merset and nested primerset for Sna as described be-
fore (Veltmaat et al., 2000).

Aggregation assayv of semi-stable cell lines

Cells were aggregated during 7 days in presence
of RA, G418, hygromycin and tetracycline to gene-
rate embryoid bodies, and medium was replaced
once during this period. These embryoid bodies were
re-plated on gelatinized tissue culture plastic with
fresh medium, in absence or presence of tetracycline
and absence or presence of PTHrP and grown for 1
day. Photographs were taken and used to analyze
migration (by measuring the average outgrown dis-
tance per aggregate as the distance of the cell farthest
away from the aggregate in 8 directions with 45°
intervals), cell dispersion (by determining the total
number of outgrown cells, and the percentage of
outgrown cells with less than 20% contact with
neighboring cells, which is an indication for
differentiation to PE (Behrendtsen et al., 1995;
Roelen et al., 1998), and the morphology of cells, as
parameters that are affected during PTHrP-induced
PE formation. Only 1 mock cell line (M1) and all
three sense Sna cell lines (S1, S2, and S3) were used
for these experiments. By one-way ANOVA ana-
lysis, S1, S2, and S3 were found not to differ from
each other for outgrown distance, nor number of
outgrown cells, nor the percentage of mesenchymal
cells in each culture condition (two-sided, p>0.05),
except for a significant lower percentage of mesen-
chymal cells in S1 compared to S2 in the presence of
tetracycline and absence of PTHrP. S1 showed a
significant increase in the percentage of mesen-
chymal cells upon withdrawal of tetracycline (and
absence of PTHrP), to the level of S2 (no S3 data
available for this culture condition). We therefore
pooled S1, S2 and S3 to S in all conditions except for
the + tet/- PTHrP condition, and subsequently tested
M1 and S pair-wise per culture condition by one-way
ANOVA for differences in outgrown distance, total
number of outgrown cells and the percentage of
mesenchymal cells in the absence or presence of
tetracycline or PTHrP (two-sided, a=0.05).

In Situ Hybridization (ISH)

PTH(rP)-RI heterozygous mice (Lanske et al.,
1996) in a C57BL/6 x CBA genetic background were
intercrossed. Midday of the day of appearance of a
vaginal plug was designated E0.5, and embryos were
dissected in decidua at E7.5 (Hogan et al., 1994),
embedded in paraffin, and sectioned sagittally. Per
litter, 2 central sections of each embryo were collec-
ted on one slide to perform a genotyping in situ
hybridization for expression of the PTH(rP)-RI,
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while the remaining sections were used for in situ
hybridization for Sna expression. Probes and proto-
cols were as described before (Karperien et al., 1994;
Veltmaat et al., 2000).

RESULTS
Sna induces the dissociation of
adherens junctions.
Previously, we have shown that

PTHrP signaling is required for the EMT
that occurs during the differentiation of
PrE and VE to PE in mouse embryos
(chapter 2 of this thesis). Using differen-
tiating F9 EC cells as an in vitro model
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for PE formation, we have demonstrated
that PTHrP is sufficient to induce the
disintegration of adherens junctions du-
ring this EMT, as illustrated by the loss
of membrane-localized expression of E-
cadherin and B-catenin. We have also I-
dentified the transcription factor Sna as
an immediate early target gene of PTHrP
action in this process (Veltmaat et al.,
2000). Since Sra has been shown to
downregulate E-cadherin in epithelial
carcinoma cells (Cano et al., 2000;
Batlle et al., 2000), we now asked
whether Sna can exert a similar function
during PE formation from F9 PrE.
Therefore, we transiently transfected
monolayer cultures of F9 PrE cells with
pREP7-Sna (Nakayama et al., 1998), or
an empty vector (mock), together with
pREP7-green fluorescent protein (GFP)
to detect the transfected cells. We ana-
lyzed membrane-localized expression of
E-cadherin and B-catenin two days after
transfection. Non-transfected and mock
transfected cells expressed E-cadherin
(figure 1A) and PB-catenin (figure 1B)
mostly in a continuous line along the
membrane (black area in left bar in
figure 1E, F). Since the F9 PrE cultures
were subconfluent at the time of ana-
lysis, we always found cells that were
only partially surrounded by adjacent
cells, or completely solitary. Even in the
latter cells, membrane-localized expres-
sion of E-cadherin and P-catenin was
still present, although mostly discontinu-

Figure 1: Snail downregulates the
membrane-localized expression of E-

cadherin and B-catenin.

The left column shows immunoreacitivity for E-cadherin in
F9 PrE cells co-transfected with green fluorescent protein
(GFP) and an empty vector (mock) (A), or a Sna-expressing
vector (C). The right column shows immunoreactivity for -
catenin in similarly co-transfected cells: mock (B), or Sna
(D). The bar diagrams represent the extent of membrane-
localized expression of E-cadherin (E) or B-catenin (F) of
GFP positive cells in mock or Sna co-transfected cultures.
Membrane-localized expression was classified into 4
categories, being continuous (black bars and arrows), dashed
(hatched bars and arrows), punctate (dotted bars and arrows)
or absent (white bars and arrows). See also text.
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ous,as a dashed or punctate line (hatched
and dotted arrows and bar areas
respectively in figure 1). There was a
strong reduction of membrane-localized
expression of E-cadherin and B-catenin
in GFP-positive cells when they were
co-transfected with pREP7-Sna (right
bar in figure 1E, F). Most of these cells
showed a dashed or punctate expression
along the membrane, even when they
were completely enclosed by adjacent

cells along all Ilateral membranes.
Almost all the solitary GFP-positive
cells had completely lost their

membrane-localized expression of E-
cadherin and B-catenin (figures 1C and
D respectively.

From these experiments, we conclude
that elevation of Sna induces the
dissociation of adherens junctions in F9
PrE, as indicated by the reduction or
complete loss of membrane localized
expression of E-cadherin and B-catenin.
As such, Sna mimics the effect of
PTHrP in the formation of PE in vitro
and in vivo (chapter 2 of this thesis).

Sna induces migration, dispersion,
and rounding of cells during embryoid
body outgrowth.

Other features of PE formation in
vivo are the migration of PrE or VE cells
away from the embryo proper, while
differentiating to PE cells, which are
found as dispersed (solitary) cells on the
Reichert’s membrane, with rounded cell
bodies. This process can be mimicked in
vitro by re-plating of F9 embryoid bo-
dies, which are aggregates with a core of
undifferentiated cells surrounded by a
layer of VE-like cells. These VE-like
cells grow out as an epithelial sheet up-
on re-plating of the embryoid bodies on
gelatinized culture surface in absence of
exogenous PTHrP. When PTHrP is ad-
ded at the time of re-plating, the cells
migrate further and become solitary

(dispersed) with a more rounded cell
body (chapter 2 of this thesis). We have
shown previously that Sna is upregu-
lated during PTHrP-induced PE-forma-
tion from VE-like cells (Veltmaat et al.,
2000), and now wished to investigate
whether Sna alone can induce the migra-
tion, dispersion and morphology of cells
in this process. Given the low transfec-
tion efficiency of F9 cells, we decided to
transfect F9 EC cells stably expressing a
tetracycline repressible transactivator
(tTA), with an empty vector (mock, M)
or a vector expressing Sna (S) under a
tTA-responsive promoter for these as-
says. We co-transfected a hygromycin
expression vector, and used hygromycin
to isolate stably transfected cells.

Of each transfection, we generated 3
independent pools of transfected clones
(semi-stable cell lines). To test these
pools for the levels of Sna transcription,
we differentiated duplicate cultures of
each to PrE in presence of tetracycline,
and subsequently withdrew tetracycline
from half of the cultures during the last
6 hours before RNA-extraction and
semi-quantitative RT-PCR (figure 2).

Sna - - - — ——— —

S-act —_—— —— — ————
line: P M1 M2 M3 S1 S2 S3
tet: - + - - -+ - 4+ -+ -
4
= . - tet
g-§3|:|+tet
£
< &
%51
0 P M1 M2 M3 S1 S2 S3

Figure 2: Sna mRNA levels in F9 semi-

stable cell lines.

F9 cells semi-stably transfected with a mock vector or a
vector expressing Sna under the control of tetracycline were
analyzed for Sna expression relative to f-actin expression by
semi-quantitative RT-PCR (Veltmaat et al., 2000). RT-PCR
products were loaded on an agarose gel containing Vistra-
Green and analyzed by fluorimaging (top). Results shown
here are preliminary. Ratios between Sna and f-actin are
represented as relative expression over the ratio of the paren-
tal cell line in the lower panel. Abbreviations: P: parental cell
line, M: mock transfected cell line, S: Sna transfected cell
line, tet: tetracycline.
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Our preliminary results shown here
indicate that the levels of Sna mRNA in
the PrE cultures of the three mock (M)
cell lines in the presence or absence of
tetracycline did not notably differ from
each other or from the level in the
parental cell line. While in S1, Sna
expression in the presence of tetracycli-
ne seems equal to M, and elevated in the
absence of tetracycline, Sna expression
was elevated in the PrE cultures of S2
and S3 in the presence as well as the ab-
sence of tetracycline, indicating that in
these lines, tetracycline could not com-
pletely suppress exogenous Sna expres-
sion. In the absence of tetracycline, Sna
expression in S1, S2, and S3 is about
three-fold elevated compared to M1, M2
and M3, which is comparable to the
tet PTHrP

Mock (M1)
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elevation that is seen at 30-60 minutes
after PTHrP treatment of F9 PrE
(Veltmaat et al., 2000).

The semi-stable cell lines M1, S1, S2
and S3 were aggregated in the presence
of tetracycline to generate embryoid bo-
dies. One day after re-plating in absence
or presence of tetracycline and PTHrP,
they were photographed for analysis of
embryoid body outgrowths. As can be
seen in figure 3, the size of the embryoid
bodies was variable, but this did not sig-
nificantly affect the distance of out-
growth or the total number of outgrown
cells (not shown). The photographs
shown are representative for the mor-
phological observations during culture,
but not for the average number of out-
grown cells (see below).

Snail (S1) Figure 3:

Morphology of
outgrown cells of
F9 semi-stable cell

lines.

The photographs show out-
growths of embryoid bo-
dies, representative for the
morphology of F9 cell lines
semi-stably transfected with
a mock vector (left) or a
Sna  expressing  vector
(right). Photographs were
taken at 1 day after re-
plating in the absence (A-
D) or presence of PTHrP
(E-H) and the presence (A,
B, E, F) or the absence (C,
D, G, H) of tetracycline
(tet). White arrows indicate
cells with a rounded up
morphology, as estimated
from the light refraction.
This is indicative for a
more terminal  differen-
tiation of PE.
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To analyze if overexpression of Sna
affected the migration and dispersion of
cells, we (i) measured the average
outgrown distance (figure 4A), (ii)
counted the total number of outgrown
cells and (iii) the percentage of
outgrown cells that had less than 20%
contact with neighboring cells (figure
4B). These solitary, dispersed cells were
considered mesenchymal, PE-like cells
(Behrendtsen et al., 1995; Roelen ef al.,
1998). By one-way ANOVA analysis we
first tested per culture condition and per
parameter if S1, S2, and S3 differed
among each other. As no significant
differences were found (two-sided,
p>0.05), except for the percentage of
solitary cells in the +tet/-PTHrP
condition (two-sided, p<0.05), we
pooled all data from these cell lines in
the other culture conditions per para-
meter, and tested it as a group S against
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M1, again by one-way ANOVA (two-
sided, a=0.05).

The outgrown distance in the pre-
sence of PTHrP was significantly larger
than in the absence of PTHrP for M (fi-
gure 4A, white bars) and S (black bars),
regardless of the presence or absence of
tetracycline. The outgrown distance of S
was significantly larger than that of M1
in all culture condition. While the num-
ber of outgrown cells was not affected
by the absence or presence of tetracy-
cline or PTHrP, nor the overexpression
of Sna (not shown), these results indi-
cate that cells migrate further away from
the embryoid body in the presence of
PTHrP, and that this effect is mimicked
by Sna. Furthermore, the addition of
PTHrP had an additive effect on the
enhanced migration in S (figure 4A,
right two black bars).
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Figure 4: Quantitative analysis of embryoid body outgrowths of F9 semi-stable cell

lines.

Photographs, obtained as described at figure 3, were used to measure the average outgrown distance per aggregate (in arbitrary
units) (A), to count the total number of outgrown cells and the percentage of solitary cells (less than 20% contact with
neighboring cells) (B) within the outgrowths of F9 semi-stably transfected cell lines. Bars represent the results as obtained with
cells transfected with a mock vector (M, white bars) or pooled results for cells transfected with a Sna (S, black bars) expressing
vector, with one exception (see material and methods). Error bars in figure A represent the standard error of the means over the
number of embryoid bodies. Error bars in figure B represent the standard deviation over the number of embryoid bodies.
Differences were tested for significance with a two-sided one-way ANOVA. The addition of PTHrP significantly increased the
outgrown distance and the percentage of solitary cells for both M and S (p<0.05). A significant difference between S and M
within the same culture condition is indicated with an asterisk for p<0.05. The outgrown distance and the percentage of solitary
cells were not significantly different between S —PTHrP and M + PTHrP, in the absence of tetracycline. The numbers of

embryoid bodies used are indicated in the bars.
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PTH(rP)-RI +/+ or +/-

PTH(rP)-RI -/-

PTH(rP)-RI -/-

Figure 5: Expression of Sna mRNA in E7.5 wild type and PTH(rP)-RI -/- mouse

embryos.

Mouse embryos derived from matings between PTH(rP)-RI +/- were dissected at E7.5 and processed for in situ hybridization on
sagittal sections. Top panels show the hybridization results for the PTH(rP)-RI probe, while the lower panels show the
hybridization results for the Sna probe on sections from the corresponding embryos. Sna expression in the distal PE is lost in
the knockout embryos (B, C, E, F), where it is present in the wild type or heterozygous and wild type litter mates (A, D). mz:

marginal zone, pe: parietal endoderm.

The percentage of solitary cells in the
outgrowths of M and S in the presence
of tetracycline was significantly increa-
sed by the addition of PTHrP. Similarly,
addition of PTHrP in the absence of te-
tracycline yielded a significantly higher
percentage of solitary cells in out-
growths of both M and S. The percen-
tage of solitary cells in outgrowths of S
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was significantly higher than in the out-
growth of M in all culture conditions
(figure 4B), with the exception of S1 in
the presence of tetracycline and the ab-
sence of PTHrP, corresponding with the
lower level of Sna expression in Sl
(figure 2).

These results indicate that Ska mimics
the effect of PTHrP in inducing cell
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dispersion. Furthermore, the addition of
PTHrP has an additive effect on the
increased dispersion in S. Among these
dispersed, solitary cells were extremely
rounded off cells, indicative for a more
terminal differentiation to PE-like cells
(an example of which is indicated by the
white arrow, insert fig. 3D). This was
more often observed in PTHrP-treated
outgrowths of both M and the three S
cell lines (examples indicated by white
arrows in figure 3E-H), suggesting that
overexpression of Sna mimics the effect
of PTHrP in inducing cell rounding,
typical for PE.

From these experiments, we conclude
that elevated expression levels of Sna
enhance migration and induce cell dis-
persion, as well as rounding off of soli-
tary cells in outgrowths of F9 embryoid
bodies. As such, Sna mimics the effect
of PTHrP. Additionally, we conclude
from figure 4 that overexpression of Sna
and the presence of PTHrP additively
enhance cell dispersion and migration.

Sna expression is absent in distal PE
of E7.5 PTH(@IP)-RI -/- mouse
embryos.

To investigate whether the epithelial
phenotype of PE in mutant mice lacking
PTH(rP)-RI expression could be due to a
lack of (efficient) upregulation of Sna
during PE formation in vivo, we dissec-
ted mouse E7.5 mouse embryos derived
from 2 crosses between PTH(rP)-RI +/-
matings. While in the extraembryonic
endoderm of wild type and heterozygous
embryos (n=10) Sna was expressed
throughout the entire parietal layer, from
marginal zone to the distal-most region
(figure 5A, B), in all of the knockout
embryos (n=5) Sna was expressed only
in the marginal zone and proximal-most
region, but not in the more distal region
(figure 5C-F). This lack of Sna
expression correlates well with the lack

of a mesenchymal phenotype in these
mutant PE cells observed at E8.5 and
E9.5 (chapter 2 of this thesis), and
strongly suggests that Sna expression is
required for the mesenchymal, PE-
specific morphology. While Sra was
expressed in the endoderm in the
marginal zone and proximal-most region
of PE in these embryos, these data
suggest that for the maintained
expression of Sna in PE cells in the
more distal region PTH(rP)-RI signaling
in at least the distal region is required.
Since we observed a mesenchymal
morphology throughout the PE in wild
type embryos, these results indicate that
the residual Sna expression observed in
the proximal PE in the PTH(rP)-RI -/-
embryos is not sufficient to induce a
complete EMT.

DISCUSSION

PE is formed first from PrE and later
from VE migrating away from the em-
bryo proper, initially as an epithelial
sheet. Cells at the leading edge disso-
ciate from this sheet and they round up
while they differentiate to PE. We con-
sider the formation of this tissue the first
epithelio-mesenchymal transition during
mouse embryogenesis. In this process,
the disruption of the E-cadherin-medi-
ated adhesion system (adherens junc-
tions) is a major event, as it is in other
EMTs later during development and du-
ring tumor progression. The action of
PTHrP through its type I PTH/PTHrP
receptor is required for the loss of the
adherens junctions and the acquisition of
the rounded morphology (chapter 2 of
this thesis). We have previously shown
that the zinc finger transcription factor
Sna is an immediate early target gene of
PTHrP in PE formation (Veltmaat et al.,
2000). Here, we demonstrate in vitro
that Sna mimics the action of PTHrP in
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the dissociation of adherens junctions, in
enhancing the migration and dispersion
of cells, and in establishing a rounded
morphology of these dispersed, solitary
cells.

Our data from in vitro studies on F9
PrE cells indicate that elevated levels of
Sna, as normally observed early during
PE formation in vitro and in vivo, are
sufficient for the down-regulation of
membrane-localized expression of E-
cadherin and B-catenin, and therewith
the dissociation of the adherens junc-
tions during this process. Our results are
supported by a similar downregulation
observed in F9 cells stably transfected
with avian slug (D. Newgreen, personal
communication), which is assumed to
have swapped its function with Sna in
chick development (Sefton et al., 1998).
The downregulation of the cell-cell ad-
hesion system seems to be a conserved
function of Sna, since Drosophila Sna
mutant embryos show a gastrulation-de-
fective phenotype that has been associa-
ted with impaired downregulation of
DE-cadherin (Oda et al., 1998), and
mouse s/ug has been shown to down-
regulate the desmosomal adhesion sys-
tem as an early event in EMT in NBT-II
cells (Savagner et al., 1997). Recently,
evidence for the downregulation of the
E-cadherin based adhesion system du-
ring the EMT by the action of Sna in the
late stages of tumor progression has
been given (Cano et al., 2000). Human
and mouse Sna exert this action directly
by binding to E-boxes in the promoter of
the E-cadherin gene in the respective
species (Batlle et al., 2000). Sna may act
similarly in the dissociation of the adhe-
rens junction in the differentiation of F9
PrE to PE, although interference at the
translational or post-translational level
is an additional possible mode of action.

We show that elevation of Sna leads
to further outgrowth of embryoid bodies,

98

mimicking the outgrowth of PE precur-
sors in vivo. Since the number of
outgrown cells is not affected, this
outgrowth can be ascribed to enhanced
miration of individual cells. This is in
accordance with the implication of Sna
and slug in cell migration during the
EMTs in e.g. gastrulation, neural crest
emigration, and tumor progression (He-
mavathy et al., 2000). Repression of
their function results in reduced migra-
tion during e.g. gastrulation in Droso-
phila (Simpson, 1983; Grau et al., 1984)
and neural crest formation in Xenopus
(LaBonne and Bronner-Fraser, 1998;
Carl et al., 1999), presumably by impai-
red downregulation of cell-cell adhe-
sion.

Besides the downregulation of E-
cadherin and promotion of migration,
Sna also induces dispersion of cells, and
morphological changes, two other as-
pects of PE formation, as we demon-
strate here. Interestingly, Sna induces a
fibroblastic morphology and cell disper-
sion during tumorigenesis (Cano et al.,
2000; Batlle et al., 2000), while during
PE formation in F9 cells, it induces the
typical rounded instead of fibroblastic
morphology. This suggests that Sna has
a conserved general effect on modula-
tion of cell contacts and cytoskeletal
structures, while fine-tuning of the
resulting morphological changes may be
mediated by cell-type specific genes or
processes.

By carrying out in situ hybridization
on E7.5 embryos derived from crosses
between C57BL/6 PTH(rP)-RI +/- mice,
we demonstrate that Sna is not expres-
sed in the PE cells outside the proximal-
most region in knockout mice, while it is
always expressed throughout all PE cells
in heterozygous and wild type litter-
mates. We have demonstrated before
(Veltmaat et al., 2000) that Sna is ex-
pressed in F9 PrE and in F9 embryoid
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bodies in the absence of exogenous
PTHrP, and that the level of expression
is upregulated as an immediate early
response to PTHrP during the formation
of PE. The basal level of Sna expression
in F9 PrE and embryoid bodies may re-
flect the Sna expression in the marginal
zone and proximal PE of the knockout
embryos. The expression of Sua in the
endoderm in the marginal zone and the
proximal-most PE cells in these mutants
indicates that another factor besides
PTHrP induces Sna expression during
PE formation. This pathway may be
essential in PE formation, e.g. for the
migration of PE precursor cells that still
occurs in PTH(rP)-RI knockout embry-
os, as well as in re-plated F9 embryoid
bodies in the absence of exogenous
PTHrP (chapter 2 of this thesis, and this
report). However, such an essential role
for Sna remains to be established. The
absence of Sna expression in the distal
PE of knockout embryos correlates well
with the lack of mesenchymal morpholo-
gy that we found in PE cells of knockout
embryos at E8.5 and E9.5 (chapter 2 of
this thesis). These data strongly suggest
that Sna needs to be expressed at E7.5 of
PE formation (and presumably main-
tained during later stages) to induce (and
maintain) the mesenchymal morphology
of true PE cells.

It is of interest to study whether Sna
acts as a key molecule in PE, i.e. whet-
her it induces more or all mesenchymal
characteristics during PE formation,
such as the upregulation of vimentin.
This gene is known to be upregulated
during PE formation, and shown to be
upregulated in MDCK cells transfected
with Sna (Cano et al., 2000). Ultimately,
the levels of expression of the PE
marker thrombomodulin would provide
insight in whether the EMT induced by
Sna in PE precursors results in differen-
tiation towards true PE. Sna -/- embryos

have been generated, with a yet undefi-
ned PE phenotype (Jiang et al., 1998a).
Detailed analysis of PE formation in
these embryos would reveal for which
aspects of this process Sna is required.

Our results may also open avenues to
better understand the role of PTHrP in
tumor progression, since (i) this proces-
ses involves an EMT as well, (ii) eleva-
ted PTHrP expression is found in meta-
static lesions of e.g. breast tumor cells
(Southby et al., 1990; Powell et al.,
1991; Vargas et al., 1992), (iii) Srna is
absent in epithelial (breast) carcinoma
cells, but present in metastatic carcino-
ma cells, and inversely correlated with
E-cadherin expression (Batlle et al.,
2000), (iv) overexpression of Sra indu-
ces metastatic behavior of epithelial
tumor cells (Cano et al., 2000).

In conclusion, we found that elevated
expression of the =zinc finger trans-
cription factor Sna is sufficient to induce
the loss of cell-cell contacts, enhanced
cell migration and cell dispersion, as
normally occurring as a result of
PTH(rP)-RI signaling during PE forma-
tion. The absence of Sna in the PE cells
outside the proximal-most region in
PTH(rP)-RI -/- embryos strongly sug-
gests that Swna is required for the PTHrP
induced mesenchymal phenotype of PE.
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New insights in PE formation

NEW INSIGHTS IN THE MOLECULAR REGULATION OF CELLULAR
EVENTS DURING PARIETAL ENDODERM

- A GENERAL DISCUSSION OF THIS THESIS -

INTRODUCTION

It has become clear that the same or
similar molecules and mechanisms go-
vern embryonic development as well as
tissue homeostasis in the adult. Much at-
tention has been paid to e.g. growth
factor activated kinase receptor signa-
ling in e.g. epithelio-mesenchymal tran-
sitions (EMT) and interactions (EMI),
two mechanisms that govern organo-
genesis. Much less attention has been
paid to hormones activating G-protein
coupled receptor signaling. One such
example is parathyroid hormone related
peptide (PTHrP) signaling via the type 1
PTH/PTHrP receptor (PTH(rP)-RI). The
variety of functions exerted by this
hormone-receptor system during embry-
onic and adult life and pathology sug-
gests that it has important regulatory
functions. The spatio-temporal pattern
of expression of PTHrP and the recep-
tors to which it can bind (Karperien et
al., 1996) are of critical importance for
the embryonic development of e.g. bone,
skin, mammary gland and lung as sug-
gested by the malformation or malfunc-
tioning of these organs in embryos or
neonates in which the expression of
PTHrP or the PTH(rP)-RI has been ex-
perimentally modified (Kong et al.,

1994; Karaplis et al., 1994; Wysolmer-
ski ef al., 1995; Lanske et al., 1996; Fo-
ley et al., 2001). In adult life, elevated
PTHrP production has been associated
with e.g. hypertension and more advan-
ced stages of various neoplastic disor-
ders, prompting researchers to investi-
gate the role of PTHrP in these diseases
(Goltzman and Henderson, 1996).

At the start of the work described in
this thesis, it was clear that mouse em-
bryos lacking the type 1 receptor for
PTHrP (PTH(rP)-RI) die at a time when
PTHrP signaling can only be involved in
the formation of parietal endoderm (PE),
an extraembryonic tissue (Karperien et
al., 1994, 1996; Lanske et al., 1996;
Verheijen et al., 1999). The experiments
described here address the role of
PTHrP signaling via the PTH(rP)-RI in
this process in the mouse embryo. For
this, we made use of F9 embryonal car-
cinoma cells, which provide a good in
vitro model system for PE formation, as
well as of wild type and PTH(rP)-RI
knockout mouse embryos. Our findings
are discussed in this chapter and have
lead to a model for PE formation and
function.

PARIETAL ENDODERM FORMATION IS AN EPITHELIO-MESENCHYMAL
TRANSITION

In chapter 1 of this thesis, the forma-
tion of PE is proposed to be an epithe-
lio-mesenchymal transition (EMT). Ma-
ny researchers have provided evidence

that primitive endoderm (PrE) and visce-
ral endoderm (VE) cells, the consecutive
precursors of PE cells, are respectively
‘epithelioid’ and epithelial in character,
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as described in chapter 1. PE cells have
been referred to as fibroblast-like, or
stellate cells, with filopodia that suggest
a migratory property of these cells.
However, the formation of PE has not
been considered an EMT before, and
gastrulation is thus generally considered
to involve the first EMT during mouse
embryogenesis (Hay, 1995; Viebahn,
1995).

The process of EMT as it occurs du-
ring e.g. gastrulation and neurulation in
the mouse embryo should not be con-
fused with the epithelial morphogenetic
events that occur during gastrulation in
the Drosophila or Xenopus laevis em-
bryo. During these events, the epithelial
precursors of mesoderm move to a new
position either by apical constriction and
stretching followed by invagination of
the epithelium, or by cell intercalation
followed by involution of the epithelium
respectively (Keller ef al., 1992; Leptin,
1995). Real EMTs differ from the fore-
going examples of epithelial plasticity,
in that the epithelial cells lose their
epithelial morphology, change their ad-
hesion status and acquire a migratory
phenotype as individual fibroblast-like
cells, and as such move to a new posi-
tion (Thiery and Chopin, 1999). The ear-

liest PE precursors in the mouse embryo
have already acquired a fibroblast shape
as they migrate onto the basal membrane
underlying the trophectoderm (Enders et
al., 1978; Gardner, 1982), while later
precursors are elongated and have filo-
podia-like protrusions, and thus are also
fibroblast-like as they migrate through
the marginal zone, as reviewed in chap-
ter 1. The loss of cell-cell adhesion, the
cytokeratin cytoskeleton and subcortical
F-actin belt, together with the elevated
secretion of extracellular matrix compo-
nents and proteases by PE cells are all
hallmarks of a mesenchymal phenotype.
Therefore, we propose to consider the
process by which PE is formed a real
EMT. However, PE cells differ from
most other mesenchymal cells in that
they line a cavity, generally an epithelial
characteristic, and in that they do not
invade through the matrix, but instead
migrate over it. Furthermore, this parti-
cular EMT is induced by G-protein cou-
pled receptor signaling (chapter 2 of this
thesis), while other EMTs are usually
induced by tyrosine or serine/threonine
kinase receptor signaling or matrix fac-
tors (Duband et al., 1995; Birchmeier et
al., 1996).

PTH(RP)-RI SIGNALING IS REQUIRED FOR THE MORPHOLOGICAL
TRANSFORMATION AND DIFFERENTIATION DURING PE FORMATION

Work from our group and others has
shown that PTHrP is a potent inducer of
parietal endoderm in vitro in F9 cells, as
reviewed in chapter 1. The spatio-tem-
poral expression of PTHrP by the deci-
dua and trophectoderm, and of the
PTH(rP)-RI by the PrE, VE and PE
strongly suggest that this hormone-re-
ceptor system plays an inductive role in
PE formation in vivo as well (Karperien
et al., 1994, 1996). To specify the induc-
tive action of PTHrP signaling in PE
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formation, we studied migration, mor-
phological transformation and differen-
tiation of the cells.

As we have shown in chapter 2 of
this thesis, signaling via the PTH(rP)-RI
leads to enhanced migration of endo-
dermal cells growing out from plated F9
embryoid bodies. Whether this effect on
migration is due to facilitated adhesion
of the embryoid bodies to the culture
substrate and/or enhanced migratory
speed of outgrowing cells remains to be
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determined. The VE cells can migrate in
the absence of exogenous PTHrP, sug-
gesting that PTHrP is not strictly needed
for the migration during PE formation.
Indeed in C57BL/6 embryos in which
PTHrP signaling during PE formation is
abrogated by homozygous deletion of
the PTH(rP)-RI, endodermal cells mi-
grate away from the egg cylinder and
form a PE layer (Lanske et al., 1996).
However, as we show in chapter 2, the
cells of this layer do not display the
mesenchymal morphology, typical for
PE. Instead, they display the epithelial
character typical for the endodermal
precursors of PE, indicated by mem-
brane-localized expression of E-cadherin
and B-catenin. Moreover, these cells do
not express enhanced levels of thrombo-
modulin, which we consider a marker
for differentiated PE cells (chapter 2 of
this thesis) (Imada et al., 1987, 1990a,
b; Verheijen et al.,, 1999). Although
laminin is expressed by these cells
(Lanske et al., 1996), it is possible that
this expression is not elevated to the
level that is typical for PE cells.

In cultures of F9 PrE and VE cells,
we found that the addition of PTHrP
leads to the loss of membrane-localized
expression of E-cadherin and B-catenin,
thus adherens junctions, as well as the

loss of markers for tight junctions and

desmosomes, and a reduction of
connexin 43 expression, the most
abundant gap junctional protein in

extraembryonic endoderm. Moreover we
found a loss of the intermediate filament
cytoskeleton and subcortical F-actin
expression. In addition, PTHrP or its
second messenger cAMP induces the
rounding off of the cells (chapter 2), the
expression of e.g. vimentin, tissue
plasminogen activator, and elevated
levels of laminin (Smith and Strickland,
1981; Marotti et al., 1982; Lane et al.,
1983; Lehtonen et al., 1983; Trevor,
1990; van de Stolpe et al., 1993;
Behrendtsen et al., 1995), all indicative
for a transition from an epithelial to
mesenchymal phenotype.

As PTHrP signaling via the PTH(rP)-
RI enhances migration during PE
formation in vitro, and is sufficient and
required for the morphological transition
from an epithelial to a mesenchymal cell
type in vitro and in vivo, we conclude
that it controls the induction or at least
the completion of the EMT during PE
formation in vivo. In line with this, it is
required for the terminal differentiation
of PrE and VE cells to true PE cells in
vivo.

PTHRP SIGNALING DURING PE FORMATION REDUCES GAP JUNCTIONAL
COMMUNICATION

At the time when the project descri-
bed in this thesis was started the signifi-
cance of the extensive gap junctional
coupling between VE cells had not been
determined, nor had an effect of PTHrP
on the regulation of connexin 43 (Cx43)
in these or other cells been reported.
Addition of PTHrP to F9 PrE and VE
cultures reduces the expression of Cx43
(chapter 2 of this thesis), the most abun-
dant component of gap junctions in ex-

traembryonic endoderm in vivo (Kalimi
and Lo, 1989; Ruangvoravat and Lo,
1992; Dahl et al.,, 1996) and in vitro
(Nishi et al., 1991; Willecke et al.,
1991). Gap junctional intercellular com-
munication (GJIC) provides a means to
establish tissue homeostasis and electri-
cal synchronization of clusters of cells,
or to propagate hormonal stimulation by
the transmission of signals, e.g. second
messengers such as cAMP. We studied
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the effect of PTHrP signaling on GJIC
during PE formation, and its importance
for PE formation. We demonstrate that
the expression of phosphorylated (i.e.
communication competent) Cx43 as well
as its membrane localization and gap
junctional coupling are high in F9 VE,
as in VE isolated from day 8.5 pc mouse
embryos. PTHrP treatment of F9 PrE or
VE leads to a strong reduction in mem-
brane-localization of Cx43 and dye
coupling. The downregulation of Cx43
mRNA expression occurs within 4 hours
after PTHrP addition, suggesting a direct
transcriptional regulation of Cx43 by
PTHrP, possibly by cAMP response ele-
ments in the promoter (Schiller et al.,
1992; Donahue et al., 1995; Schiller et
al., 1997; Civitelli et al., 1998). In this
aspect, the regulation of Cx43 by PTHrP
is opposite to the effect of PTH or
cAMP analogues on Cx43 in other cell
systems, in which a rapid upregulation,
membrane localization and GJIC is seen
(Mehta et al.,, 1992; Atkinson et al.,
1995; Darrow et al., 1996). Some resi-
dual Cx43 expression and GJIC remain
present in F9 PE. However, PE cells of
parietal yolk sacs isolated from day 8.5
pc mouse embryos completely lack de-
tectable levels of Cx43 expression and
dye coupling, suggesting that GJIC does
not play a role in PE function. Never-
theless, GJIC may be important in the
inductive phase of PE formation, and
furthermore, it remains possible that PE
cells in vivo are still ionically coupled.
Thus, to determine whether GJIC is
necessary for PE formation, we cultured

F9 cells in the presence of 18a-
glycyrrhetinic acid (AGA), which blocks
all gap junctions. Differentiation of F9
EC to either PrE or VE was not affected
by the presence of AGA, nor was their
subsequent differentiation to PE, as
determined by morphology and throm-
bomodulin expression (chapter 3 of this
thesis). Therefore we conclude that
Cx43 function and GJIC are not needed
for the formation and differentiation of
PE in vitro. Instead, the high expression
and membrane localization of Cx43 and
the high extent of GJIC found in F9 PrE
and VE, and in mouse VE, may play a
role in exo- and endocytotic processes,
e.g. nutrient and metabolite exchange as
well as hormone and enzyme production
and secretion (Bielinska et al., 1999).
Similarly, GJIC and Cx43 expression in
other systems have been shown to cor-
relate well or even be critical for hormo-
ne production and secretion, or in nutri-
ent and metabolite exchange, e.g. in the
pancreas and lens (Vozzi et al., 1995;
Khan-Dawood et al., 1996; Matesic et
al., 1997; Gao and Spray, 1998). GJIC
modulates enzyme secretion by regula-
ting calcium oscillations (Stauffer et al.,
1993). Interestingly, calcium oscillations
have been observed in ES cell-derived
PrE and VE, and these oscillations are
involved in the exo/endocytotic vesicle
shuttle (Sauer et al., 1998). This sug-
gests that GJIC in VE has a function in
the nutrient and metabolite exchange
and protein secretion, rather than in dif-
ferentiation to PE.

THE ZINC FINGER TRANSCRIPTION FACTOR SNAIL IS AN IMMEDIATE EARLY
RESPONSE GENE OF PTH(RP)-RI SIGNALING IN PE FORMATION

In search for downstream targets of
PTH(rP)-RI signaling with a function in
PE formation, we screened F9 PrE be-
fore and after PTHrP treatment for
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differentially expressed genes, and
found transcriptional upregulation of the
zinc finger transcription factor snail
(Sna) (chapter 4 of this thesis). Express-
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sion of this gene had been found by
others in PE in the day 7.5 and 8.5 pc
mouse embryo (Nieto et al., 1992; Smith
et al., 1992), We identified Sna as an
immediate early response gene to PTHrP
in F9 PrE. The gene is also upregulated
in the transition from F9 VE to PE,
while F9 PrE and VE cells already
express basal levels of Sna. The ex-
pression in PrE and VE as presumptive
mesenchymal cells is similar to the
expression found in pre-migratory cells
in mesoderm formation and neural crest
migration. These in vitro results reflect
the wupregulation of Sna expression
during PE formation in the embryo: Sna
is expressed from zygote stage onwards
with a significant increase of expression
during parietal endoderm formation ex
vivo in plated blastocysts. In accordance
with this, Sna expression is detected in
the earliest PE cells in vivo at day 5.5
pc, and its expression is continued to at
least day 8.5 pc. By in situ hybridization
we detected Sna at day 7.5 pc in the
endodermal cells in the marginal zone,
that are in their transition from VE to
PE, as well as in the PE cells in more

abembryonic regions (chapter 4 of this
thesis). This expression coincides spa-
tio-temporally with the expression of the
PTH(rP)-RI (Karperien et al., 1994;
Verheijen et al., 1999). Since PTHrP is
expressed and secreted by the adjacent
trophectoderm cells (Karperien et al.,
1996), this indicates that Sra could also
be an early response gene to PTHrP in
PE formation in vivo.

Sna orthologues are known to be
induced by growth factors that signal via
tyrosine and serine/threonine kinase re-
ceptors, such as family members of fi-
broblast and transforming growth factors
(Sargent and Bennett, 1990; Hammer-
schmidt and Nusslein-Volhard, 1993;
Thisse et al., 1993; Thisse et al., 1995;
Buxton et al., 1997; Savagner et al.,
1997; Romano and Runyan, 2000).
However, a direct regulation of Sna ex-
pression by these growth factors has
never been demonstrated. We are the
first to identify a direct regulation of
Sna by a cytokine, i.c. PTHrP, and in
contrast to the aforementioned exam-
ples, this regulation is mediated by acti-
vation of a G-protein coupled receptor.

SNAIL MEDIATES THE PTHRP INDUCED EMT DURING PE FORMATION

The Sna gene is evolutionarily con-
served, expressed at sites of epithelial
plasticity, in particular EMT, and in
mesenchymal tissues. Reduced function
of Drosophila Sna and or its family
members hampers the epithelial morpho-
genetic events during gastrulation and
neurulation, indicating a role for Sna in
these processes (Grau et al., 1984;
Nusslein-Volhard et al., 1984; Ashraf et
al., 1999; Hemavathy et al., 2000). Si-
milarly, Xenopus slug is essential for
neural crest migration (Carl et al., 1999;
LaBonne and Bronner-Fraser, 2000).
This prompted us to study whether
mouse Sna is involved in mediating the

PTHrP induced EMT in PE formation.
In chapter 5 we provide preliminary
evidence that overexpression of Sna in
F9 PrE or VE is sufficient to reduce or
completely eliminate membrane locali-
zed expression of E-cadherin and B-cate-
nin. Thus, Sna reduces cell-cell adhesion
mediated by adherens junctions, which
we have shown to occur in response to
PTHrP signaling (chapter 2 of this the-
sis). These results are in accordance
with the dissociation of E-cadherin-
mediated adherens junctions by snail
orthologues in Drosophila, human and
mouse (Oda ef al., 1998; Cano et al.,
2000; Batlle et al., 2000), and the iden-
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tification of the mouse and human E-
cadherin gene as direct targets of Sna
repressor activity. The loss of E-cad-
herin mediated cell-cell adhesion is con-
sidered an important step in increased
migration and morphological transfor-
mation of cells during tumor progression
and EMTs in general (Navarro et al.,
1993; Hay, 1995; Llorens et al., 1998;
Lozano and Cano, 1998; Cano et al.,
2000; Batlle et al., 2000). We have
shown that overexpression of Sna in F9
VE cells enhances their migration away
from F9 embryoid bodies re-plated on
gelatin, as well as their acquisition of a
mesenchymal, rounded morphology
typical for PE cells, obtained by e.g.
PTHrP treatment (chapter 5). Our results
indicate that elevated Sna expression is
sufficient to enhance the migration and

induce the morphological events, nor-
mally seen during PTHrP induced PE
formation in vitro. Similarly, Sna ortho-
logues have been shown to induce
mesenchymal morphology and invasive
properties when overexpressed in epi-
thelial cells (Cano et al., 2000).
Importantly, we have found a lack of
Sna expression only in the distal PE
cells in day 7.5 pc mouse embryos
lacking the PTH(rP)-RI (chapter 5 of
this thesis), while Sna was still expres-
sed in the marginal zone and proximal
PE cells. The lack of Sna expression at
day 7.5 pc and the epithelial morphology
of distal PE cells at day 8.5 and 9.5 pc
support the contention that elevated Sna
expression is not only sufficient, but
also necessary for the complete and/or
maintained mesenchymal phenotype.

PROMOTER ANALYSIS OF THE MOUSE SNA GENE

One of the questions we would like to

been designated promoter region by Ji-

answer is via which mechanism PTHrP
signaling elevates Sna transcription. We
isolated approximately 900 bp upstream
of the start codon of the Sna gene of a
C57BL/6xCBA mouse. This region has

Figure 1: Identification of the transcription initiation site in the mSna promoter.

A: RNase protection assay in F9 cells. The pCR2.1-TOPO vector (Invitrogen,Groningen, The Netherlands) spanning
nucleotides 16-969 of the Genbank sequence for the mSna promoter region (accession number U95961, (Jiang et al., 1997)) of
which nucleotide 906-969 are coding sequence, was linearised with Sac/, blunted with T4 DNA Polymerase (Amersham,
Roosendaal, The Netherlands) and used as a template for transcribing an antisense riboprobe labelled with o[*’P]JUTP
(Amersham). The protection assay was carried out using the RPA II kit (Ambion) according to manufacturer's protocol with
slight modifications. In short, 0.6 pg poly-A” RNA from F9 PE cells was hybridized overnight at 46°C with 100,000 cpm
riboprobe in 20 pl hybridization buffer. The left four lanes show the T7 sequencing product of pCR2.1-TOPO-954. The arrow
at the right indicates a protected doublet in F9 PE (5™ lane), absent in the three negative control lanes (6", 7" and 8" lane), co-
migrating with 158 and 164 basepair (bp) sequencing products. The 3'-most 64 bp of the protected fragment are located in the
coding sequence. When corrected for differences in mobility between RNA and DNA, the estimated transcription start site is
located approximately 90 bp upstream of the translation start site. The right-most two lanes indicate the absence of RNAse
contamination in the RNA and probe, and the length of protected full length probe. B: Primer extension in F9 cells. The Primer
Extension Assay was carried out as described (Sambrook et al., 1989), using a reverse primer spanning bases 45-64 of the
coding sequence. In short, 50 pg total RNA (isolated as described (Chomczynski and Sacchi, 1987)) from F9 PrE and PE cells
was used as a template in an extension reaction of the y[*’P]JATP labelled reverse primer described above. The product of a
manual sequencing reaction (T7 sequencing kit, Pharmacia Biotech) pBluescript KS1 was run alongside as a marker (left four
lanes). The arrow at the right indicates the extension product (doublet) of 153 and 155 bp that is seen at low levels in F9 PrE
(5" lane) and upregulated in F9 PE (6™ lane). Subtracting the 64 bp in the coding region, this product indicated the location of
the transcription initiation site at 90 bp upstream of the translation initiation site. The RNAse protection and primer extension
products were separated on a 5% polyacrylamide sequencing gel. Gels were analysed using the Phosphorimager and Image
QuaNT 4.2 software (both from Molecular Dynamics) C: Sequencing reaction of T7 (first four lanes), and RNase protection of
pCR2.1-TOPO-954 linearized with Sacl in poly-A+ RNA from F9 EC (5th lane), PrE (6th lane) and PE (7th lane) cells showing
upregulation of the protected doublet of approximately 160 bp. D: Northern blot analysis of the same poly-A+ RNA samples
used in C) of F9 EC (Ist lane), PrE (2nd lane) and PE derived from PTHrP treatment (3rd lane) and dbcAMP treatment (4th
lane) as a control for the observed upregulation of protected fragments in the RNase protection assay in C).

ang et al. (1997) based on consensus se-
quences for DNA binding sites of seve-
ral transcription factors, but has not
been further investigated.
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U95961 (129/Sv) AACTTTGGCT TCGAACCTGC CCTTATTGGT GTTTCACAAT GCAACTCTAA ACACGTCCGT®’
isolated (C57BL/6xCBA) CCTGC CCTTATTGGT GTTTCACAAT GCAACTCTAA ACACGTCCGT

p300

CCTCAGCTGA AAGTCCTTCC GTGACTCCCC AGTGCCTGTA AGGCAAAGTC CAAAACTCTC'?’
CCTCAGCTGA AAGTCCTTCC GTGACTCCCC AGTGCCTGTA AGGCAAAGTC CAAACTCCTC

CAAAGACCCG AG-CCAGGAAA TCGGACCCCT CAGGGTTTGC CCAACACCAA CCTCATC-TGG'®’
CAAAGACCCG AGGCCAGGAAA TCGGACCCCT CAGGGTCTGC CCAACACCAA CCTCATCCTGG

AACCTGCTCT CAAAGGTTGG ACAGGCAGAA GTTACTGATT CTTACCCCGG GCCTTTCCCC?*?
AACCTGCTCT CAAAGGTTGG ACAGGCAGAA GTTACTGATT CTTACCCCGG GCCTTTCCCC

TCGGTGCTTC TTCACTTCCT CTAGGAAGTC ATAGACACCC TCCCCTGTCA GGTGACCGTT %
TCGGTGCTTC TTCACTTCCT CTAGGAAGTC ATAGACACCC TCCCCTGTCA GGTGACCGTT

CATTGACAGT CACAGCTGTC TCTCCCCACC TCCTTTCATC AAATCACACC TCCCTTTAGT ®°
CATTGACAGT CACAGCTGTC TCTCCCCACC TCCTTTCATC AAATCACACC TCCCTTTAGT

ATTCGAATCC TCTGTTTATT CTGTCTGTCT CTCTCTCCCA CGGCCGGGAA GCCATCCTTG*?”
ATTCGAATCC TCTGTTTATT CTGTCTGTCT CTCTCTCCCA CGGCCGGGAA GCCATCCTTG
CGTAGGGCAT CCCTGGGTAG TGTTTTGTTC AGGGCTGTGT AGACAGTTCC AGGAACCCCT*’
CGTAGGGCAT CCCTGGGTAG TGTTTTGTTC AGGGCTGTGT AGACAGTTCC AGGAACCCCT

RARE

AAGCGCGTGC ATATCATCGC ACTTTCTGGC TCCCCAGCGC CCAAAGGTCA GCAGCTCGGG®*?
AAGCGCGTGC ATATCATCGC ACTTTCTGGC TCCCCAGCGC CCAAAGGTCA GCAGCTCGGG

GATGTTGCGG GGCACCGCGC TCGTCGTGGG GCAGGCGCGG CCACCAGGGG TCGCCCGAGGS
GATGTTGCGG GGCACCGCGC TCGTCGTGGG GCAGGCGCGG CCACCAGGGG TCGCCCGAGG

AGCTCGGAAG CCGCGCGGTC CGGTCCGGGA GGAGCCCAAG CGGAATCTCA GCGCCACGCG®®
AGCTCGGAAG CCGCGCGGTC CGGTCCGGGA GGAGCCCAAG CGGAATCTCA GCGCCACGCG

oo ] [ ] [oow 3>

GCGGGAGCCC CAGCAGCCCA GGCGCACCTG CTCCGGTCTC AGTCTCCGGC CGCGCCGCCG'?°
GCGGGAGCCC CAGCAGCCCA GGCGCACCTG CTCCGGTCTC AGTCTCCGGC CGCGCCGCCG

[ccbor crenart | [ GCbox ]

CCAGCCATTG GTTCAGCCTT GACAAAGGGG CGTGACCAAC AGTACGGTCA CGCCCCCAGC'®?
CCAGCCATTG GCTCAGCCTT GACAAAGGGG CGTGACCAAC AGTACGGTCA CGKKCCCAGC

CCTGGTACTT AAAGGAATTT GCTGCTGCTA GGGGATCGTA GTGTGCGGCC GGGCCTCGCG
CCTGGTACTT AAAGGAATTT GCTGCTGCTA GGGGATCGTA GTGTGCGGCC GGGCCTCGCG

AGCGGAGTTG ACTACCGACC CTTGCGCGAC CCGGTGACTC CGACTACCTA -GTCGCTCTGG™’
AGCGGAGTTG ACTACCGACC -TTGCGCGAC CCGGTGACCC CGACTACCTA GGTCGCTCTGG

840

CCAACATGCC GCGCTCCTTC CTGGTCAGGA AGCCGTCCGA CCCCCGCCGG AAGCCCAACTY?
CCAACATGCC GCGCTCCTTC CTGGTCAGGA AGCCGTCCGA CCCCCGCCGG AAGCCCAACT

ATAGCGAGCT GCAGGACGCG TGTGTGG™®’
ATAGCGAGC

Figure 2: Sequence analysis of the murine Sna promoter region.

Two independent pCR2.1-TOPO-954 products were sequenced with the ABI Prism 377 DNA Sequencer (Perkin Elmer, Foster
City, CA, USA). Their sequence (bottom line) is was compared to the sequence deposited in Genbank under accession nr.
U95961 (top line). Differences in nucleotides are depicted in bold underlined and may be strain specific. DNA binding sites
were identified using the MOTIF search database and PAPIA TFSearch database. TIS: transcription initiation site as found by
primer extension and RNAse protection analysis, see figure 1.

By primer extension analysis and upstream of the translation initiation site
RNase protection analysis, we identified (figure 1).These techniques yielded pro-
a transcriptional start site 90 bp ducts indicating putative other transcrip-
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tion initiation sites downstream of the
aforementioned site. However, none of
these sites were found by both techni-
ques. Moreover, given the existence of
EST-sequences partially overlapping the
Sna coding region and extending up to
74 bp upstream of the translation initi-

ation site (BLAST mouse EST database,
NCBI), we here propose the location of
the transcription initiation site at 90 bp
upstream of the translation initiation
site. Thus, like the Xenopus Sna gene
(Mayor et al., 1993), the mouse Sna
gene has a short 5 UTR.

GC-boxes TIS

Genbank | -890 -677 -445 -301 -119(  -67 -6|

sequence
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Figure 3: Promoter deletion constructs.

Deletion constructs of the promoter region were generated by fusing the promoter region at the Mscl site (at 6 bp upstream of
the translation initiation site) with designated upstream sequences to the Smal site in pGL2-basic-luc (Promega, Leiden, The
Netherlands). As a control, the EIB-TATA box with a 5' flanking Pst1 restriction site (AGGGTATATAATG) was inserted

between the Sacl and Xhol restriction sites of pGL2-basic-luc (pGL2-E1B). TIS:transcription initiation site.
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Figure 4: Activity of the promoter deleti-

on constructs in F9 EC cells.

F9 EC cells were seeded 3000 cells/cm” in 3.8 cm? gelati-
nized tissue culture wells, and transiently transfected using
lipofectamin (Gibco BRL) according to manufacturer's des-
criptions. For a typical lipofectamin transfection, 0.6 pug pro-
moter construct and 0.4 pg PGK-LacZ were cotransfected
with 4 pg lipofectamin in 500 pl medium. Cells were har-
vested after 2 days and assayed for luciferase expression, cor-
rected for LacZ expression as described before (Wissink et

al., 1997). The graph is representative for 2 experiments.
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Figure 5: Activity of the promoter deleti-

on constructs in F9 PrE cells.

F9 PrE were seeded 25000 cells/cm® and transfected as des-
cribed under figure 4. After transfection, F9 PrE cells were
not treated or received RA and/or dbcAMP to induce differen-
tiation to PE. The graph is representative for 2 experiments.
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Sequencing analysis revealed no
TATA box in the promoter region,
similar to the Xenopus Sna gene. How-
ever, in contrast to the Xenopus Sna
gene, the region preceding the trans-
cription initiation site is highly GC-rich,
and displays putative binding sites for
Spl and AP-1 near the transcription ini-
tiation site, which may provide the con-
text for binding of the basal transcrip-
tion machinery. Furthermore, as shown
in figure 2, consensus sites for NFxB, as
well as for cyclic AMP and retinoic acid
response elements (CRE, RARE) are lo-
cated upstream of this transcription initi-
ation site. In addition we found consen
sus sequences for several E-boxes, to
which basic helix loop helix factors may
bind. Additionally, Sna itself may com-
pete in binding to these sequences, simi-
lar to Drosophila sna binding to the
Drosophila sna promoter (Mauhin et al.,
1993).

To identify possible functional con-
sensus sites, we generated deletion con-
structs of this promoter region and fused
them to the luciferase gene (illustrated
in figure 3). These were transfected in
F9 EC cells, either untreated, or treated
for 3 days with retinoic acid to generate

PrE like cells before transfection. As
shown in figure 4, the shortest 2 deletion
constructs did not confer any luciferase
activity in F9 EC cells, nor F9 PrE cells,
while the longer constructs, containing
at least the transcription initiation site
and the GC-boxes did (figure 4). Pre-
liminary data suggest that addition of
cAMP to F9 PrE after transfection
elevates transcription from the latter
constructs (figure 5). This suggests that
the CRE consensus sequence at approxi-
mately 60 bp upstream of the transcrip-
tion initiation site may be functional.
However, the extent of cCAMP elevated
luciferase expression is not as high as
could be expected from the cAMP ecle-
vated Sna transcription in F9 PrE cells.
Thus, additional or cis-acting elements
may be upstream of the promoter se-
quence we describe here, or sequences
that allow binding of RNA stabilizing
factors may be located even in the 3’-
UTR. Our transfection data await further
testing and support from e.g. mutation
analysis, footprinting and DNA electro-
phoretic mobility shift analyses, and will
be complemented with analysis of more
upstream sequences.

PARIETAL ENDODERM FORMATION; A MODEL

The sequence of events.

Based on the literature, the following
model is presented for the sequence of
events during PE formation (illustrated
in figure 6): During the earliest phase of
PE formation in a wild type embryo at
the late Dblastocyst stage the PE
precursors acquire a flat fibroblast-like
appearance before they migrate onto the
basal lamina (Enders et al., 1978;
Gardner, 1982). The loss of their cell-
cell contacts allows cytoskeletal rearran-
gements leading to rounding of the cells,
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first seen at day 6.5 pc (Behrendtsen and
Werb, 1997). Blastocyst injections with
VE cells of early post-implantation
embryos have demonstrated that the
donor cells end up in the distal-most
area of the PE layer of the host embryo
(Cockroft and Gardner, 1987). This may
suggest that during normal development,
the earliest PE cells become the distal-
most PE cells, as is also assumed by
Behrendtsen and Werb (1997). These
earliest cells don’t need to migrate far
since the embryo is still small. As such,
while the embryo grows and the parietal
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yolk sac expands, newly formed PE cells
never need to migrate far since they
occupy the more proximal regions. They
may stop migrating once they have
reached their destination, as suggested
by the decrease in motility of PE cells
from the proximal to more distal regions
(Cockroft, 1986). While the yolk sac
expands, PE persists until day 13.5 pc
with an equal density of cells (Cockroft,

VE marginal

zone

proximal PE

1987), partly due to newly recruited VE
cells, and partly due to a residual
capacity of PE cells to proliferate
(Cockroft, 1986). Until at least around
day 13 and 14 pc, the PE cells undergo
ongoing morphological modifications by
which they become more rounded and
their surface smoothens, while their pro-
liferative capacity decreases (Cockroft,
1986).

distal PE

N

>

time

proliferation

migration

Figure 6: A model for PE formation, the sequence of events.

The morphological changes of endodermal cells occur in time. Since at the same time the embryo grows and new cells occupy
the proximal region, the ongoing morphological changes in time can be seen from proximal to distal region. This is correlated
to a reduction in motility and migration, as well as proliferation, as indicated by the conical shape of the bars. See also text.

Importantly, the rounding of the cells
and their migration over the basal la-
mina underlying the trophectoderm are
both required for proper PE formation in
vivo, but are independent events, as (i)
rounded, differentiated PE cells can
form on the outer rim of floating embry-
oid bodies of ES and EC cells or on
isolated egg cylinders in the absence of
a lamina or substrate to migrate on (Ho-
gan et al., 1981; Hogan and Tilly, 1981),
and (ii) the plating of isolated ICMs and
the re-plating of F9 embryoid bodies in
the absence of PE-inducing factors
results in migration of endodermal cells
over the substrate that do not display the
PE-specific, rounded morphology, but
remain epithelial instead (Behrendtsen et

al., 1995) (chapter 2, and time-lapse vi-
deo data not shown).

The role of PTHrP signaling via the
PTH(rP)-RI in PE formation.

Combining our in vitro and in vivo
observations a dual role for PTH(rP)-RI
signaling in migration and morphologi-
cal transformation during PE formation
can be proposed. Firstly, PTH(rP)-RI ac-
tivation enhances migration of PE pre-
cursor cells in vitro and may do so
similarly in vivo, but is not required for
migration, as this still occurs in PTH-
(rP)-RI knockout embryos. Secondly,
PTH(rP)-RI activation is sufficient and
required for the mesenchymal phenotype
of PE cells during PE formation.

As has been reviewed in chapter 1,

113



Chapter 6

several studies have demonstrated that
cell position (Hogan and Tilly, 1981;
Gardner, 1982), cell-cell interactions
and even the three-dimensional configu-
ration of the substrate (Casanova and
Grabel, 1988), are important in PE-for-
mation. This has led to the hypothesis
that the maintenance of the integrity of
the epithelial junctions promote the VE
phenotype by establishing polarity and/
or anchoring the cytoskeleton, while the
loss of these junctions would promote
differentiation to PE (see also Casanova
and Grabel, 1988)). The composition of
and interaction with the extracellular
matrix is also important for PE forma-
tion, e.g. in modulating migration of
cells, as also reviewed in chapter 1. Im-
portantly, the immunoreactivity of the
outgrown cells from rat inner cell
masses to various matrix components
depends on the matrix components on
which they are cultured (Carnegie and
Cabaca, 1993). Further evidence that the
interaction with the matrix affects the
production of matrix components came
from studies with ES cells lacking B1-
integrin, which have a decreased laminin
production, and show a disorganized
basement membrane assembly (Sasaki et
al., 1998). Thus the initial interaction of
endoderm cells with the matrix affects
the secretion of matrix components and
as such changes the cell-matrix inter-
actions that a cell experiences. The cell-
cell and cell-matrix interactions also
affect the morphology of the cells, as
observed in outgrowth experiments of
rat inner cell masses (Carnegie and
Cabaca, 1993), and with vinculin or B1-
integrin deficient ES and F9 cells
(Stephens et al., 1993; Coll et al., 1995).
However, in the case of Pl-integrin
deficiency, the observed altered morpho-
logy and reduced migration did not in-
terfere with PE-specific gene expression
(Stephens et al., 1993), indicating that
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migration and morphological differentia-
tion are not necessarily linked to tissue-
specific gene expression.

Evidence for a cooperative interacti-
on between cell-matrix interactions and
PTHrP during PE formation came from a
study with isolated inner cell masses
(Behrendtsen ef al., 1995). In that study,
a function-perturbing antibody against
PTHrP reduced the number of PE cells
growing out on various substrates, while
the addition of PTHrP made non-permis-
sive concentrations of laminin and vitro-
nectin permissive to outgrowth and PE
differentiation. The question that now
remains is at which level and for which
aspects of PE formation crosstalk from
signals derived from PTH(rP)-RI acti-
vation and from cell-cell and cell-matrix
contacts occurs.

The simplest model for the action of
PTHrP in PE would be the breaking of
cell-cell contacts in the VE layer, after
which the induction of a fibroblastic,
later more rounded off cell type with
enhanced migration may occur in
collaboration with the matrix. PTHrP
exerts this effect on cell-cell contacts by
a rapid upregulation of Sra, which in
turn downregulates the transcription of
E-cadherin and leads to the disin-
tegration of adherens junctions. Howe-
ver, some preliminary observations sug-
gest that the action of PTHrP on cell-cell
adhesion may be hampered by pre-exis-
ting cell-cell contacts: (i) Solitary F9
PrE cells overexpressing Sna have com-
pletely lost the expression of adherens
junctions within 48 hr after transfection,
while cells overexpressing Sna while
completely or partially surrounded by
other cells display a fractionation, but
not a complete loss of the zonula adhe-
rens. Thus the complete loss of epithe-
lial junctions by the action of Sna is less
rapid in cells with well-established junc-
tions. Moreover, rounded off cells are
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never observed in the middle of epithe-
lial sheets. Since the acquisition of a
mesenchymal, i.c. rounded, morphology
depends on the loss of cell-cell adhe-
sion, the rapidity with which epithelial
cells acquire a mesenchymal phenotype
in response to elevation of Sma trans-
cription thus seems delayed by the pre-
existing cell-cell contacts. It is even
possible that PTHrP does not efficiently
upregulate Sra in cells in epithelial
sheets, and would thus not induce
dissociation of adherens junctions in
these cells at all, (ii) Solitary cells in
subconfluent F9 PrE cultures retain
membrane localized expression of E-
cadherin and B-catenin, components of
adherens junctions, albeit it mostly
streak-like or punctate instead of as an
intact zonula adherens (chapter 5). This
may allow them to quickly re-establish
adherens junctions when they contact
other solitary cells. Dissociated leading
edge cells in F9 embryoid body
outgrowths can reconnect to the trailing
cells, as observed in time-lapse video-
analyses (not shown), and this may oc-
cur in vivo as well, which in the
presence of residual membrane localized
E-cadherin and B-catenin could lead to a
re-establishment of the epithelium.
These observations suggest that
PTHrP, at least in vitro, probably does
not actively break cell-cell contacts in
the intact epithelium. Instead, PTHrP
prevents the re-establishment of cell-cell
adhesion once cells have already re-
duced cell-cell contacts, due to their
position at the edge of the epithelium, or
due to being already dissociated as a
result of e.g. migratory forces, cytokine-
sis, or signaling from other factors such
as the matrix. For example, cells can
dissociate from isolated PE layers from
PTH(tP)-RI -/- embryos when cultured
on fibronectin, as shown in figure 8 in
the next section. This indicates that

PTHrP signaling via this receptor is not
required for breaking of the cell-cell
contacts in these cells. PTHrP prevents
the re-establishment of cell-cell adhe-
sion in dissociated cells by rapidly upre-
gulating Sna transcription, which in turn
leads to the downregulation of E-cadhe-
rin transcription and the dissociation of
E-cadherin and B-catenin from the cell-
membrane, preventing these cells from
reconnecting to other cells. Thus PTHrP
is required for the loss of the epithelial
character. Given the fact that the F9
model system mimics the in vivo
situation remarkably well, this mecha-
nism may be applicable to the in vivo
situation as well, and is therefore added
to the model of PE formation illustrated
in figure 6, resulting in a model illustra-
ted in figure 7.

PTHrP signaling via the PTH(rP)-RI
contributes to, but is not needed for the
migration of PE precursors over the
basal lamina, as a PE layer is formed in
PTH(rP)-RI null mutant embryos. This
migration may be induced by signaling
derived from the matrix, e.g. fibronectin
(reviewed in chapter 1), or from soluble
factors, e.g. FGF-4, which is produced
in the blastocyst and has been shown to
stimulate migration of endoderm cells
from isolated inner cell masses (Rap-
polee et al., 1994). FGF-4 signaling
increases the expression of gelatinase B
and tPA (Rappolee et al., 1994), which
may allow cells to modulate the sub-
strate such, that it facilitates their migra-
tion (Behrendtsen and Werb, 1997,
Cheng and Grabel, 1997). In accordance
with this, preliminary results from Boy-
den chamber experiments suggest that
FGF-4 alone increases migration of F9
PrE cells, and interestingly, when used
in combination with PTHrP, a synergis-
tic effect of PTHrP was seen (L. Defize,
unpublished results).
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Figure 7: A model for the action of PTHrP in PE formation.

See also text. As is proposed in the model, PTHrP is inhibited by well-established cell-cell contacts. When endodermal cells are
only loosely connected to neighboring cells, PTHrP prevents the re-establishment of adherens junctions by interfering with E-
cadherin transcription and membrane-localization, and may increase migration. In subsequent phases, PTHrP induces rounding
of the cells and a decrease in migration, concomitant with reduced proliferation.

In vitro, PTHrP induces rounding off
of F9 PrE cells that are already solitary
at the time of PTHrP addition to the
culture within 1 hour (not shown). This
indicates that PTHrP signaling has a
rapid effect on cytoskeletal arrangement
in cells without cell-cell adhesive con-
tacts. However, as mentioned above, this
effect may be modulated by the matrix,
which itself may be modulated by the
action of PTHrP. Since PTHrP and
PTH(rP)-RI expression by the trophecto-
derm and PE cells respectively continues
until at least day 11 pc (Karperien et al.,
1994; Karperien et al., 1996), their
action may account for the maintenance
of the mesenchymal morphology of exis-
ting PE cells and their ongoing smoothe-
ning in the distal region (Cockroft,
1986). In addition, their action may be
required for the induction of a mesen-
chymal character in new PE cells.

In vivo, the distal-most cells have the
least proliferative capacity (Cockroft,
1987). Similarly, reduced proliferation
has been observed upon treatment of F9
PrE with dbcAMP, as assessed by thy-
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midine incorporation (Verheijen, 1997).
Preliminary data from time-lapse video
analyses showed that 20% of tracked
cells residing at the edge of epithelial
sheets in F9 PrE cultures at the start of
the recording period proliferated during
the first 16 hr. after PTHrP addition. In
contrast, none of the cells that were
solitary at the time of PTHrP addition
proliferated during the same period (not
shown), suggesting a reduced prolifera-
tion in solitary cells compared to cells at
the edge of epithelial sheets in F9 PrE
cultures treated with PTHrP. These
observations support a role for PTHrP in
reducing the proliferation in the distal
PE cells in vivo.

Finally, PTH(rP)-RI activation is
required for terminal PE differentiation,
as no PE specific enhanced thrombomo-
dulin expression is observed in the PE
layer of PTH(rP)-RI knockout embryos.
So far we have no evidence that
enhanced thrombomodulin expression
depends on the morphological transition.
However, in the model PE differentia-
tion by the action of PTHrP is only inhi-
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bited by cell-cell contacts. Thus, like the
morphological transition, high throm-
bomodulin expression would depend on
the breaking of cell-cell contacts.

Is snail a master in PE
formation?

The formation of a PE layer in
PTH(rP)-RI knockout embryos demon-
strates that PTHrP signaling is not nee-
ded for migration of endodermal cells in
vivo. Interestingly, despite the absence
of PTHrP signaling, Sna is expressed in
the endoderm of the marginal zone and
the proximal region of the PE layer. One
can ask if this Sna expression plays a
role in the onset of migration of those
cells, as Sna expression has been ob-
served by others in premigratory cells
during gastrulation and neural crest mi-
gration in various species (Nieto et al.,
1992; Smith et al., 1992; Hemavathy et
al., 2000). Similarly, we have observed
a basal level of Sna expression in F9 PrE
and VE (chapter 4 of this thesis), which
are both migratory in the absence of
exogenous PTHrP (chapter 2 and data
not shown). The region where Sna is
expressed in the mutant PE coincides
with the region where the highest
motility of PE cells is observed in the
wild type situation, while still displaying
a ‘blebby’ morphology (Cockroft, 1986).
Additionally, others and we have shown
that overexpression of Sna induces
migration in epithelial cells (chapter 5)
(Cano et al., 2000), while ablation of the
function of Swna orthologues inhibits
migration (Carl et al., 1999; Hemavathy
et al., 2000; LaBonne and Bronner-
Fraser, 2000). Thus it is tempting to
assume that this expression of Sna
induces, and may even be necessary for,
the migration of PE cells observed in
mutant embryos. Moreover, the Sna
expression in the proximal region of PE
in the PTH(rP)-RI knockout indicates

gene

that there is another factor besides
PTHrP inducing Sna during PE forma-
tion, which could thus be partially re-
sponsible for PE formation. For reasons
mentioned earlier, it is likely that this
factor could be fibronectin or FGF-4,
which could be studied in F9 differen-
tiation. Interestingly, besides having the
appropriate spatio-temporal expression
and the capacity to induce migration,
FGF-4 has been demonstrated to en-
hance expression of the chick Sna ortho-
logue in limb formation (Buxton et al.,
1997).

The epithelial character of the PE
cells of PTH(rP)-RI deficient embryos at
day 8.5 and 9.5 pc suggests that a tran-
sition to mesenchymal morphology does
not occur in the absence of PTHrP sig-
naling, e.g. because Sna expression is
not sufficiently high. However, we can
not exclude that a transient mesen-
chymal morphology is induced early in
the formation of mutant PE, e.g. by the
Sna expression observed at day 7.5 pc in
the proximal region (chapter 5) and/or
by signals derived from cell-matrix con-
tacts (Behrendtsen et al., 1995). Such
signals may be induced by fibronectin,
as we have observed that PE isolates
from mutant embryos, when cultured on
fibronectin, show outgrowth of solitary
cells lacking membrane-localized -
catenin expression (J. Hendriks, unpu-
blished results, figure 8).

Since fibronectin elevates cAMP in
endothelial cells (Fong and Ingber,
1996) and downregulates N-cadherin
activity in migrating neural crest cells
(Monier-Gavelle and Duband, 1997), it
may exert a similar action on cAMP and
E-cadherin in PrE or VE, explaining its
PE-inducing potential. This potential
may still involve the action of Sna, since
addition of dbcAMP to PrE elevates Sna
transcription in these cells (chapter 4).
Moreover, fibronectin induces PE diffe-
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rentiation, as it enhances thrombomo-
dulin expression upon re-plating of F9
embryoid bodies (not shown). Although
it is still controversial whether fibronec-
tin is available during later stages of in
vivo PE formation, it is not unlikely that
it contributes to morphology and
differentiation early during PE forma-
tion, as mentioned in chapter 1. None-
theless, the aberrant PE cells of mutant
embryos at day 8.5 and 9.5 pc suggest
that PTHrP signaling is needed for the
maintenance and/or elevation of Sna ex-
pression in the distal PE cells, and indi-
cate that PTHrP signaling is necessary
for the maintenance of or progression to
the mesenchymal phenotype and PE-
specific differentiation of these cells.

Figure 8: Fibronectin induces a mesen-
chymal phenotype in PE cells from

PTH(rP)-RI -/- embryos.

PTH(rP)-RI -/- PE layers were isolated at day 8.5 pc and
cultured on a substrate coated with 50 mg/ml fibronectin.
They were used for standard immunodetection of B-catenin.
While the cells in the original isolate form an intact epithelial
sheet with membrane localized expression of B-catenin (A),
fibronectin induces migration of cells out of this sheet, with
the acquisition of a rounded cell body and lack of membrane
localized expression of B-catenin (B). As such, these solitary
cells resemble wild type PE cells.

We can now propose a model (illustrated
in figure 9) in which Srna is induced by
PTHrP signaling and another factor(s),
during PE formation. While the Sna
expression induced in the proximal PE
cells by the unidentified factor(s), e.g.
FGF-4 or fibronectin, may provide the
migration and  optional transient
mesenchymal morphology of these cells,
elevation and/or maintenance of Sna
expression by PTHrP is necessary for
the mesenchymal phenotype of the
distal, definitive PE. If Sna expression
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would be sufficient and required for
migration and morphological
transformation, as well as PE-specific
gene expression, e.g. thrombomodulin, it
would act as a true master gene in PE
formation. While we have demonstrated
that Sna expression enhances migration
and is sufficient to induce mesenchymal
morphology, it is conceivable that it is
sufficient and also required for both
aspects, as (i) several reports have indi-
cated that Sna or an orthologue is neces-
sary for the migration and morpholo-
gical changes during EMT, (ii) Sra is
expressed in the migratory, proximal PE
cells, even in the absence of PTHrP sig-
naling, and (iii) Sna -/- embryos show
defective PE formation, although the
nature of this defect is not described
(Jiang et al., 1998a). Although the mor
phological transition during EMT is ge-
nerally considered to be dependent on
the loss of cell-cell adhesion, it is not
clear whether all the signals that induce
the mesenchymal phenotype are down-
stream of E-cadherin. Since the trans-
fection of antisense E-cadherin in kera-
tinocytes is not sufficient to induce a
full EMT in these cells (Llorens et al.,
1998), and moreover, transfection of E-
cadherin is not sufficient to revert the
fibroblastic phenotype of spindle carci-
noma cells (Navarro et al., 1993; Loza-
no and Cano, 1998), it is likely that
some events are mediated by other tar
gets of Sna. These may be genes invol-
ved in the control of adhesion and mi-
gration, such as a6-integrin, which con-
tains E-boxes in its promoter region, and
of which the 6B isoform is down-
regulated during PE formation (Jiang
and Grabel, 1995; Morini et al., 1997).
Sna may also act as a transcriptional
activator (Mauhin et al., 1993; Nakaya-
ma et al., 1998; Hemavathy et al., 2000)
and induce other genes required for the
acquisition of the mesenchymal pheno
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Figure 9: A model for the role of Sna in PE formation.
See also text. Factor X can be factor Y, e.g. fibronectin or FGF-4, and may have an inductive role in migration. Additionally, it
can be the LNy subunit, which needs to be incorporated in the basal membrane to allow migration (Smyth ef al., 1999).

type, such as vimentin, which is shown Sra -/- embryos and restoration of PE
to be upregulated upon transfection of specific Sna expression in PTH(rP)-RI-/-
Sna in MDCK cells (Cano et al., 2000).  ES cells or embryos (e.g. transgenic Sna

Detailed analysis of PE formation in under the control of the PTH(rP)-RI
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promoter) would give clues as to whet-
her Sna is indeed a master gene in PE
formation. A more detailed and quanti-
tative comparison of Sna expression du-
ring PE formation, as well as regional a-

nalysis of PE morphology in the
PTH(rP)-RI mutant and wild type em-
bryos in a larger time-window would be
required to test this hypothesis.

TOWARDS UNDERSTANDING THE PHENOTYPE OF PTH(RP)-RI NULL MUTANT
EMBRYOS

While the first C57BL/6 PTH(rP)-RI
knockout embryos die between day 9.5
and 12.5 pc, and only 3% of the embryos
that reach day 18.5 of gestation have the
homozygous knockout genotype, this
percentage is 12% among Black Swiss
embryos (Lanske et al., 1996). Despite
the reduced lethality found among Black
Swiss knockout embryos, they are still
proportionally smaller (Lanske et al.,
1996), although it is unclear whether
they display the same extent of growth
retardation as C57BL/6 knockout em-
bryos. This points to an essential role for
PTH(rP)-RI signaling in growth of the
early post-implantation mouse embryo.
C57BL/6 knockout embryos are first
growth retarded at day 8.5 pc, and until
that stage the receptor in wild type
embryos is only expressed in the PE and
its precursors in wild type embryos.
Therefore, the growth retardation may
be an effect of absence of PTH(rP)-RI
signaling in the VE in a yet unidentified
function other than inducing PE forma-
tion. For example, if due to the lack of
the PTH(rP)-RI VE cells would be affec-
ted in their function in metabolite trans-
fer to the embryo and the regulation of
the volume of the extraembryonic fluids,
this could lead to growth retardation
(Payne and Deuchar, 1972). Alternative-
ly, the growth retardation could be an
effect of absence of PTH(rP)-RI signa-
ling in the proper formation or main-
tenance of PE, or in both VE and PE.

How could the absence of PTH(rP)-
RI signaling in PE lead to growth
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retardation? Several mechanisms may
either alone or in combination cause the
retardation. Firstly, based on the lack of
increased thrombomodulin expression in
differentiated PTH(rP)-RI -/- ES cells in
vitro, we hypothesized before that
PTH(rP)-RI -/- embryos may be growth
retarded because of a lack of thrombo-
modulin expression by their PE cells
(Verheijen et al., 1999). Support for this
contention came from a study on throm-
bomodulin -/- embryos, which display a
phenotype with striking similarity to
PTH(rP)-RI -/- embryos: they are smal-
ler at day 8.5 pc, and show lethality
before day 10.5 pc (Healy et al., 1995).
In chapter 2 of this thesis, we demon-
strate that the PE cells of PTH(rP)-RI -/-
embryos indeed do not express elevated
levels of thrombomodulin. Since throm-
bomodulin functions as an anticoagu-
lant, it is conceivable that the lack or
reduction of thrombomodulin expression
in the parietal yolk sac leads to a dys-
functional maternal-embryonic interac-
tion, possibly interfering with the per-
meability of parietal yolk sac by the de-
position of fibrin, or the degradation of
laminin, as discussed by Healy et al.,
(1995), similar to fibrin deposition in
lung by thrombomodulin -/- cells in
thrombomodulin chimaeric mice (Healy
et al., 1998). Thus the lack of PE spe-
cific enhanced thrombomodulin expres-
sion in PTH(rP)-RI knockout embryos
further supports the contention that the
growth retardation of these embryos is
the result of a dysfunctional PE.
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Secondly, we hypothesized before,
that the PE cells lacking the PTH(rP)-RI
may produce insufficient matrix compo-
nents to build the Reichert’s membrane
and give it the appropriate properties for
nutrient and waste exchange (Verheijen,
1997). This was supported with results
from a study in which day 9.0 pc rat em-
bryos were injected with antibodies a-
gainst the Reichert’s membrane, leading
to growth retardation or even death
(Leung, 1977). Since we have demon-
strated in chapter 2 that the PE cells in
mutant embryos failed to differentiate to
true PE cells, in terms of morphology
and thrombomodulin expression, it is
conceivable that they also do not func-
tion as true PE cells, e.g. in secreting
matrix factors. Besides regulating the
permeability of the Reichert’s mem-
brane, it is also possible that a lack of
secretion of ECM molecules by the PE
cells does not allow the Reichert’s
membrane to expand sufficiently to al-
low embryonic growth. Thus it is of in-
terest to test the PTH(rP)-RI -/- PE cells
for their secretion of various ECM mole-
cules, and compare the composition and
dimensions of the Reichert’s membrane
of knockout embryos with that of their
wild type littermates.

Thirdly, the epithelial morphology of
the PE layer in knockout embryos, as
demonstrated in chapter 2 of this thesis,
may prevent the exchange of nutrients
and waste. The presence of tight junc-
tions could, by preventing the movement
of membrane lipids and proteins be-
tween the apical and basal compartments
of the cell membrane, interfere with e.g.
the availability of receptors for their
ligands. Additionally, tight junctions
could reduce the permeability of the pa-
rietal yolk sac. Therefore, it is of in-
terest to study the existence of tight
junctions and the permeability of the PE
layer in knockout embryos. This could

be done by performing electron micro-
scopy and/or e.g. analyzing the pene-
tration of tracer macromolecules, e.g.
various sizes of dextran coupled to FITC
(Kubota et al.,, 2001) through the
parietal yolk sac after incubating dis-
sected embryos with an intact parietal
yolk sac in a solution containing these
molecules.

Fourthly, PTHrP and its receptor are
often expressed at sites of epithelio-
mesenchymal reciprocal interactions
(EMI), e.g. in skin, teeth, and mammary
gland development (Karperien et al.,
1994, 1996; Wysolmerski et al., 1994,
1995, 1998; Philbrick et al., 1998; Foley
et al., 2001). Since the trophectoderm is
initially an epithelial tissue, which is
replaced by secondary trophectoderm
after de-epithelialization of the first, it is
possible that PTHrP signaling has a
function in an EMI between trophecto-
derm and PE. If so, the lack of PTHrP
signaling in mutant PE may lead to
aberrant development or functioning of
the (secondary) trophectoderm layer,
thus to an aberrant maternal-embryonic
interaction.

The lethality observed in C57BL/6
PTH(rP)-RI -/- embryos may be a result
of the growth retardation. Therefore, it
remains an intriguing question what can
explain the reduced lethality of Black
Swiss compared to C57BL/6 knockout
embryos (Lanske et al., 1996). We have
so far analyzed the PE layers of 36
Black Swiss embryos, dissected at day
8.5 and 9.5 pc and derived from 4 litters
of crosses between PTH(rP)-RI +/-
mice. The cells of all these isolates
display a mesenchymal, PE-specific
rounded morphology (J. Hendriks and L.
Defize, data not shown). Till now we
have genotyped only 1 litter of 6 embry-
os, and found one homozygous knock-
out. Based on Mendelian ratios, we
could expect to find approximately 7
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more knockout embryos, which would
then all possess a PE layer with mesen-
chymal cells. Even though this morpho-
logically apparently normally developed
PE does not prevent growth retardation,
these preliminary data suggest that the
increased lethality among C57BL/6

knockout embryos be correlated with the
epithelial PE morphology. The factor
inducing the presumed mesenchymal PE
morphology in Black Swiss knockout
embryos, and the specific PTHrP
response associated with embryonic
growth, remains enigmatic.

PTHRP SIGNALING IN TUMOR PROGRESSION

As mentioned in the introduction of
this chapter, PTHrP signaling is not only
important for PE formation and
organogenesis during embryonic deve-
lopment, but is also associated with a
variety of diseases, such as bone mal-
formation (e.g. Jansen’s osteochondro-
dysplasia), cardiovascular disorders (e.g.
hypertension) and malignant trans-
formation in neoplastic disorders. In-
terestingly, PE formation and malignant
transformation both occur via an EMT,
and thus our findings concerning the
role of PTHrP in PE formation may
provide clues to the role of PTHrP in
tumor progression. Of particular interest
may be the role of PTHrP in breast
tumors: Approximately 60% of primary
breast neoplasms and more than 90% of
metastatic foci of breast tumors in bone
have been reported to constitutively
express PTHrP, while only 20% of soft
tissue (e.g. lung) metastases express
PTHrP (Southby et al., 1990; Powell et
al., 1991; Vargas et al., 1992). High
levels of PTHrP expression by these
tumors and their metastasis to bone have
been associated with a poor prognosis
for the patient, and moreover, breast
cancer is the main cause of death due to
malignancy in west European women.
The progression of epithelial breast
tumors to a malignant phenotype is
associated with a loss of E-cadherin, and
high levels of Sna expression, while
importantly, overexpression of Sra in
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epithelial breast tumor cell lines is
sufficient to induce a metastatic
phenotype (Battle et al. 2000; Cano et
al., 2000). Human SNAIL is detectably
expressed in all 7 soft tissue metastases
of MDA-MB-231 breast tumor cells, and
none of the 7 bone metastases examined
(S. Bleuming, G. van der Pluijm and L.
Defize, unpublished). Moreover Sna
expression is elevated upon PTHrP
treatment of MDA-MB-231 cells in
culture. Given the role of PTHrP and
Sna in PE formation, these data strongly
suggest that PTHrP, via Sra, may play
an inductive role in breast tumor
progression. A similar mechanism may
exist in some skin tumors, as PTHrP has
been found to stimulate skin tumori-
genesis in nude mice (Manenti et al.,
2000).

Interestingly, PTHrP contributes to
prostate cancer progression by preven-
ting apoptosis of the metastasizing cells
(Dougherty et al., 1999). Elevated
PTHrP levels are associated with a
variety of hematological malignancies
(Goltzman and Henderson, 1996), while
a human and C. elegans Sna orthologue
prevent apoptosis, in human thus contri-
buting to transformation of pro-B cells
(Inukai et al., 1999; Metzstein and
Horvitz, 1999). Therefore, a different
mechanism downstream of PTHrP, but
possibly still via a Sna orthologue may
act in such tumors.
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SUMMARIZING REMARKS

The work described in this thesis
demonstrates an inductive role of PTHrP
and its type I receptor in cell migration,
morphological transformation and diffe-
rentiation, three distinct aspects of the
EMT as it occurs during PE formation,
as well as its requirement for the latter
two aspects. The gene encoding the zinc
finger transcription factor Sna has been
identified as an immediate early target
of PTH(rP)-RI signaling in PE
formation, and its involvement in mi-
gration and morphological transforma-
tion during PE formation has been
demonstrated. A model is presented in
which migration and morphological
transition during PE formation are two
separable events, in which the action of
PTH(rP)-RI  signaling via Sna is
inhibited by cell-cell contacts. We pro-
pose that the signaling mechanism of
PTHrP via Sna, here identified in PE

The here demonstrated lack of mor-
phological transformation and differen-
tiation of the PE cells in PTH(rP)-RI -/-
embryos is strongly suggestive for a
dysfunctional PE. This dysfunction may
reside in reduced nutrient transfer from
mother to embryo, and/or in aberrant
formation of the Reichert’s membrane.
In turn, this may explain the growth
retardation and early death of such em-
bryos. Studies concerning the composi-
tion and permeability of the Reichert’s
membrane or parietal yolk sac as a
whole may reveal more insight herein,
and possibly also allow to explain the
strain-dependent mortality observed in
PTH(rP)-RI deficient embryos. A detai-
led analysis of PE formation in Sna -/-
ES cells and embryos, and a rescue
approach introducing a Sna transgene in
PTH(rP)-RI -/- PE cells may answer the
question whether Sna functions as a

formation, acts similarly in (breast) tu- master gene in PE formation and
mor progression. differentiation.
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Summary

SUMMARY

Since about a decade, several reports have strongly suggested a role for parathyroid
hormone related peptide (PTHrP) in the formation of parietal endoderm (PE) in the mouse
embryo. This thesis is aimed first at elucidating the biological significance of parathyroid
hormone related peptide (PTHrP) signaling via its type I receptor (PTH(rP)-RI) in PE
formation, and secondly at finding new molecules downstream of this receptor that induce
PE formation. In the first chapter a literature review about the formation of PE from
primitive and visceral endoderm (PrE and VE) in the mouse embryo is given. In that
chapter it is also illustrated that the changes in cell contacts, morphology and secretory
properties, as well as the acquisition of migration of the cells during PE formation are
indicative for an epithelio-mesenchymal transition (EMT). We therefore postulate that PE
formation is the first EMT in mouse embryogenesis.

In chapter 2, we demonstrate that PTHrP signaling is sufficient to induce the
transformation of an epithelial to mesenchymal cell type during PE formation in the F9
model system. In addition, we demonstrate that PTHrP enhances the migration of endoderm
away from F9 embryoid bodies. A detailed analysis of the PE of receptor null mutants is
described here, revealing that this tissue has an aberrant, epithelial instead of mesenchymal
morphology, and lacks expression of the PE marker thrombomodulin in contrast to an
apparently normal phenotype reported previously. These results indicate that PTHrP
signaling, although not required for migration, is necessary for the proper differentiation of
PE. In that chapter the downregulation of connexin43 (Cx43), the most abundant gap
junctional molecule in F9 cells and the extraembryonic endoderm in vivo, is shown as a
result of PTHrP signaling in PE formation. In chapter 3 we further investigated the impor-
tance of Cx43 and the function of gap junctions in the formation of PE, and found that their
downregulation is a consequence of rather than a prerequisite for PE differentiation. We
postulate that the high expression of Cx43 and high extent of gap junctional coupling in VE
serves a function in metabolite exchange between the mother and the early embryo.

Chapter 4 describes the identification of the zinc finger transcription factor snail as a
direct target of PTHrP signaling in F9 PrE signaling. It is furthermore shown there, that
snail is also upregulated during the earliest formation of PE ex vivo and in vivo, clearly
suggesting an important role in PE formation. This is further investigated in chapter 5,
where it is described that high levels of expression of snail are sufficient to induce the dis-
integration of adherens junctions in F9 PrE, by loss of membrane localized expression of E-
cadherin and B-catenin. Moreover, it is demonstrated that F9 VE cells overexpressing snail
display enhanced migration, more cell dispersion and assume a rounded morphology, sug-
gesting that elevated expression of snail is sufficient to at least induce the morphological
transition of an epithelial (PrE or VE) to a mesenchymal cell with typical PE morphology.
In situ hybridization results demonstrate a lack of Sna expression in the distal PE region in
PTH(rP)-RI knockout embryos, strongly suggesting that it is due to a lack of Sna function
that these cells have not acquired a mesenchymal phenotype. Finally, in chapter 6, prelimi-
nary data of a promoter analysis of the snail gene are shown, which are suggestive for a pu-
tative functional cyclic AMP responsive element in the promoter, which may confer the sig-
nal induced by PTHrP. In this chapter, all results are discussed and a model for a function
of PTHrP in the downregulation of the cell-cell adhesion system in the earliest phase of PE
formation is presented. Our finding that the PE of PTH(rP)-RI null mutant embryos displays
an epithelial instead of mesenchymal morphology, and does not express PE-specific
enhanced levels of thrombomodulin, suggests that this PE does not function properly. This
may explain the growth retardation and mortality of the embryos. Given the similarities
between PE formation and (breast) tumor progression with respect to the presence of
PTHrP, expression of Sna and lack of E-cadherin expression at the cell membrane, our
findings may also open avenues to better understand (breast) tumor progression.
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SAMENVATTING

In de afgelopen jaren heeft het werk van verscheidene onderzoekers sterk de
suggestie gewekt dat PTHrP (bijschildklier hormoon gerelateerd peptide) van
belang is voor de vorming van het pariétaal endoderm (PE) in het muizen-embryo.
Dit proefschrift heeft als eerste doel de rol van PTHrP-signalering via zijn type I
receptor (PTH(rP)-RI) in de vorming van PE te verhelderen. Het tweede doel is
moleculen te identificeren die de signalen, afkomstig van PTH(rP)-RI-activatie,
doorgeven. Ter introductie geeft hoofdstuk 1 een overzicht van de literatuur over de
vorming van PE uit zijn voorlopers, primitief en visceraal endoderm (PrE, VE). Uit
dat overzicht wordt duidelijk dat de veranderingen in cel-cel contacten, vorm en
secretoire eigenschappen van de cellen die differentiéren naar PE, indicatief zijn
voor een zogeheten epitheel-mesenchym transitie (EMT). Op basis daarvan
beschouwen wij de vorming van PE de eerste EMT in de embryogenese van de
muis.

In hoofdstuk 2 wordt getoond, dat de aanwezigheid van exogeen PTHrP
voldoende is om de transformatie van een epitheliaal naar mesenchymaal celtype te
induceren in het in vitro modelsysteem voor PE formatie, F9 embryocarcinoma
cellen. Bovendien draagt PTHrP bij aan de migratie van endoderm cellen vanuit
gedifferenticerde F9 aggregaten. In tegenstelling tot een eerder gerapporteerd
ogenschijnlijk normaal PE in PTH(rP)-RI ‘knockout’ embryo’s, is nu uit een meer
gedetailleerde analyse van dit weefsel gebleken, dat het een afwijkende, namelijk
epitheliale morfologie heeft, waarin de PE-specifiek verhoogde expressie van
thrombomoduline ontbreekt. Dit betekent dat signaaltransductie geinduceerd door
PTHrP, hoewel niet vereist voor migratie, wel noodzakelijk is voor de juiste
differentiatie van PE via een EMT. In hetzelfde hoofdstuk wordt getoond dat PTHrP
de expressie van connexine 43 (Cx43), de meest ge€xpresseerde component van
‘gap junctions’ in extra-embryonaal endoderm in vitro en in vivo, verlaagt. In
hoofdstuk 3 is het belang van deze regulatie, alsmede van cel-cel communicatie via
‘gap junctions’ voor de vorming van PE verder bestudeerd. De verminderde
expressie van Cx43 en de verminderde communicatie blijken een gevolg van in
plaats van voorwaarde voor de differentiatie van PE te zijn. We postuleren dat de
hoge expressie van Cx43 en de hoge mate van cel-cel communicatie van ‘gap
junctions’ in VE van belang zijn voor de functie van VE in het uitwisselen van
metabolieten tussen moeder en foetus.

In hoofdstuk 4 wordt de identificatie van de zinkvinger transcriptie factor snail
als direct doelwit-gen van PTHrP-signalering in F9 PrE beschreven. Overeen-
komstig wordt snail verhoogd tot expressie gebracht tijdens de vorming van de
eerste PE cellen in het muizen-embryo ex vivo en in vivo. Dit suggereert in sterke
mate een belangrijke rol voor snail in de vorming van PE. Dit is verder onderzocht
in hoofdstuk 5, waar wordt beschreven dat experimenteel verhoogde expressie van
(transgeen) snail voldoende is voor de desintegratie van ‘adherens junctions’ in F9
PrE, door het verlies van membraangebonden expressie van E-cadherine en -
catenine. Bovendien migreren endoderm cellen met verhoogde snail expressie
verder vanuit gedifferenticerde F9 aggregaten, vertonen deze cellen meer dispersie
en een meer afgeronde vorm. Dit suggereert dat verhoogde expressie van snail
voldoende is om de transitie van een epitheliaal (PrE of VE) naar mesenchymaal
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celtype met de voor PE karakteristieke afgeronde vorm te induceren. Door in situ
hybridisatie werd duidelijk dat PTH(rP)-RI ‘knockout’ embryo’s geen snail tot
expressie brengen in het distale PE, wat sterk suggereert dat het epitheliaal zijn van
dit PE toe te schrijven is aan het gebrek van snail activiteit. Tenslotte worden in
hoofdstuk 6 preliminaire gegevens beschreven van de promoter analyse van het
snail gen, die aanleiding geven te veronderstellen dat deze promoter een functioneel
cyclisch AMP respons element bevat, via welke PTHrP de transcriptie van snail
reguleert. In dit hoofdstuk worden alle resultaten bediscussieerd en wordt een model
gepresenteerd voor een rol van PTHrP in de reductie van cel-cel adhesie in de
vroegste fase van de vorming van PE. Onze bevinding dat het PE van PTH(rP)-RI
‘knockout’ embryo’s epitheliaal is in plaats van mesenchymaal, en bovendien geen
PE-specifieke expressie van thrombomoduline vertoont, suggereert dat dit mutant
PE niet juist functioneert. Dit zou de groei-achterstand en sterfte van deze embryo’s
kunnen verklaren. Gezien de overeenkomsten tussen de vorming van PE en het
metastaseren van (borst) tumoren, zoals de aanwezigheid van PTHrP, expressie van
snail en afwezigheid van membraangebonden E-cadherine, is het aannemelijk dat
onze resultaten ook kunnen leiden tot een beter begrip van (borst) tumor progressie.
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SAMENVATTING VOOR DE NIET-BIOLOOG

De ontwikkeling van de meeste zoogdier-embryo’s hangt volledig af van de
innesteling van de embryo’s in de baarmoederwand. Die innesteling kan niet
plaatsvinden als het embryo niet eerst de dooierzak vormt, waarvan de buitenste
cellaag aan de baarmoederwand ‘plakt’, en de binnenste cellaag veel bindweefsel-
achtige stoffen produceert, die ervoor zorgen dat de dooierzak een stevige, ruime
ballon is waarbinnen het embryo ruimte heeft om te groeien en tegelijkertijd
beschermd is tegen schokken. Omdat de placenta en navelstreng pas later gevormd
worden, veronderstelt men, dat deze dooierzak in eerste instantie de functie van de
placenta en navelstreng waarneemt, namelijk de aanvoer van voedingsstoffen en de
afvoer van afvalproducten. Het onderzoek dat in dit proefschrift staat beschreven is
erop gericht om beter te begrijpen hoe deze dooierzak gevormd wordt. Het
onderzoek heeft zich geconcentreerd rond de vorming van de binnenste cellaag van
die dooierzak, het zogeheten pariétaal endoderm (PE).

Er was al bekend dat een bepaald hormoon, PTHrP, door het embryo zelf en door
de baarmoederwand geproduceerd wordt, juist op het moment dat ook het PE
aangelegd moet worden. Daarom werd er verondersteld dat dit hormoon ook een
belangrijke rol zou spelen in de aanleg van deze cellaag, maar of dat zo was, en hoe
het die rol vervulde, was nog onbekend en daar heeft dit onderzoek zich op gericht.
Om hun werking te kunnen uitoefenen moeten de meeste hormonen (zo ook PTHrP)
binden aan een specifieke receptor die aan de buitenkant van een cel vastzit (zoals
een sleutel specifiek op één slot past). Als die binding plaatsvindt, gaat er in de cel
een heel systeem van eiwitten met elkaar ‘praten’ (zoals na het omdraaien van de
sleutel in een ouderwetse klok een eerste tandwiel kan gaan draaien, waardoor
vervolgens een heel systeem van tandwielen gaat draaien). Uiteindelijk krijgt de cel
hierdoor het signaal dat hij zich anders moet gaan gedragen, en daarmee een andere
specialistische functie krijgt (dit proces heet differentiatie, en is vergelijkbaar met
het door de tandwielen in werking zetten van het slagmechanisme van de klok, die
daardoor van functie verandert: van tijds-indicator naar ‘wekker’). Normale
embryos hebben ook de specifieke receptor voor PTHrP, wat het nog aannemelijker
maakt dat PTHrP (via zijn receptor) een rol speelt in de vorming van PE.

Een groot gedeelte van dit promotie-onderzoek is verricht met behulp van
celkweek, om een beter inzicht te krijgen op de effecten van PTHrP op uiterlijke
eigenschappen en gedrag van cellen. Uiteindelijk is dit gecombineerd met
onderzoek aan muizen-embryo’s, om te bepalen of de waarnemingen die we met
cellen hadden verkregen, relevant waren voor de vorming van het PE zoals die
tijdens de ontwikkeling van het embryo zelf plaatsvindt. Door een vergelijking van
het PE van normale muizen-embryo’s en mutant embryo’s (die geen receptor voor
PTHrP hadden), werd duidelijk dat PTHrP van belang is voor de vorm van de cellen
van het PE: In een normaal embryo zijn die cellen opgebold en liggen ze ver uit
elkaar, terwijl in een mutant embryo de cellen strak aaneengesloten liggen. Mutant
embryo’s overlijden tijdens de zwangerschap. We veronderstellen nu dat die sterfte
te wijten is aan die abnormale vorm van het PE, doordat bijvoorbeeld door het strak
aaneenliggen van die abnormale cellen voedings- en afvalstoffen niet vrijelijk van
moeder naar kind en omgekeerd kunnen gaan. Bovendien bleek dat die abnormale
cellen, in tegenstelling tot normale PE cellen, geen eiwit maken dat mogelijk
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betrokken is bij het tegengaan van bloedstolling. Het zou daarom bovendien zo
kunnen zijn dat op de dooierzak bloed van de moeder stolt, waardoor de
uitwisseling van voedings- en afvalstoffen (extra) wordt gehinderd. Het ontbreken
van deze anti-bloedstollings-factor geeft aan dat de abnormale cellen niet helemaal
gespecialiseerd, ofwel gedifferenticerd, zijn. Mogelijk scheiden ze ook minder
bindweefselstoffen uit, waardoor de dooierzak niet groot of stevig genoeg is om
groei en verder leven van het embryo mogelijk te maken.

Uit die afwijkende vorm van de cellen werd duidelijk dat PTHrP van belang is
voor het verbreken van allerlei cel-cel contacten, waardoor de cellen kunnen
opbollen en vrij komen te liggen van elkaar (zoals is weergegeven in hoofdstuk 6,
figuur 7). In een poging om een aantal eiwitten (radertjes) te identificeren die het
signaal van PTHrP-binding aan zijn receptor doorsturen naar die cel-cel contacten,
stuitten we op een eiwit met de misleidende naam ‘snail’ (slak). De naam is in die
zin misleidend, omdat het niet heel traag, maar juist razendsnel een signaal
doorgeeft waardoor cel-cel contacten verbroken worden: Al binnen een half uur
nadat PTHrP aan zijn receptor bindt, komt snail in actie, en uit de literatuur blijkt
dat snail in staat is om zonder tussenkomst van andere eiwitten (radertjes) cel-cel
contacten uiteen te laten vallen.

Samenvattend is uit dit onderzoek gebleken dat PTHrP een belangrijke rol speelt
in de vorming van het PE, en is het mechanisme waarmee PTHrP deze rol vervult
gedeeltelijk opgehelderd. PE kan weliswaar gevormd worden zonder dat PTHr ertoe
bijdraagt (vanwege de afwezigheid van zijn receptor), maar de cellen van deze
cellaag hebben een afwijkende vorm, en zijn niet volledig gedifferenticerd. Boven-
dien gaan muizen-embryo’s waarin PTHrP niet kan bijdragen tot de juiste vorming
van het PE vroegtijdig dood. Dit maakt het aannemelijk dat het PE een belangrijke
functie heeft in de overleving van het embryo, bijvoorbeeld door het tot stand
brengen van het contact tussen moeder en kind, in de vorm van de uitwisseling van
voedings- en afvalstoffen.

Hoewel de vorming van de dooierzak bij de mens iets anders verloopt dan bij de
muis, en het niet helemaal duidelijk is of PTHrP daarin een vergelijkbare rol kan
vervullen, zijn er opvallende overeenkomsten tussen de vormveranderingen die
normale pari€taal endoderm cellen in het muizen-embryo moeten ondergaan, en de
vormveranderingen die tumorcellen ondergaan wanneer ze van goed- naar
kwaadaardig omslaan. Opmerkelijke details hierbij zijn dat PTHrP in verhoogde
mate aanwezig is bij een aantal van dit soort tumoren (bijvoorbeeld sommige
kwaadaardige borsttumoren), evenals snail, terwijl de cel-cel contacten niet
aanwezig zijn. Het is daarom aannemelijk dat PTHrP, via snail, een rol kan spelen
in het verbreken van cel-cel contacten van goedaardige tumoren, die daardoor
kwaadaardig worden. Om die reden kunnen de resultaten van dit onderzoek zeer
relevant zijn voor het kankeronderzoek.
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Dit proefschrift zou nooit geworden zijn tot wat het is zonder alle mensen om me
heen, die me af en toe, op welke manier dan ook, een helpende hand toestaken. Met
het risico enkele mensen te vergeten, wil ik er hier graag een aantal met name
bedanken. Allereerst een woord van dank aan Bas, voor de dagelijkse begeleiding.
Onze samenwerking was voorzien van vele discussies die, hoewel niet altijd van
wetenschappelijk belang, hoe dan ook zeer leerzaam waren! Christine, met jouw
onontbeerlijke hulp bleef ik in het zadel en kreeg ik voldoende inzicht om mijn
einddoelen te defini€ren en er doelgericht naartoe te werken. Siegfried, jouw
betrokkenheid en nimmer aflatende, stimulerend kritische houding tijdens de laatste
analyses en in de schrijffase is van onschatbare waarde geweest! De wijze lessen
van jullie drie€n zullen me in de nabije toekomst goed van pas komen!

De (ex-)leden van de groep wil ik niet alleen bedanken voor de gezelligheid en
fijne samenwerking, maar Mark ook voor het duwtje in mijn rug en Jeanine voor de
geestdriftige gezamenlijke lab-reorganisatie, brainstorms en zang, en niet te
vergeten je bijdrage aan hoofdstuk 2, (zelfs in je vrije tijd naast je huidige baan!) en
je vriendschap. Marcel vdH., bedankt voor het mij betrekken in jouw onderzoek en
de stimulerende samenwerking, voor het werk- en knaagdieren-overleg, en je
voortdurende belangstelling voor mijn eigen project, en Truus bedankt voor de
grandioze inzet tijdens de eindsprint en het mij leren ‘delegeren’. De studenten
Claudia, Remco en Angela wil ik bedanken voor jullie enthousiaste inzet voor en
bijdrage aan het project en omdat ik jullie (mede) mocht begeleiden. Het was voor
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Daarnaast wil ik Marga, Dorien, Egbert, Alie, Mark R., Marcel K. en Leon
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weet ligt er nog €én in het verschiet! Andrea, thanks for the many fruitful and
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maar mooi geluk dat ik een jaar de werkkamer met je mocht delen, bedankt voor die
fijne tijd. Johannes Boonstra en José Bijveld, hartelijk dank voor jullie gastvrijheid
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poézie. Alle anderen die ik hier mogelijk vergeet te noemen, ik hoop dat ik op de
betreffende momenten mijn dank heb laten blijken.
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Petra, Remy, Helga, Bert, Michelle, Sylvie, Albertine, Jurjen, Marleen, Daan,
Jeanine, Anita, Jack, Wilfred, Anneke, Ron, Josephine, Johanna, Ken, Marcel,
Waltera, Hedwig, Petra, Brigitte, Gert, Rogier, Jasper, Nick, Julia, Joery, en Niels,
bedankt voor jullie warme vriendschap en belangstelling, en voor het brengen van
de broodnodige afleiding, afwisseling, ontspanning en relativering waarmee jullie
hielpen de balans nog enigszins in evenwicht te houden! Petra, Marcel en Brigitte,
veel dank voor jullie enthousiaste hulp bij de totstandkoming van dit boekje.
Jeanine en Michelle, ik ben vereerd, dat jullie mijn paranimfen willen zijn.

Niet in de laatste plaats een woord van dank aan mijn ouders. Het stimuleren van
doorzettingsvermogen en gedoseerd perfectionisme waren twee belangrijke pijlers
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altijd voor me met een luisterend oor, raad en daad, en onvoorwaardelijk
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Jacqueline Veltmaat werd geboren op 7 januari 1969 te Heino, alwaar zij het
basisonderwijs genoot. Vervolgens doorliep zij succesvol het ongedeeld VWO aan
het Florens Radewijns College te Raalte. In 1987 begon ze de studie Biologische
Gezondheidskunde aan de Rijksuniversiteit Limburg te Maastricht, welk zij vol-
tooide met het behalen van haar doctoraal diploma. Haar eerste stage en afstudeer-
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analyse en Toxicologie), verbonden aan de Rijksuniversiteit Limburg en het
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