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PREFACE

Cell phenotype is a comprehensive term describing the general ap-
pearance and behavior of the cell. It reflects a dynamic stage of differentia-
tion, proliferation, or apoptosis. It also reflects cell group organization, cell
motility and cell interaction status with the local cellular and extracellular
environment. The two “classic” cell phenotypes, epithelial and mesenchy-
mal, are distinguished by a number of characteristics. Essentially, epithelial
phenotype is defined at the level of a group of cells. Epithelial cells form
cohesive groups usually ordered along a bidimensional layer and organized
in mono- or pluristratified structures. Epithelial phenotype can be modu-
lated under a variety of physiological and pathological conditions. The rapid
and sometimes reversible conversion to a mesenchymal-like phenotype is
called epithelial-mesenchymal transition (EMT). This term does not imply
that the epithelial cell fully transdifferentiates into a fibroblast, a tissue-specific
and differentiated cell type. Rather, it means the cell adopts a fibroblast-like
phenotype by going through an activation process presenting common fea-
tures in a wide range of apparently unrelated situations.

The original concept of EMT arose from in vivo studies characterizing
developmental stages involving dramatic phenotype remodeling. The origi-
nal definition of EMT was later extended, based on in vitro studies of epi-
thelial cells that became individualized motile cells, as part of an activation
process stimulated by growth factors or extracellular matrix components.
Early examples of in vitro EMT include lens epithelial cell transformation
described by Prof. E. Hay (see Chapter 1), FGF-treated NBT-II carcinoma
cells,' and HGF-treated MDCK cells.** Many more models have been de-
scribed since. More recently, the concept of EMT has been extended to de-
scribe “dedifferentiation” occurring during pathological events such as chronic
fibrosis pathologies affecting the kidney and other organs. It may be more
appropriate to use the term epithelial-mesenchymal transformation to de-
scribe such pathological situations involving a dysregulation of cell pheno-
type. These processes probably reflect hyperactivation of signaling pathways,
for example marked activation of TGFfB-stimulated pathways in the case of
kidney fibrosis.” EMT-related transformation taking place during chronic
fibrosis will be reviewed in the next edition of this book.

It is attractive to hypothesize that EMT takes place during carcinoma
progression, as EMT in vitro typically generates motile and invasive cells
that are apparently well suited for cancer progression. Nevertheless, the oc-
currence of EMT during cancer progression remains controversial (see Chap-
ter 9, Van Marck et al). It has been suggested that EMT might take place
during basement membrane invasion and intravasation stages by carcinoma
cells.*® Beyond the clinically rare example of carcinosarcoma in which there
is good evidence for EMT, observations in clinical carcinoma samples do



not provide clear indications of EMT, but rather emphasize the complexity
of tumor structure and organization in vivo. Carcinoma cells typically ex-
press marked phenotypic heterogeneity related to tumor type and stage.
Generally, tissue architecture and cell organization are significantly disrupted,
in association with a significant remodeling of cytoskeleton, cell-cell and
cell-matrix adhesion structures in tumor cells. Some tumors, such as those
of invasive lobular carcinoma of the breast, no longer express cell-cell adhe-
sion structures, a clear EMT-like transformation. However, there is no evi-
dence these tumors are more aggressive than invasive ductal carcinoma, the
dominant breast carcinoma type, which still expresses E-cadherin at the pro-
tein level.

In fact, it is possible that only limited numbers of tumor cells undergo
EMT-like events to generate individualized cells responsible for invasion
and metastasis. However, this has been difficult to demonstrate. More typi-
cally, tumor cells show partial downregulation of cell-cell adhesion struc-
tures while migrating as sheets, cords, tubules or isolated cells. Maintenance
of partial but decreased cohesiveness is also found in motile cell populations
during physiological events such as wound healing (see Chapter 8) or branch-
ing and tubulogenesis during organogenesis. Such a mechanism could be
involved in the “mass invasion” process seen in solid tumors. It appears that
maintenance of some level of cell-cell adhesion in invasive tumors can actu-
ally serve as a strategy for tumor progression and metastasis.”'°

In this book, the concept of EMT is first described by the pioneer in
the field, Prof. E. Hay, in Chapter 1. EMT concept rised from a combina-
tion of in vitro and in vivo observations. Accordingly, Part I reviews early
morphogenetic events involving EMT in various animal models. The first
developmental stage to involve EMT is gastrulation, when the mesoderm
first emerges. This very intricate process is reviewed in three different chap-
ters, covering mouse (Morali et al, Chapter 2), Drosophila (Ganguly et al,
Chapter 7) and sea urchin (Wessel, Chapter 6). The second classic and well
documented EMT example occurs during emergence and migration of neu-
ral crest cells from the neural tube. Neural crest cells individualize and emi-
grate from a cohesive epithelial sheet, the neuroepithelium, to undergo
wide-ranging migrations before undergoing further differentiation into a
variety of cell types (Newgreen, Chapter 3). A third classic example of EMT
is provided by heart morphogenesis in vertebrate embryos. The multistep
differentiation of the mitral and tricuspid valves and the interventricular
septum includes an EMT step that has been extensively studied in chick
models (Runyan et al, Chapter 4). In these three examples of EMT during
development, extracellular matrix components are crucial in providing an
appropriate substrate to differentiating cells.

The role of extracellular matrix in cell plasticity is also described dur-
ing epithelial regeneration in hydra, a diblastic animal devoid of mesen-
chyme (Chapter 5, Sarras). It may be surprising to find a chapter on epithe-
lial regeneration in diblastic organisms in this book, but the whole process



shows interesting similarities to developmental EMT and to cutaneous wound
healing in vertebrates, another process involving EMT-like stages.
Reepithelialization is initiated by a cell activation stage, including partial
and transient cell-cell dissociation and cell migration (see Chapter 8, Arnoux
et al). It is striking that this physiological process involves molecular path-
ways that are known for their involvement in other instances of EMT.
Characterizing the pathways driving EMT is key to understanding the
whole process and is therefore the focus of Part II. Because of the diversity of
physiological and pathological situations in which EMT occurs, it is still
problematic to define “EMT-specific” genes or pathways. Initiation of EMT
is typically linked to downregulation of cell-cell adhesion structures, par-
ticularly desmosomes and adherens junctions. Regulation of desmosomes is
reviewed in Chapter 10 (Getsios et al). Desmosomes are sturdy cell-cell ad-
hesion structures that show unexpected plasticity. One of the best known
cell-cell adhesion molecules is E-cadherin, a critical component of the
adherens junction. Its role in maintaining cell-cell cohesiveness has been
demonstrated both in vitro and in vivo. Its integrity depends on associated
proteins, the catenins, that link E-cadherin to the cytoskeleton. Regulation
of the main molecular components of adherens junctions, E-cadherin and
catenins, is reviewed in Chapters 11 (G. Berx et al), and 12 (M.
Conacci-Sorrell et al). Destabilization of cell-cell adhesion structures is a
general feature of EMT and commonly involves downregulation of these
components at protein or RNA level. Induction of EMT typically involves
growth factors, including members of HGF (Chapter 13, R M. Day et al),
FGF, IGF (Chapter 14, S. Julien-Grille et al) and TGF (Chapter 15, M.L.
Vignais et al) families. Mesenchymal cells are often responsible for secreting
these factors. The specificity of the induction signal depends on the ability
of the target cell to recognize these growth factors through specific receptors,
usually tyrosine-kinase receptors. The growth factor signal typically activates
ras and sarc pathways, as described in Chapter 16 (B. Boyer). In response,
the cytoskeleton undergoes dramatic remodeling mediated by the Rho fam-
ily members and associated proteins (Chapter 17, M. Nakagawa). Expres-
sion of cytokeratin intermediate filaments is altered at the transcriptional
level, and the actin cytoskeleton undergoes drastic reorganization, reflecting
the induction of motility. Accordingly, the microtubule network is also modu-
lated, as reviewed in Chapter 19 (C. Gauthier-Riviere). A distince EMT
pathway described both in vitro and in vivo implicates a large family of
extracellular activators, known as Wnt, as signals for EMT. Their complex
biological functions, mediated by the Frizzled family of receptors, include
developmental EMT, reviewed in Chapter 18 by M. Klymkowsky. Activa-
tion of matrix metalloproteases is usually associated with EMT. Matrix
metalloprotease substrates include extracellular matrix molecules as well as
membrane proteins involved in cell-cell adhesion, as reviewed in Chapter 20
by C. Gilles et al. Eventually, induction of EMT is controlled at the tran-
scriptional level and the EMT response, in most cases, depends on members



of the snail family of transcription factors, described in several chapters.
However, none of the pathways described above is functionally specific for
EMT, since these pathways can also be involved in unrelated functions such
as cell proliferation or apoptosis, in other circumstances. The specificity of
these pathways for EMT induction is apparently provided by the cellular
environment of the target cells and the timing of the signaling.

In conclusion, this book attempts, for the first time, to bring together
multiple perspectives on EMT. It is now very clear that the concept of EMT
links processes involving common molecular pathways and can bring valu-
able conceptual tools to the study of dynamic processes ranging from early
embryo development to wound healing and carcinoma progression. The
field is expanding very rapidly with the institution of an international con-
ference in 2003 and the recent establishment of TEMTIA (The EMT Inter-
national Association: http://www.magicdatabases.com/TEMTIA/
temtia.html). Some newer aspects of EMT, including molecular pathways
and potential inducers have been omitted in this book and will be included
in an updated version. I am personally very thankful to the numerous au-
thors who contributed to this multidisciplinary effort.
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CHAPTER 1

EMT Concept and Examples
from the Vertebrate Embryo

Elizabeth D. Hay

Abstract

pithelial-mesenchymal transformation (EMT) creates a family of invasive cell types from
E the relatively sedentary epithelial cells that line the surfaces of the body. The mesenchymal

cell’s primary trait is that, unlike the epithelium of origin, it can invade extracellular
matrix and migrate great distances in the embryo. It is a bipolar cell with a very active front end
rich in filopodia that apparently drive motility by providing new actin cortex for the myosin
endoplasm of the fibroblast to slide forward on. In this chapter, we describe the progtession of
EMTs as they actually occur in the vertebrate embryo from primitive streak stages to craniofa-
cial remodeling stages in older embryos. We propose a mechanism of TGFf driven LEE-1
transcription that may be responsible for most, if not all, embryonic EMTs that result in for-
mation of fully active, invasive mesenchymal cells, and we emphasize the importance of study-
ing physiologically relevant signal transduction pathways that lead to the acquisition of inva-
sive motility in vivo, rather than pathways that give rise to nonmotile, stress-fiber rich cells in
vitro.

Introduction

The importance of epithelial mesenchymal transformation to the development and evolu-
tion of the embryos of the higher vertebrates is enormous. EMT is the process enabling the
chordate phylum to evolve beyond its ancestral epithelial architecture. For example, all tissues
of our adult chordate ancestor, Amphioxus, are epithelial. Even the axial skeleton is an epithe-
lial rod with the characteristics of true epithelium discussed by Morali et al in Chapter 2 of this
book. Whar the creation of mesenchyme did first for the evolving chordate was to provide a
significant source of inwandering cells, derived from epithelium, that invades the extracellular
matrices (ECM) separating the epithelial sheets and produces local connective tissue, as in the
heart (see Chapter 4, Runyan et al), or that migrates some distance within the embryo, before
differentiating into cartilage, bone, and other connective tissues suitable to support the en-
largement of the new animals.

As these enlarging animals came out of water onto land, the amphibians continued to lay
their eggs in ponds, but the higher vertebrates called amniotes developed substitute ponds,
called amniotic sacs, enclosing their embryos and allowing their eggs to develop on land or
inside the mother. A mechanism had to be invented, however, to replace the mesoderm, ecto-
derm and endoderm germ layers that formetly originated from the outside of the egg and now
were part of the avian and mammalian extraembryonic membranes. This second major function
of mesenchyme in higher vertebrates is accomplished by using mesenchymal cells from
the primitive streak to recreate by mesenchymal to epithelial transformation (MET) the

Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition,
edited by Pierre Savagner. ©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.
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Figure 1. The response of the mesenchymal cell to ECM is different than that of the epithelial cell. In the
experiment shown here, epithelial cells (A) and fibroblasts (B) were isolated as single cells from larval frog
skin. They were then placed separately on the acellular dermis of the tadpole, an ECM consisting of many
layers of orthogonally arranged collagen fibrils. The epithelial cells assumed a cuboical shape and a flat basal
surface on top of the matrix (A). The mesenchymal cell, however, elongated and moved into the layers of
collagen fibrils (B). Reprinted from Overton, 1977.!

mesodermal, ectodermal, and endodermal epithelia in the right places (enabling ontogeny to
repeat phylogeny).

Thirdly, as a result of the evolution of neural crest mesenchyme, the peripheral nervous
system, the pigment system, and many endocrine glands now formed, followed by other desir-
able structures such as crest-derived facial connective tissue (Amphioxus has no head). Sepa-
rately from neural crest, a fourth EMT mechanism occurs much later to remodel vertebrate
facial features following fusion of various embryonic primordia to form the lip, nose, and
palate.

In this chapter, we shall describe these embryonic EMT’s in more detail and discuss a few of
the molecular mechanisms that have actually been shown to operate in embryonic tissue trans-
formations such as these.

Formation of the Mesenchymal Cell in the Embryo

Epithelial cells are programmed to attach to the ECM, usually on top of it. Unlike mesen-
chyme, they do not invade ECM as single cells. If they are isolated by trypsin or E.D.T.A. as
single cells and set down on top of ECM (Fig. 1A), they round up' and flatten? their basal
surfaces, and gradually move together to form contiguous sheets on top of ECM. On the
contrary, when an isolated mesenchymal cell is placed on top of ECM, it elongates and devel-
ops a front end (Fig. 1B, upper right) thar invades the ECM.!

The epithelium from which newly forming embryonic mesenchyme arises in vivo has a flat
basal surface resting on basement membrane (Fig. 2A, bm). When these normally quiescent
cells receive the signal to transform into mesenchymal cells, they extend filopodia from their
basal surface (Fig. 2A, cell labeled x) and may or may not digest the basement membrane, The
cell surface with actin-rich filopodia is the new front end of the mesenchymal cell. It has been
shown? that newly synthesized actin polymerizes in this front end where actin mRNA localizes
(Fig. 2B).
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Figure 2. Acquisition of the ability to invade ECM is essential to EMT (A), as well as to subsequent
movement through the matrix (B). The activated epithelial cell extends filopodia (f) from its basal surface,
asat cellx (A). These become part of the new frontend (celly), where new actin is polymerizing and attaching
via ECM receptors (integrins) to the underlying collagen matrix. To get out of the epithelium, cell y has
moved its endoplasm into the continuously forming front end, and left its tail end (arrow) behind in pieces
in the epithelium (see Bilozur and Hay, 1989). As cell 2 moves out, a new tail forms that is also left behind
(arrow). B) It has been shown that the Golgi apparatus (GA) and mRNA for actin ate in the front end of
the migrating fibroblast, where actin polymerizes in filopodia (f) and attaches to the cell membrane via
integrins located in the membrane. The Golgi apparatus sends these membrane proteins to the front end
(see text).

The actin cortex forms all around the surface of the mesenchymal cell where it attaches via
integrins (ECM receptors) to the surrounding collagen fibrils, probably using endogenous
fibronectin. OLSBI has been shown to be the integrin of choice during EMT of lens suspended
in 3D ECM.# It seems likely that myosin moves the endoplasm forward into the front end by
sliding on actin cortex fixed to integrin-ECM complexes. Mesenchymal cells contain vimentin
intermediate filaments and well developed microtubules and it is possible that by attaching to
them, myosin can easily pull whole endoplasm of the cell forward, leaving behind actin cortex
in membrane blebs (arrows, Fig. 2) Newly synthesized membrane proteins (Flg 2B), such as
integrins, are sent to the front end of the mesenchymal cell’”® from its anterior positioned
Golgi complex (GA, Fig. 2B).
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Thus, the basal pole of the epithelial cell that is preparing to undergo EMT totally alters its
morphology from a sedentary flat surface to a new filopodia-rich front end (cell x, Fig. 2) that
is synthesizing a new actin cortex that the mobilized myosin cytoskeleton apparently slides
into. What happens to the tail end? It has been shown that the tail end of the transformin%
mesenchymal cell attached to the adjacent cell at the terminal bar pinches off the cell in blebs.
The mesenchymal cell leaving the epithelium becomes pear-shaped (Fig. 2A, cell y) as a result
of leaving the tail behind in the lateral compartment (Fig. 2A, upper arrow) of the epithelium
of origin. The cell is now ready to invade the underlying ECM using the new front end mecha-
nism and it elongates as its endoplasm slides forward (Fig. 2A, cell z). Movin§ cells continue to
leave cytoplasm behind in blebs (Fig. 2A, cell 7) and become pear-shaped.'® They apparentdy
use the same mechanism® they invented to depart from the sticky epithelium to invade sticky
matrix.

Definition of the Mesenchymal Cell

This mechanism of movement of the mesenchymal cell in vivo is compatible with its fixed
cortex morphology’ and is the one most likely to explain how a mesenchymal cell leaves the
epithelium during EMT.® As the transforming mesenchymal cell prepares to leave the epithe-
lium, it extends filopodia into the underlying ECM. Once it leaves the epithelium, and while
it still has migratory activity, it is often called a fibroblast. As it moves out into the matrix, it
breaks off its rear end and leaves it behind in the epithelium (Fig. 2A). It is important to
emphasize that the function of the mesenchymal cell is to invade ECM and that an active
mesenchymal cell will always assume an elongated bipolar profile when placed on top of ECM
(Fig. 1) or inside it (Fig. 3, lower two cells).

Thus, the best definition of a mesenchymal cell is thac it is a bipolar cell with a filopodia-rich
front end capable of invading ECM. Vimentin is often used as a chemical marker for mesen-
chyme, but vimentin also occurs in some epithelial cells.'® Most of the earlier studies of mesen-
chymal cells used invasion of ECM as the definition of mesenchyme,'"'? and we believe this
should be continued. At the very least, a mesenchymal cell should be defined as a bipolar cell
with motile morphology (including filopodia on the front end). Grown on glass or other pla-
nar 2D substrata, fibroblasts flatten, develop stress fibers and ruffled membranes (Fig. 3).

Pollard and associates studied the effects of this morphology on motility. They documentated
the fact that cells with stress fibers are unable to migrate.'® The practice of using the stress fiber
to define a mesenchymal cell thus is undesirable. The stress fiber is an in vitro artifact that is
never seen in vivo in a fibroblast.!*!® Signaling pathways (e.g., rhoA) that produce stress fibers
in vitro can hardly be expected to operate in vivo or to produce an invasive cell.

Examples of EMT in Higher Vertebrate Embryos

Formation of the Germ Layers in Amniotes

The evolution of the extraembryonic membranes in amniotes enabled their embryos to
develop on land in artificial “ponds”, but left the egg with only an internal flat disc from which
to develop ectoderm, mesoderm, and endoderm. All three germ layers of the bird and mammal
are coded in the epiblast (top layer of the disc), which is the equivalent of the presumptive
ectoderm, mesoderm, and endoderm lining the outside of the amphibian eggs that relocate
during gastrulation to the inside or outside as epithelia.

To relocate these germ layers, the epiblast of the early avian'® and mammalian embryo
develops a linear “primitive” streak of EMT activity (Fig. 4A) that relocates endoderm and
mesoderm under the presumptive ectoderm. These mesenchymal cells form epithelia (MET).
Axial mesoderm consists of paired epithelial somites that recapitulate the morphology (Fig.
4A) of the mesodermal epithelium of lower chordates. The ventromedial wall of the epithelial
somite (Scler., Fig, 5B) gives rise to the sclerotome mesenchyme that differentiates into vertebrata.
The dorsolateral wall (Derm., Fig. 5A) forms dermis just as in the frog.
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Figure 3. The mesenchymal cell does not develop a migratory morphology when placed on a glass surfaces
or other inert planar substrata (top). In this experiment, corneal fibroblasts and a very big mesenchymal cell,
the gerbil fibroma cell, were grown for one day on glass, where they developed abundant stress fibers
throughout the cytoplasm and multiple ruffling psendopodia. These cells were unable to migrate. When
their counterparts were placed within ECM, however, they became bipolar, developed filopodia, and
migrated extensively through the ECM (bottom). Reprinted from Hay, 1985.'4

Not all of the mesodermal epithelia revert to mesenchyme. The myotome (Myo., Fig. 5A)
differentiates directly into trunk musculature. The nephric pattern of the lower vertebrate is
repeated in the intermediate mesoderm: pronephros first formed, replaced by a mesonephros
(emptying into W. Duct, Fig. 5C), which is replaced by the metanephros. All of the kidney
epithelia, including that of the late-formed metanephros, appear to derive from primitive streak
mesenchyme by MET. This embryonic MET has received intensive study.

Formation of the Neural Crest

The neural crest is a primitive mesenchyme having evolved, as we noted earlier, in the lower
chordates. In the vertebrate embryo, it appears in the trunk at almost exactly the same time as
the sclerotome mesenchyme (Fig. 5B). As soon as the neural tube closes, its crest begins to
express TGFP3 (Fig. 6E), and the cells send out filopodia to move into the adjacent ECM by
the mechanisms described at the beginning of this chapter.!” Signaling mechanisms for crest
EMT have been studied (see Chapter 3, Newgreen and McKeown), and a great deal is known
about the specification of crest cell fates.'® A role for the transcription factors, Slug and Snail,
in neural crest formation has recently received considerable attention.!®

In a study underway currently in our laboratory, Jia Shi and Toni Burbidge have analysed
the relation of Slug and TGFP3 signaling in avian trunk neural crest at 2 days of development.
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Figure 4. Drawing of a four somite chick embryo (stage 8) sectioned through the primitive streak (inset).
The primitive streak (A) gives off mesenchymal cells that create epithelial somites (C) and other mesoderm
derivatives after it regresses posteriorly. Thus, MET follows this EMT activity of the epiblast. The reforma-
tion of epithelium from mesenchyme involves aggregation (level B) of the cells via E-cadherin, followed by
formation (C) of a free surface (inner somite cavity), and l:éying down of basement membrane on the basal
somite surface facing ECM. Reprinted from Hay, 1968.'

‘The experimental approach is to dissect anterior and posterior neural tube (Fig. 6A) separately,
as antetior is ahead of posterior in its development. Grown on ECM in vitro, the neural tube
sheds neural crest mesenchyme that migrates onto the substratum (Fig. 6B). Administration of
exogenous Slug upregulates TGFB3, a growth factor commonly involved in embryonic EMT
(see Chapter 4, Runyan et al and Chapter 15, Vignais and Fafet). In addition to TGF83 (Fig.
6D, E), B-catenin and LEF-1 are produced by neural crest during EMT (Fig. 6F, G). LEF-1 is
a member of the TCF transcription factor family that has been shown to induce EMT in vitro
without the addition of any other factors, except f-catenin and/or Smads (to activate its tran-
scription) (see Chapter 12, Conacci-Sorrell and Ben-Ze'ev and Chapter 18, Klymkowsky).

In a decisive experiment, we treated neural tubes with blocking antibodies to TGFB3 dur-
ing the administration of Slug and completely inhibited crest EMT (Shi et al, submitted). We
then added exogenous LEF-1, which induced crest EMT, using endogenous B-catenin (Fig.
6F) for its activation. Exogenous LEF-1 induced all aspects of crest EMT, without the need of
TGEF3 or Slug. In the next section, we describe additional experiments on embryos that con-
firm this important role of LEF-1 in embryonic EMT.

Role of EMT in Remodeling of the Face

In the second half of the embryogenesis of most vertebrates, facial morphogenesis gets un-
derway. Neural crest cells and remnants of the branchial arches are used to create facial features
not present in fishes. The maxillary process of the first branchial arch grows across the front of
the putative face to fuse with the lateral nasal process and differentiates into the maxilla on each
side. The ventral portion of each maxillary process fuses with the intermaxillary segment of the
medial nasal process to form the lip. Inside the developing mouth, maxillary processes form the
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Figure 5. Camera lucida drawings of sections of the 16 somite (stage 12) chick embryo at 2 days. The levels
illustrated show (C) the 100% epithelial (Epith.) somite (level of somite 12); B) beginning of EMT from
somite sclerotome (Scler.) and the neural tube crest (level of somite 7); and (A) a more advanced stage of
mesenchyme formation (level of somite 2). The dermatome will soon become mesenchymal and the only
epithelial somite layer left is the myotome. Derm.= dermatome; Myo.= myotome; Lat. Mes.= lateral
mesoderm; N, T.= neural tube; W.= Wolffian; Cent.= Central. Reprinted from McCarthy and Hay, 1991."7

palatal shelves that subsequently fuse in the midline. Both the lip?' and the palate (Fig. 7) form
epithelial seams along the planes of fusion of these embryonic processes. Initially, it was argued
that apoptosis removed such seams from the embryo, but we were able to show in both the lip
and the palate that the epithelial seams are removed by EMT.2!% The studies to be described
now are limited to the palate, because the lip cannot be cultured long enough for meaningful
experiments.

The process of EMT in the mouse palatal seam begins about 12 hr after adherence of the
two shelves (Fig. 7B). Fitchett and Hay described by TEM,? steps in the process of EMT
(arrowheads, Fig. 7B). Griffith and Hay* developed a carboxyfluorescein cell marker that
could be seen at both the light and electron microscope levels to identify the mesenchymal cells
and their migratory paths (Fig. 7C, arrowheads). This was extended to avian palates, where it
was shown unequivocally that TGFB3 causes seam EMT.2* Other studies used Dl to follow
palatal EMT in frozen sections.? Griffith was able to describe the labeled progeny by TEM.?
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Figure 6. For experimental studies of neural crest in vitro, the neural tube is enzymatically isolated from the
stage 12 chick embryo and anterior and posterior pieces (A) set up on collagen substrates (B, C) on which
the crest cells will emigrate. This figure shows staining for TGFB3 in the emigrating crest population on
collagen (D) and in a section of the neural tube (E) at the same stage in vivo. B-catenin and LEF-1 are also
present in the neural crest at this time (F, G). From Shi et al, 2003. E) is courtesy of Dr. Charles Vanderburg.

A recent study (Nawshad and Hay, submitted) has confirmed the essential role of TGFB3%3%
in EMT of the palatal seam and shown for the first time that LEF-1 is the transcription factor
that is directly involved in transformation of the palate seam epithelial cell to an actively mi-
grating mesenchymal cell. However, 3-catenin does not appear to be the factor activating the
transcription of LEF-1 in this case. Immunohistochemical stains for B-catenin show it is not
present in palatal epithelial nuclei (Fig. 8C, D). Possible involvement of TGFf3 in activation
of palatal LEF-1 was indicated by an experiment showing that LEF-1 by itself was insufficient
to rescue palatal EMT in the presence of antibodies blocking TGFf3 (Nawshad, unpublished).
Active seams expressed abundant phosphoSmad2 (Fig. 8A), but no Smad was present in nuclei
of palatal seams treated with TGFf3 blocking antibody (Fig. 8B). This mechanism of Smad/
TCF interaction was anticipated by Labbe et al*’ who recently showed in elegant experiments
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Figure 7. Camer-lucida drawings showing the successive stages in the fusion of the secondary palatal shelves
in the mouse. Based on our previous observations (Fitchett and Hay, 1989; Griffith and Hay, 1992) the
epithelia contributing mesenchymal cells during palatal fusions are shown in black. A) By 14 days, the
palatal shelves have rotated to ahorizontal position and are approaching each other. At the time of apposition
and fusion of the palatal shelves with each other and with the nasal septum, the outer epithelial layer, the
periderm (p), dies and sloughs off prior to contact of the basal epithelial cells. B) The fused basal layer form
midline palatal and horizontal palate nasal seams , which break up into epithelial islands that transform into
mesenchymal cells (arrowheads, 15d). C) The result is mesenchymal confluence across the palate midline
and between the nasal septum (ns, 17d) and dorsal palate, The final location of the epithelium-derived
mesenchymal cells (arrowheads, 17d) is based on data presented by Griffith and Hay, 1992. Reprinted from
Griffith and Hay, 1992.3

that LEF-1 transcription can be activated by either Smads or -catenin, as well as by a combi-
nation of Smads and B-catenin in Xenopus. We also showed that TGFp3 upregulated LEF1
mRNA, as well as stimulated LEF-1 transcriptional activity in developing palates (Nawshad
and Hay, submitted). ’

While many other pathways have been implicated in EMT in in vitro studies using various
cell lines, our study of the palate makes us doubt that any of these are operating in vivo. It has,
for example, been reported in vitro that TGFf stimulates EMT by the RhoA pathway (see also
Chapter 15, Vignais and Fafer).?® The endpoint for EMT in this case was stress fiber forma-
tion, not a good indication of physiologically relevant EMT. We found that inhibitors of RhoA
and MEK have no significant effect at all on palatal EMT. We confirmed the inhibitory effect
of PI3K,? bur since PI3K is part of the TGFf pathway, this is to be expected.

It is our hypothesis that the TCF/LEF-1 pathway activated by either f3-catenin or Smads or
both will prove to be the only pathway that activates all of the physiologically relevant compo-
nents of EMT (including invasive motility). On the basis of recent experimental studies,*® we
suggest that the Smad pathway is more closely regulated by the cell than is the B-catenin path-
way, is less likely to initiate neoplasms, and is the one preferred by embryonic EMT in vivo.>!



10

Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition

L.

-

A. Phospho Smadz2 in untreated -12h C. B-caténin - 24h

!

B. Smad with TGF(3 blocking Ab - 24h | D. B-catenin + LEF - 18h

Figure 8. Immunohistochemical localization of Smads and B-catenin in the developing mouse palate. A)
The transforming midline epithelial seam at the stage shown in Figure 7B has abundant phospho-Smad2
in all nuclei of epithelial cells about to undergo EMT. B) In palates treated with blocking antibodies to
TGFp3, Smads are not phosphorylated and do not enter the midline seam nuclei, where they would be able
to activate LEF-1 and EMT (Labbe et al, 2000). C,D) The palate epithelium contains enough B-catenin
to support EMT, but does it does not enter the nudleus where it could activate LEF-1 transcription leading
to EMT.
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CHAPTER 2

Epithelium-Mesenchyme Transitions
Are Crucial Morphogenetic Events
Occurring during Early Development

Olivier G. Morali, Pierre Savagner and Lionel Larue

Abstract

evelopmental biology constitutes a unique field to study cell dynamics within an
D organism. Transitions from epithelial to mesenchymal architectures represent major

morphogenetic events during development. In this chapter, trophectoderm and
mesoderm formation in the mouse is analyzed in detail to exemplify general features of epithe-
lial to mesenchyme transition at the level of the organism, tissues, cells and molecules. As a
conclusion, importance of regulation of these processes in embryos and adults is stressed,
dysregulations leading to cancer formation and progression.

Introduction

The term “morphogenesis” originates from the combination of two Greek words, “Morphé”
(= form, shape) and “Génésis” (= principle, origin). Consequently, it means “origin of forms”.
Because of this etymological definition, the word has numerous domains of application in
Biology. Life sciences, by definition, deal with a dynamic environment, and “morphogenesis”
designates the formation and organization, and also the deformation, movement and disap-
pearance of biological objects. The biological objects at the sub-cellular level for example are
the different organelles. At the cellular level, morphogenesis is at least involved in two major
cellular phenomena, cell division and the general shape of the cell. For tissues, morphogenesis
refers to the correct arrangement of the cells forming the tissue. Finally, for whole organisms,
morphogenesis designates all the morphological transformations of the organism. In embryol-
ogy in particular, morphogenesis designates the harmonious transformations leading from the
zygote to an adult organism. Developmental biology is consequently a field involving the inte-
gration of a series of morphogenetic events that depend on molecular events and that can be
analyzed at the sub cellular, cellular and tissue levels.

The study of morphogenesis has been fundamental to the classification of animal species
and hence to considerations of evolution. Indeed, phylogenetic divisions are based on the ap-
pearance of relative morphogenetic characteristics. In particular, the appearance of intercellular
adhesion and the subsequent apparition of different types of supracellular architectures were
essential. The first division is based on the appearance of multicellular structures (= colonial
protists) from unicellular organisms (= protozoans) as shown in Figure 1. Seventeen known
types of colonial protists present development phases during which they form multicellular
assemblies. An example of this type of protist is Dictyostelium discoideum that forms a multicel-
lular assembly, a pseudo-plasmodium, in absence of nutrients. The molecular mechanism of

Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition,
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Figure 1. Simplified phylogenetic tree. This simplified phylogenetic tree present the major evolutionary
steps from Protozoans to Mammals. The first step consists in the apparition of multicellular structures
followed by multicellular organisms. The following steps correspond to the simultaneous apparition of
bilateral symmetry and of the first mesenchymal layer, mesoderm. The interaction of mesoderm with the
two other layers defines the further subclassification.

intercellular adhesion involves the sequential expression of transmembrane glycoproteins. The
initial adhesion is mediated by the expression at the membrane of one glzcoprotein.1 This
adhesion is stabilized by the expression of a second membrane glycoprotein.” In a third phase,
a third membrane glycoprotein is expressed, and mediates the cohesion of particular cells dur-
ing the migration of the pseudo-plasmodium. Loomis proposed the hypothesis that this third
intercellular adhesion system allowed the separation of two cell types: the future spore cells and
the future stemn cells. Thus, very early during evolution, intercellular adhesion, morphogenesis
and cell differentiation are closely related.

The major second step that occurred during evolution was the formation of multicellular
organisms, the Metazoans. A supracellular and organized architecture, the epithelium, had
appeared (see Chapter 5, Sarras). It is only from after this step was made that the term “em-
bryo” can be used to describe the first developmental stages of an animal. By definition, an
embryo is a multicellular assembly in which distinct cell types become individualized (cell
differentiation).

The third accepted criterion appearing during evolution, used for classification, is the ap-
pearance of bilateral symmetry. This is associated with the appearance of a third basic layer, the
mesoderm, initially a loose tissue. This evolutionary step corresponds to the acquisition of a
particular supracellular organization in the embryo, and the appearance of the mesenchyme.
Thus, there was a transition from the epithelial architecture to the mesenchymal architecture,
called the Epithelial-Mesenchymal Transition (or EMT). The presence of the mesoderm and
bilateral symmetry distinguishes triblastics from diblastics. Triblastics can be classified into two
groups (coelomates and pseudo-coelomates) according to the presence of a cavity within the
embryo and specific interactions of the mesoderm layer with the two other basic epithelial
layers (ectoderm and endoderm). The coelomates are defined by the presence of a cavity called
the coelom limited by epithelial cells. These epithelial cells are mesoderm cell derivatives,
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corresponding to a Mesenchymal-Epithelial Transition or MET. Coelom development is in-
duced by ectoderm and endoderm cells. The pseudo-coelomates have no such cavity in the
mesoderm, which forms a solid mass of cells in contact with ectoderm and endoderm.

Thus, the phylogenetic classification of animals is based on morphogenetic events that are
closely linked to the apparition and interconversion of two types of cell architectures: epithe-
lium, a tight aggregation of polarized cells, and the mesenchyme, a loose association of poorly
polarized cells. Here, we apply a strict dichotomy between epithelium and mesenchyme. Al-
though this is as arbitrary as any binary representation of complex events, it is legitimized by
the general outline of evolution, presented above, and is widely accepted. We will first define
epithelium and mesenchyme, and then describe MET and EMT as occurs during early mam-
malian development. We will consider trophectoderm formation and gastrulation at all levels
from the organism to molecular, using the mouse as a reference animal model. Finally, regula-
tory processes for EMT in embryos will be compared to those in adults.

Supracellular Architecture: The Dichotomy between Epithelium
and Mesenchyme

Epithelial Organization: A Cobesive Assembly of Cells

The word “epithelium” has for etymology “épi” (on) and ‘thélé” (nipple). Consequently,
“epithelium” designated, at the origin, the aggregation of cell recovering the surface of the
nipple. The epithelial organization was invented in the animal reign with the diblastics and
allowed the production of tissues and organs. Epithelial organization has two fundamental
features: (i) separating two distinct biological compartments, the “interior” and the “exterior”
and (ii) conferring to an assembly of cells a transportation function vector. The vectorial char-
acter results from the structural and functional polarity of the epithelial cells (Fig. 2).

Epithelial characteristics at the cellular level can be defined by the five following criteria in
various in vivo or in vitro study systems: (i) the cohesive interaction between cells allowing the
formation of continuous cell layers, (ii) the existence of three types of membrane domains:
apical, lateral and basal, (iii) the existence of tight junctions between apical and lateral do-
mains, (iv) the polarized distribution of the different organelles and components of the cytosk-
eleton and, (v) the quasi immobility of the group of epithelial cells relative to the local environ-
ment.

These structural features allow three important types of function: (a) the formation of vast
surfaces for exchange (for example, microvilli) and also of cavities by the overall folding of
epithelial layers (for example, intestinal tube or nervous tube), (b) the formation of biological
compartments of different ionic compositions (low ionic strength and serous), due to selective
permeability of the cells, {c) the absorption, the transcytosis and the vectorial secretion of
macromolecules.

The ontogeny, the maintenance and the dynamics of epithelial structure require appropri-
ate functioning of the cells individually and the epithelial tissue as a whole. Thus, the function-
ing of the epithelial cells, and the implementation of their genetic programs, has to be coherent
and coordinated both in time and space.

The adhesive systems of the epithelial cells can be classified into cell-cell adhesion involving
mainly the lateral sides of the cells, and cell-matrix adhesion involving mainly the basal surfaces
of the cells. Cell-cell adhesion confers the cohesiveness of the epithelium, and is a characteristic
of epithelia, whereas cell-matrix adhesion is also found for mesenchymal cells. There are several
epithelial cell-cell adhesion systems including gap junction, adherens junctions, desmosomes,
and tight junctions. Different families of proteins are involved in these different systems.

Mesenchymal Organization

The term “mesenchyme” originates from the Greek words Mésos (environment), In (in)
and Chymos (juice). A supracellular mesenchymal architecture can be defined by contrast to a
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Figure 2. This scheme presents the main characteristics of an epithelial cell: the intercellular adhesion
mediated by different types of junctions (tight, adherens, desmosomal, gap), the definition of distinct
membrane regions (apical, lateral, basal) and the polarised distribution of organelles. It should be noted that
cell-matrix adhesion complexes are located exclusively on the basal region and involves different types of
junctions (focal contacts and hemi-desmosomes). In addition, an epithelial assembly is characterised by its
immobility and its exchanges of molecules between compartments of different composition.

supracellular epithelial organization as: (i) loose or no interaction between the cells, such that a
continuous cell layer is not formed. (ii) The absence of clear apical and lateral membranes. (iii)
The nonpolarized distribution of the different organelles and components of the cytoskeleton.
(iv) The motility and even invasiveness of the cells.

During development and cancer progression, mesenchymes may be temporary intermedi-
ates in the formation of an epithelial structure from another epithelial structure. However, the
mesenchymal architecture can be a lasting organization. Mesenchymal functions include sup-
port and nutrient supply.

In summary, the epithelial organization is mainly dependent on the tightness of the cell-cell
junctions. Cell-cell adhesion is dependent on transmembrane glycoproteins, including the epi-
thelial marker E-cadherin. The mesenchymal status can be considered to be the only, and
default, alternative of the epithelial status.

During the genesis of epithelium from individualized cells, four phases can be distinguished
(i) an intercellular aggregation step, (ii) a polarization cell step, (iii) a cell differentiation step,
and (iv) an integration of the differentiated cells into a functional organization. Thus, a parallel
can be drawn between embryonic development and evolution. This general scheme applies to
embryonic development as well as to physiological and pathological processes in adult; the gain
or loss of the epithelial organization associated with the loss or gain of the mesenchymal status.

Embryonic Morphogenesis: A Harmonious Series of Transitions
from One Cellular Architectural Type to Another

Here, we will describe the interconversions between epithelium and mesenchyme during
early mouse embryonic development, until gastrulation. In mammals, the first MET occurs
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Figure 3. At the early 8 cell stage, blastomeres are characterised by a intercellular adhesion mediated by
E-cadherin. At the compacted 8 cell stage, in addition to the formation of additional adherens junctions,
some tight junctions appear on the apical side. At the 32 cell stage, gap junctions appear in addition to the
existing adherens and tight junctions.

during the preimplantation period with the formation of the trophectoderm and the first EMT
during the gastrulation period with the formation of the mesoderm.

The First MET in Embryonic Epithelium Leads to the Formation
of the Trophectoderm

The first stages of Metazoans embryonic development involve a series of rapid cell divisions,
called the segmentation phase. The cells at this stage are called blastomeres. The morphoge-
netic characteristics of these first stages are limited, although the cell fates are already deter-
mined after the first cell divisions in organisms such as the Tunicates, Caenorbabditis elegans or
sea urchin (see Chapter 6, Wessel). For Mammals, the determination seems to occur at a later
stage during development. However, the first real morphogenetic event is the formation of the
trophectoderm.

After segmentation, the embryo looks like a small blackberry, mora in Latin; thus, the 8-cell
stage is termed the “morula”. The shape and morphology of these 8 cells, the blastomeres are
highly similar. The morula then becomes a compacted morula with 16 cells; the blastomeres at
the periphery flatten progtessively, become polarized and all types of junctions appear. These
cells become the first embryonic epithelium, the trophectoderm. The cells inside the com-
pacted morula become the inner cell mass (ICM), and are totipotent. The trophectoderm is an
active epithelium and gives rise to the blastocoele.>* There are three axes of symmetry:
antero-posterior, dorso-ventral and left-right axis. The dorso-ventral axis is defined at the time
of the blastocyst. The future dorsal part of the embryo, contained in the ICM, is located at the
contact of the blastocoele. A series of cellular and molecular modifications during early devel-
opment lead to the formation of the trophectoderm and the ICM.

Modulation of Cell-Cell Adhesion

E-cadherin (or Cdh1) is a cell adhesion molecule important during compaction and the
formation of the trophectoderm. E-cadherin is present in the zygote as a maternal protein. At
the end of the two-cell stage, zygotic E-cadherin production starts. In noncompacted morulas
(Fig. 3B), the blastomeres are linked. The maternal and zygotic E-cadherin is progressively
redistributed and concentrated on the future baso-lateral side of the blastomeres at the periph-
ery of the future compacted morula.>¢
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By the 16-cell stage (Fig. 3C), the amount of E-cadherin on the baso-lateral side of the
blastomere is greater, and cell-cell adhesion tighter. Noncompacted morulas incubated with
anti-E-cadherin antibodies are not able to compact or to form a blastocyst.>” E-cadherin
knockout mice, Cdh1 -/-, have been produced. These embryos cannot form a functional epi-
thelium and die at the peri-implantation stage. Interestingly, the compaction of Cdhl-/- em-
bryos is not perturbed, indicating that the maternal E-cadherin is sufficient. The zygotic
E-cadherin is however required to allow the embryo to form a blastocyst. !

Cell Polarization

Scanning electron microscopy analysis of compacted and uncompacted embryos shows that
compaction is associated with morphological modifications, such as formation of microvilli
scattered in a polarized manner.!! It appears that the cells polarize after cell-cell contact. When
compaction is artificially reproduced by pairing two noncompacted embryo blastomeres, the
membranes have two distinct fates. The free membranes form microvilli and the cell-cell inter-
acting membranes stay smooth.® The main proteins involved in adhesion at 2-cell stage are the
proteins of the cadherin-catenin complex. At the noncompacted, 8-cell stage (Fig. 3B), the
membranes of the blastomeres are associated by functional gap junctions, allowing the ex-
change of ions and small molecules between the cells of the forming epithelial layer. These gap
junctions are formed by connexin octamers. In parallel, E-cadherin and ZO-1 are recruited at
the cell-cell contact site leading to adherens and tight junctions on the baso-lateral sides of the
future trophectoderm epithelial cells. Maternal E-cadherin is redistributed at the cell surface
and zygotic E-cadherin and ZO-1 are addressed to the future adherens and tight junctions. On
the future apical membrane, endosomes accumulate. Reorganization of cortical and cytoplas-
mic actin and of microtubules is observed at microvilli.

Cingulin is recruited at the tight junctions at the 16-cell stage (Fig. 3C), before the junc-
tions are functional. Functional adhesive junctions are scattered along the baso-lateral sides,
reinforcing regional cell-cell adhesion. Large amounts of protein migrate in the plasma mem-
brane; the apical proteins, such as the Na*/glucose carrier, and the baso-lateral proteins, such as
EGFR (epidermal growth factor receptor) relocate.!>!* The polarized distribution of the or-
ganelles is continues within the cells; the mitochondria and lipid vesicles concentrate on the
baso-lateral side, and the lysosomes, the Golgi apparatus and the nucleus at the central basal
part of the cells.

Function Acquisition by the Active Epithelium

The tight junctions established in the earliest stages become functional at the 32-cell stage
(Fig. 3D). Numerous desmosomes form on the baso-lateral sides by desmogleins and
desmoplakins which are synthesized during the morula stage. The size of the blastocoele, and
therefore the blastocyst, increases continuously due to the activity of the trophectoderm cells.
The resulting pressure on the zona pellucida is responsible, at least in part, for hatching. The
hatched embryo then interacts with and implants into the uterus.

The formation of the first embryonic epithelium is associated with the development of
both complex cell-cell adhesion machinery and also cellular and the sub-cellular polarization.
This first epithelial supracellular architecture subsequently leads to the first mesenchymal su-
pracellular architecture: the mesoderm.

During post-implantation, the trophectoderm regionalizes into distinct epithelia with vari-
ous morphologies and different rates of proliferation.'® The parietal trophectoderm is the part
of the trophectoderm that is not in contact with the ICM. This cell populadion stops dividing,
although the DNA continues to replicate. The chromosomes of these cells become polytenic,
and the cells themselves become giant cells.'® The visceral trophectoderm is in contact with the
ICM. This population of cells contributes to the formation of the extraembryonic ectoderm
during gastrulation.
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Figure 4. Like in all coelomates, gastrulation in the mouse is characterised by cellular movements occurring
between embryonic days E4.5 and E7.5 which enable the reorganisation of the embryonic cells and the
formation of the definitive plan of the animal. A to E: the major steps of this reorganisation between E4.5
and E7.0 are shown on schematic sections along the dorso-ventral axis (D-V). In particular, the migration
of mesoderm progenitor cells (in red) from the posterior to the anterior side of the embryo between the
ectoderm (in blue) and endoderm (in yellow) is presented on sections D and E. Reprinted with permission
from Hogan B, Beddington R, Costantini F et al. Manipulating the mouse embryo: a laboratory manual,
2nd ed. 1994:58. ©1994 Cold Spring Harbor Laboratory Press.

Formation of the First Embryonic Mesenchyme: The Mesoderm Layer

Following the formation of trophectoderm, at E4.0, a second epithelial layer is formed at
the interface between the cells of the ICM and of the blastocoele. This second epithelium is
called the primitive endoderm and contributes to the formation of the visceral endoderm (which
remains associated with the epiblast) and of the parietal endoderm, which covers the surface of
the blastocoele and the parietal crophectoderm. The parietal endoderm and the visceral endo-
derm do not contribute to the embryonic endoderm.!” The blastocyst implants into the uter-
ine wall between E4.5 and E5.5 (Fig. 4). Spatial constraints and the attachment of the blasto-
cyst to the uterine wall cause the cells of the ICM and of the trophectoderm to grow towards
the interior of the blastocoele cavity.'® The cells of the ICM then form a third epithelium: the
epiblast. This is accompanied by the formation of a central cavity called the amniotic pro-cavitr.
This cavity is not the result of the formation of epithelium, but rather of localized cell death."
At this stage the embryo, called the “egg cylinder”, has the shape of a cup made of two layers:
the epiblast, surrounded by the visceral endoderm. The embryonic and extraembryonic re-
gions are clearly distinct, and the dorso-ventral and proximo-distal axes are apparent.

Mouse gastrulation displays highly coordinated epithelium to mesenchyme conversions,
cell migration, cell proliferation and differentiation. The general organization of the embryo
emerges, with the formation of a new layer, the mesoderm, between the ectoderm and the
endoderm. During gastrulation cell populations which were previously separated come to-
gether to form tissues and organs, and cells are transiently or permanently changed to allow
permissive or instructive induction. The formation of the mesoderm layer involves a transition
from the epithelial organization of the epiblast (tight and polarized) to the mesenchymal orga-
nizarion of the mesoderm (loose and apolar).

The mesoderm cells are recruited from the cells of the epiblast, into a structure called the
primitive streak. The location of the primitive streak defining the posterior pole and this is the
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first assignment of an antero-posterior axis to the embryo. The cells recruited into the primitive
streak undergo an epithelium-mesenchyme transition, then ingress between the primitive ecto-
derm and the endoderm form the mesoderm and of part of the endoderm.? The newly formed
mesoderm cells form a new tissue, which spreads between the endoderm and the ectoderm,
symmetrically from the primitive streak like “wings”.

Triggering of Gastrulation

Gastrulation does not start before the epiblast contains a certain number of cells.?!?? The
triggering of gastrulation also depends upon a chronological checkpoint.?42 Cell groliferation
is the main driving force leading to the development of the primary layers.”’** Additional
morphogenetic forces are involved in the formation of the mesoderm layer, for example ingres-
sion of epiblast cells into the primitive streak and their subsequent tendency to move away
from it.

Formation of the Primitive Streak

The formation of the primitive streak occurs in the posterior and ventral epiblast, at the
junction with the extraembryonic ectoderm.’’ The streak progresses to the extremiry of the
cylinder. Initiation of the formation of the primitive streak is poorly understood. The streak
may lengthen due to division, recruitment and intercalation of cells of the epiblast between the
extremities of the developing primitive streak. Thus, the cells at the distal end of the streak are
of posterior origin, having been the first recruited when the streak formed (Lawson etal, 1991).

Epithelium to Mesenchyme Transition

There is little available data about EMT in the mouse. Nevertheless, findings for rabbit and
rat appear to apply to the mouse. An epithelium-mesenchyme transition occurs in epiblast cells
before they penetrate the primitive streak. In the mouse, the epiblast is a pseudo-stratified
epithelium constituted of high and columnar cells.?®3%% The epiblast presents various charac-
teristics of epithelia, including polarization, specialization of the apical surface with short and
separated microvilli.>* junctions (principally adhesive junctions, but also tight junctions,
commulrlliiggting junctions and desmosomes) in the apical portion of the lateral faces and a basal
lamina.**

Loss of Polarization

When EMT begins, organelles in certain cell populations of the epiblast are relocated to the
apical face* This step is called “cytoplasmic hyperpolarization”. Concomitantly, an apical
constriction appears, with an enlargement distorting and destroying the basal lamina at the
basal pole (Fig. 5). As in amphibians, these cells are named “bottle cells” 36 After EMT, cells
which separated from the epiblast show mesenchymal features: irregular outlines and apolar
distribution of organelles. The cells that penetrate the primitive streak show a characteristic
distribution of the Na*-K* ATPase pump. This enzyme is basal in epiblast cells outside of the
primitive streak, but is apical in cells in the primitive streak, and is present throughout the
cytoplasm of mesoderm cells after they have gone through the primitive streak.?”

Modification of the Cytoskeleton

During EMT the intermediary filaments of the cytokeratin cytoskeleton of the epiblast
cells are replaced by vimentin.?® If the gene coding for vimentin or cytokeratin 8, an epithelial
cytokeratin, is knocked out, the mice do not present any abnormality during gastrulation.3*4
In cultures of primitive streak stage mouse embryos in vitro, immunoreactivity for desmoplakins
and for E-cadherin is lost by epiblast cells going through the primitive streak.! Desmoplakins
are found in mesoderm cells during migration, suggesting that desmosomal junctions contrib-
ute to the cohesion of the migrating mesoderm cell layer.?
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Figure 5. This model for epiblast to mesoderm transition in Mammals was proposed by Viebahn in 1995
from observations using transmission electron microscopy.*® In phase I, organelles are relocalised to the
apical side of the cells and a basal enlargement appears. In phase II, cytoplasmic polarisation is gradually lost
and apical detachment of the cells undergoing epiblast to mesoderm transition occurs. This second phase
comprises also a local degradation of the extracellular matrix.

Modification of Cell-Cell Adhesion

The reorganization of adhesive junctions during the formation of “bottle cells” has been
studied by electron microscopy.>® The resulting model explains the delamination of mesoderm
cells from the epithelium and their ingression into the primitive streak.

The molecular mechanisms of this EMT in vivo are pootly understood because functional
studies in the embryo in utero are particularly difficult. In the mouse, the transformation of the
epiblast epithelium into mesoderm mesenchyme involves the loss of E-cadherin immunoreac-
tivity.”? In the chicken, N-cadherin is first expressed by cells penetrating the primitive streak. 4
In the mouse, it is not clear whether there is similar replacement of E-cadherin by another
cadherin. For example, cadherin-11 is expressed by mesoderm cells only after they start to
migrate.*>#¢ B-catenin is a protein linking the conventional cadherins to the actin cytoskel-
eton. Its knockout results in embryonic death at E7.0, associated with the absence of meso-
derm formation.?” y-catenin appears to be unable to compensate for -catenin deficiency at
this developmental step. However, in y-catenin gene knockout mice, functional compensation
by B-catenin is possible in certain tissues at E10.5.984

Epiblast explants have been cultured in vitro.>® Under basal conditions, they form epithelial
clusters of cells, show characteristic adhesive and migratory behavior and express the character-
istic markers of the epiblast. Antibodies blocking E-cadherin activity at the surface of explants
of the posterior epiblast destroy the epithelial organization and induce a mesenchymal
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organization. This involves radical changes in the cell-cell and cell-extracellular matrix adhe-
sive properties, the acquisition of far more developed migratory properties and the correspond-
ing changes in the expression of molecular markers for mesoderm and epiblast cells. This EMT
is not conventional insofar as it leads to the formation of a “mesenchymal layer”, in which
mesenchyme cells are not individualized. This mesenchymal layer state is preserved during
migration after ingression into the primitive streak. This state represents a feature of mesoderm
formation in Vertebrates, not found in Invertebrates.

Modification of the Rate of Cell Proliferation

BrdU staining and a stathmokinetic analysis demonstrated that the mean length of the cell
cycle in the rat primitive streak is 3 hours, whereas that of an epiblast cell before penetrating
into the primitive streak is 7.5 hours.”® The difference is due to shortened G1 and G2 phases.

Modification of the Extracellular Matrix

Initially, there is a thin layer of extracellular matrix in the form of a basal lamina between
the epiblast and the primitive endoderm. It is constituted of hyaluronic acid, fibronectin, laminin,
type IV collagen and thrombospondin.’'>® The basal lamina is discontinuous, even absent,
under bottle cells which go on to form the mesoderm, whereas it is intact at the more posterior
part of the epiblast (Fig. 5).333>4

Aggregation experiments with mutant ES cells with wild-type blastocyst cells demonstrated
that the knock-out of the genes coding for the components of the extracellular matrix or for
their receptors at the cell membrane such as fibronectin and a5 or b1 integrins does not perturb
the behavior of the mutant cells during gastrulation.>¢-58

Modification of Gene Expression

Molecules of the signaling pathways for growth factors such as TGFf3 (transforming growth
factor B) or FGF (fibroblast growth factor) are involved in mesoderm formation in mouse.”® T
{or brachyury) gene expression is induced and E-cadherin gene expression decreases during
mesoderm formation. Knockout mutant mice for T, msd, eed, snail show defects in mesoderm
formation and, consequently, defective conversion of the epithelial epiblast into mesenchymal
mesoderm see also Chapter 11, Berx and Van Roy.%*%? The brachyury mutant is particularly
interesting because T expression appears to require FGF-2 activity for mesoderm formation, as
in amphibians.%3 In mouse, anterior epiblast explants treated with 10 to 50 ng/ml of FGE-2
behaved in the same way as anterior epiblast explants treated with anti-E-cadherin-blocking
antibodies.* Functional compensation by other growth factors of the FGF family or of fami-
lies resulting in a functionally identical signaling could explain why the fgf2 knockout does not
impair mesoderm formation.®>* Mouse mutants for the major gastrulation FGE-2 receptor,
fgfrl, show defects in mesoderm formation, due to defective mesoderm cell migration after
ingression. Conversely, defects in epithelium to mesenchyme transition could not be demon-
strated directly.®”

Model for the EMT from Epiblast to Mesoderm

The generally accepted model distinguishes two phases (Fig. 5). First, cytoplasmic hyperpo-
larization and junction remodeling (apical constrictions and basal enlargement) occur. Sec-
ondly, there is apical detachment and local destruction of the basal lamina. Two types of mol-
ecule directly controlling the EMT leading to mesoderm cell formation have been identified: a
growth factor (FGF-2) and a cell-cell adhesion molecule (E-cadherin).

Ingression into the Primitive Streak

Once the primitive streak has been established, cells in contact with it ingress. The first cells
to go through the primitive streak are those that will form the extraembryonic mesoderm.®® As
the streak elongates towards the anterior pole of the epiblast, the cells forming the embryonic
mesoderm and endoderm migrate through it; the further from the primitive streak and closer
to the anterior pole of the epiblast they are, the later they start.%”!
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Cell fate determination at gastrulation has been extensively studied in invertebrates such as
sea urchin (see Chapter 6, Wessel) or drosophila (see Chapter 7, Ganguly), and vertebrates
including amphibians, fish and birds. In mammals and in particular in the mouse, in vivo
studies are complicated because embryonic development is internal. Cell fate maps have been
established in the mouse by the technique of orthotopic transplantation of stained epiblast
cells. Like “organizers” in other Vertebrates, the “node” at the posterior end of the primitive
streak announces the organization properties of the embryo. Heterotopic transplantation of a
node removed from a primitive streak stage gastrula into a gastrula at the same stage induces
the formation of a second axis containing neural and somitic structures originating from the
host, but induced by the transplant.”? In contrast to amphibians, fish and birds, the induced
axis in the mouse does not contain any anterior structures. This suggests that there is a struc-
ture in the mouse, in addition to the node, able to induce and to organize the anterior struc-
tures.”® The mouse node structure only appears during gastrulation, whereas the equivalent
structures in other Vertebrates are present before gastrulation.

Regionalization of mesoderm populations induced during the course of the gastrulation in
the mouse has been correlated with sites of ingression into the primitive streak.”*7” The
dorso-ventral axis of the embryo is the antero-posterior axis of the primitive streak: the axial
mesoderm originates from cells crossing the streak primitive in the vicinity of the node region,
the paraxial mesoderm originates from cells crossing the primitive streak in the perinodal re-
gion, i.e., anterior region of the streak, the lateral mesoderm originates from cells crossing the
primitive streak in its middle part, and the extraembryonic mesoderm originates from cells
crossing the streak in its distal, and therefore posterior end.

Numerous transcription factors, membrane receptors and growth factors act as mesoderm
inducers and regionalizers in lower Vertebrates. However, the molecular mechanisms of the
steps between induction of these various mesoderm lineages to their ingression into the streak
are mostly unknown.”®”? In vivo gene knockouts and in vitro assays indicate that growth
factors control epiblast cell migration through the primitive streak and the consequent cell
determination. Growth factors and receptors of the FGE TGF p and Wnt families have been
implicated in certain cell population allocation defects at the time of ingression. FGF-2 elicits
the conversion of epiblast explants into cells displaying cellular and molecular features similar
to those of mesoderm cells in vivo.* Knocking-out the gene encoding the main FGF receptor
at this stage, fgfrl, results in cells having completed ingression being retained in the neighbor-
hood of the primitive streak, leading to a defect in paraxial mesoderm formation. This has been
interpreted as a mesoderm dorsalizing defect.58%%! Cell migration abnormalities after ingres-
sion have also been described in embryos carrying T mutations; T is a transcription factor the
expression of which in other vertebrates is specific to developing mesoderm cells and is modu-
lated by FGFs.5%83

Likewise, homozygote mutants for wnt3a show a paraxial mesoderm formation defect in
the trunk: epiblast cells can cross the primitive streak, but cannot migrate laterally or differen-
tiate into neural tissue.3#8% Conversely, homozygote mutants for bmp4 (bone morphogenetic
protein 4) show a defect in the formation of ventral mesoderm.5¢

Mesoderm induction and regionalization involve restriction of differentiation Eotemial,
corresponding to phases of cell differentiation. Epiblast cells are multipotent.®®”>87:88 Epiblast
cells of any location grafted heterotopically differentiate with the cells at the site of the graft.
Epiblast cell multipotency is such as they can form either somatic tissues, or germ line cells.
These are the cells that are used to establish embryonic stem cell lines (ES cells).

Epiblast cells corresponding to the embryonic cells at the late primitive streak stage can
differentiate into any mesoderm lineage.3? Nevertheless, cells from the most anterior region of
the primitive streak contribute only to neural tissues.”® Therefore, the transformation of the
epiblast into primitive ectoderm during gastrulation is associated with a restriction of the de-
velopment potential of the cells. Anterior primitive ectoderm cells cannot differentiate into
hematopoietic lineage cells in vitro.”! Conversely, ES cells treated with activin or BMP-4,
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regain the potential to differentiate in vitro into hemaropoietic lineage cells.”!*? the loss of
differentiation potential can also be interpreted as an indicator of the availability of an instruc-
tive or permissive inducer in the environment of a cell population.

The cell differentiation potential is restricted when epiblast cells ingress into the primitive
streak. Mesoderm cells grafted back into the epiblast recover some of the potential of epiblast
cells, including both that to ingtess, again, into the primitive streak and that to form mesoderm
populations. Nevertheless, they cannot colonize lateral mesoderm.”? Epiblast cells grafted into
the mesoderm contribute to all mesoderm 9E;opulations and also to lineages to which mesoderm
cells at the grafting site cannot contribute.”” This supports Beddington’s suggestion that ingres-
sion of epiblast cells into the primitive streak results in a loss of differentiation potential.*
Furthermore, the differentiation of epiblast cells into a given type of tissue is not dependent on
the initial location of these cells, but on the route they follow and the molecular and cellular
environments they meet during gastrulation.

Migration Associated with Gastrulation

Epiblast cells migrate as a cluster towards the primitive streak, during gastrulation and after
ingression. Clonal analysis shows that cells derived from the same parental cells are very rarely
close to one another during this migration: the migration of the primitive ectoderm cells is not
clonal.”® At gastrulation, epiblast cells that will contribute to the future neurectoderm migrate
from the distal and anterior part of the epiblast towards the proximal and posterior part of the
embryo. These cells migrate as a cluster of cells and they strictly follow a very precise route.”
Once ingressed into the primitive streak, the cells contributing to the embryonic mesoderm
and endoderm, and those contributing to the extraembryonic mesoderm migrate together in
the opposite direction to the presumptive ectoderm cells, i.e., from the postero-distal to the
antero-proximal part of the embryo.

After ingression, the migration of the precursors of the cranial and cardiac mesoderm pushes
back the precursors of extraembryonic mesoderm towards the extraembryonic region. These
are among the first ingressed cells to cross the primitive streak and are localized at the
antero-proximal pole during the early phases of gastrulation. Under the pressure of cardiac and
cranial mesoderm precursors, this population of cells is pushed back to the extraembryonic
region.® The same type of migratory movements by propulsion have been observed for precur-
sor cells of the embryonic endoderm, which move preexisting visceral endoderm cells towards
the antero-proximal pole, in the yolk sac.”%”:% The physical basis of this propulsion has not
been clearly elucidated. It is currently believed, in the case of the propulsion of the visceral
endoderm towards the yolk sac, that the intercalation of newly ingressed endoderm cells into
the posterior and distal region of the embryo pushes the preexisting visceral endoderm in the
antero-proximal direction; in addition the expansion of the yolk sac in this same direction
creates a traction on the visceral endoderm. All mouse mutants presenting a phenotypic defect
in the formation of the endoderm, extraembryonic cavity or constrictions at the interface of
the embryonic and extra-embryonic regions also present defects in the formation of the primi-
tive layers.”7-190

Little is known about the molecular mechanisms involved in these cell migrations. Cell-cell
adhesion molecules and matrix-cell adhesion molecules may well be involved in this pro-
cess. %101 Dyring the EMT associated with ingression in the primitive streak, the range of
cell adhesion molecules expressed at the surface of the cells is modified, and in particular
E-cadherin disappears.” After ingression, cohesion between the mesodermal cells is reestab-
lished via N-cadherin and cadherin-11.*>%¢ However, N-cadherin and cadherin-11 knockouts
do not present any obvious phenotype at gastrulation.!>1%% E-cadherin knockout embryos, in
contrast die at the time of perimplantation, and this early lethality prevents analysis of the
effect during gastrulation.'® Nevertheless, Cdh1-/- ES cells strongly express T, a mesodermal
marker.!® Finally, in the absence of FAK, a protein kinase involved in matrix-cell adhesion,
mesodermal cells present clear migratory defects.'%
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Table 1. EMT examples during embryonic development

Stage
Example (Mofse) Transition Specific Related Factors
Gastrulation E6.5 Epiblast -> Mesoderm TGFB /BMP, FGF, Whnt
Prevalvular mesenchyme E8 Endothelium -> TGFB, Slug
(Heart formation) Atrial and ventricular septum
Neural crest cells E8 Neural plate -> Notch/delta, shh, BMP
Numerous derivatives Slug
Somitogenesis and E9 Somite walls -> Sclerotome Notch/delta, shh, slug?
sclerotome differentiation
Palate formation E13.5 Oral epithelium -> TGFg
Mesenchymal and
epithelial cells + apoptosis
Mullerian tract regression  E15 Mullerian tract -> TGFB,
Mesenchymal cells anti-Mullerian hormone,
combined with apoptosis B catenin

In conclusion, the formation of the first embryonic mesenchyme is associated with the
conversion of some epithelial cells of the primitive ectoderm. One of the main features of this
conversion is the loss of the (mostly E-cadherin-dependent) cell-cell adhesion. The neo mesen-
chymal cells then lose subcellular polarization and their gene expression is modified. The cells
present novel properties including higher rates of proliferation and motility. This EMT results
in the genesis of novel cell types, and tissues and a new general organizarion in the embryo.
Some of the cells derived from the epiblast do not undergo EMT, and will form the ectoderm.
This developmental step is therefore associated with a restriction of multipotentiality.

EMT Later during Embryonic Development and Adult Stages

Several epithelium-to-mesenchyme conversions occur later during embryonic development
(Table 1). Examples are the formation of neural crest cells from the neural tube on embryonic
day 8 (= E8) (see Chapter 3, Newgreen and McKeown), of the atrial and ventricular septum
from the endothelium during the formation of the heart on E8 (see Chapter 4, Runyan et al),
of the sclerotome from the somite on E9, of mesenchymal cells of the palate from oral epithe-
lium at E13.5 (see Chapter 1, Hay), and of mesenchymal cells during the regression of the
Mullerian tract on E15. The main molecular events associated with these transitions are similar
but the regulation is different. These EMT will not be described here.

Regulation of EMT

Soluble factors were thought to be important in EMT for many years, but they are not the
only factors involved. Indeed, morphogen gradients are not the sole molecular mechanism of
EMT induction. Transmembrane proteins such Notch/Delta or cadherin/catenin are essential
in the induction and control of EMT (see Chapter 11, Berx and Van Roy).

During embryonic development, EMT are regulated by the combination of (i) the execu-
tion of a genetic program within cells that are undergoing EMT, and (ii) the signals emanating
from the environment, such as growth factors, and physical constraints.

Regulation of gastrulation-related EMT arises from the migration of mesenchymal cells to
environments in which EMT triggering factors are not produced. In addition, execution of
genetic programs is responsible for producing pro-epithelial molecules. EMT is a normal pro-
cess in the maintenance and repair of tissues (for example maintenance of the intestinal epithe-
lium, and wound healing heightened on Chapter 8, Arnoux et al) in the adult. The regulation
of adult EMT is similar to that for gastrulation-related EMT. Some abnormal processes in the
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adult, such as primary tumor or metastasis formation, are also associated with EMT. These
EMT ate not regulated because: (i) EMT triggering signals are produced continuously after
mutations in their genes; (ii) cells undergoing EMT have become insensitive to their environ-
ment and therefore, the process never stops.

Conclusion

In conclusion, it appears that the embryonic development involves a series of conversions of
epithelial architecture to mesenchymal architecture and of mesenchymal architecture to epi-
thelial architecture. These successive MET <-> EMT interconversions can affect the same original
cell. Consequently, the acquisition of the epithelial or mesenchymal status by a cell is not final.
In other words, there is a single mechanism which is defined as MET or EMT according to the
direction in which it works.
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CHAPTER 3

The Neural Crest:
A Model Developmental EMT

Donald F. Newgreen and Sonja J. McKeown

Introduction

The NC Is a Valuable Model for EMT

he concept of the epithelial-mesenchymal transition (EMT) arose from developmental

biology, (see ref. 1) where EMT occurs in many situations, each being predictable,

stereotyped and with the outcomes often dramatic. The EMT of the neural crest (NC)
is an example of this event m development. In its own right; the NC has been ranked as a
“fourth germ layer” by Hall.? The tissues and structures to which the NC gives rise is wide-
spread in the body and diverse in cell types, rangmg from craniofacial connective tissues to
peripheral nerve and glial cells to skin pigment cells.? In addition, abnormalities involving NC
development seem to be disproportionately represented in human birth defects. The NC is
important for evolutionary research too, because it is the only organ system unique to verte-
brates. Its appearance in evolution is suggested to have enabled the massive adaptive radiation
of these chordates Technically, the cxpenmental approaches for developmental biology, de-
scribed as “cutting, labeling and pasting”,* have shown the NC to be a particularly accessible,
manipulatable and robust subject, with relatively straight-forward evaluation of the results in
terms of altered developmental patterns. Thus because of its importance and technical advan-
tages, the NC is probably the most studied developmental EMT.

Defining the NC

The NC consists of those cells that arise at the border of the neural and epidermal ectoderm
epithelia in early development of vertebrate embryos, and which undergo EMT and migrate
away from the ectoderm into adjacent tissues (Fig. 1). Thus the EMT is central to the defini-
tion of this important cell lineage. Definitions based on cell behaviours in vivo may be difficult
to apply in experimental systems where normal events are perturbed. Thus molecular markers

of the NC and its EMT have been sought.

The EMT of the NC Is Stereotyped

The NC occurs at almost all axial levels, and is most broadly classified as cranial NC
rostrally and trunk NC more caudally: there are some molecular and behavioural differ-
ences in the NC levels. Broadly speaking the NC undergoes EMT as a timetabled wave that
sweeps from rostral to caudal (Figs. 1, 2). At most axial levels in most vertebrates, the NC
can be recognized towards the end of neurulation at the dorsal margin of the newly formed
neural tube. The presumptive NC cells participate in the cellular bridge between the epi-
dermal and the neural epithelia. At some axial levels the epidermis and neural tube separate
then the NC cells undergo EMT and migration from the latter, as in the trunk levels of
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Figure 1. Diagrammatic transverse sections through an early vertebrate during neurulation (modeled on
trunk levels of the chick embryo) showing the region of ectoderm that gives rise to NC cells, in relation to
the epidermal ectoderm and the neural plate/tube. The NC cells typically undergo EMT and detach from
the neural tube after the neural tube plus NC has separated from the epidermis. However, at cranial level
in mammals, NC cells undergo EMT and migration at the neural plate stage, before the neural plate has
separated from the epidermis (upper inset). At cranial levels of birds, the NC forms the junction between
epidermis and neural tube; its EMT and migration separates the neural tube and the epidermis (middle
inset). The changes in shape and position of NC cells during EMT, and the localized absence of basal lamina
is shown at higher magnification in the lower inset.

most vertebrates (Fig. 1).56 However, sometimes the EMT and emigration of the NC is
brought forward relatively earlier in the neurulation process. In the most extreme case seen
in cranial levels of mammals, the first cells to commence EMT do so well before the neural
plate has rolled up to form a tube. This requires a process termed delamination in which the
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Figure 2. A 2-day incubation quail embryo is shown in A, with the levels of the transverse sections B-E shown
by arrows. NC development proceeds in a rostral to caudal wave, so that most caudal section (B) will be
developmentally youngest and the most rostral section (E) will be developmentally oldest. This is shown
with in situ hybridization by the increasing expression of Sox/0in NC cells in the dorsal neural tube (NT),
and the eventual migration of these SoxJ0+ve mesenchymal cells out of the neural tube epithelium into
adjacent cell-free space then into the mesodermal somites (S).

neural and epidermal epithelia remain conjoined despite the loss by emigration of NC cells
from the basal surface of the neuro-epidermal border (upper inset, Fig. 1).” In avian cranial
NC (middle inset in Fig. 1) EMT is also brought forward. The separation of neural and
epidermal moieties in this case seems to be actually accomplished by NC cell EMT and
emigration, which dissolves the cell mass that links these two epithelial layers.® In Urodele
amphibians the NC population at trunk levels seems to be extruded from the dorsal neural
tube, upon which it forms a separate coherent string whose cells only later migrate away.’
Thus, NC EMT is a part of neurulation but is not tied to any particular stage in the mor-
phogenesis of the neural tube. Moreover, NC emigration occurs in neural tubes formed by
rolling up of a plate (primary neurulation) and by tubes formed by cavitation of a solid rod
(secondary neurulation).!

Despite these variations, at the cell level NC undergo a typical EMT (lower inset in Fig.
1). Neural epithelial cells stretch from the luminal surface to the external surface of the
neural tube. The apical or luminal ends exhibit numerous cell-cell junctional specializations
including adherens junctions, while the external or basal surfaces are in contact via cell ma-
trix adhesions to the basal lamina extracellular matrix. These cells are markedly polarized
apicobasally not only in these features but also in the microtubular and microfilament (ac-
tin) cytoskeletal systems. In the prospective NC region the apicobasal polarity alters as the
cells initially become more rounded or complex in shape, have fewer more irregularly placed
cell-cell junctions, and the basal lamina is lacking or discontinuous.>®'! The cells then project
fine processes which contact interstitial extracellular matrix fibrils, and the cells extend out
of the epithelium, showing front-back polarity.? Eventually these definitive NC cells lose
contact with the epithelium of origin. The migrating cells often show extensive areas of
membrane apposition to their neighbours, although junctional specializations as seen at the
earlier epithelial stage are not visible.!?
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The Induction, EMT and Migration of NC Are Linked

In principle, the early development of the NC can be divided into three stages: a lineage
decision that marks the NC as different from both the neural tube and the epidermal epithelial
populations; the morphogenetic realization of this difference in the EMT of these cells; and
then subsequent migration that separates them from their epithelial tissues of origin. But in
practice, separation into these three categories is difficult.

The NC Is Induced by Cell Interactions

The ectodermal epithelial layer develops a neural and epidermal character, the former being
marked by a thickened form called the neural plate, while the latter remains a flattened layer
termed the epidermis. This neural induction is in detail controversial but is likely to involve the
activation and, equally important, suppression of intercellular signaling molecules including
BMP-4, FGFs and Wnts.'*!® On the basis of this general neural induction, the NC is gener-
ated at the border of the neural plate and epidermis, a site which soon elevates as a neural fold.
Both the neural (thick) and epidermal (thin) region of the border can produce migratory NC
cells.” Influences on the ectoderm from underlying paraxial mesoderm plays a part in NC
induction, as demonstrated by recombination experiments with tissues from the frog, Xeno-
pus.? But inductive interactions within the plane of the ectoderm are also important. NC can
be generated by any part of the neural epithelium juxtaposed to epidermal ectoderm. This was
shown in amphibian and avian embryos by transplanting neural plate which is not NC-fated
into distant (not juxta-neural) epidermis.??? At the site of contact with the epidermis, mesen-
chymal cells emigrated from this neural epithelial transplant and expressed NC-specific mark-
ers. This showed that signaling between neural and epidermal sheets could induce a third
lineage, the NC, at the interface, which could then undergo EMT and migration. These tissue
combination experiments also showed that the mode of signaling and the response repertoire
for NC induction are not restricted to the cells at the normally fated NC origin. However, the
competence to generate NC was restricted in time in both the neural plate®® and epidermal
ectoderm.?

NC Induction and EMT Decisions Are Incomplete and Provisional

Even within the neural folds which contain nascent NC cells, there is some heterogeneity:
when single cells were labelled to trace their fate, some fold cells later exhibited NC properties
of migration and differentiation, but some were found in the epidermis and the neural tube.?>
In addition, when tested by insertion back into the epithelial neural tube, even post-EMT,
migrating NC cells could revert to a neural epithelial type.?® Thus, although the EMT and
migration is normally a watershed in NC identity in that they do not go back either physically
or in identity, this morphogenetic event is not necessarily a commitment decision. Instead at
least for some cells it is conditional on the microenvironmental change achieved by EMT and
migration. Interestingly, the role of the microenvironment (including cells, matrix growth fac-
tors) in augmenting or preventing EMT-like events is also observed in pathological examples.?”

Growth Factors Induce NC and EMT from Neural Epithelium

It is clear that the inductive environment for NC is complex in spatial origins of the signals
and the temporal windows of responsiveness. These experiments set the scene for searches for
the inductive molecules.

Fibroblast growth factor 2 (FGF2) have been implicated in Xenopus as early paraxial
mesoderm-derived influences to induce NC, as shown by perturbation of FGF and FGF Re-
ceptor functions in vivo and in vitro.”® However, this effect may be indirect, via Wnt media-
tion.”” FGFs have also been implicated in the triggering of pathological EMT.*

Wnt family members and their receptors Frizzled®' have been shown to be present during
the early stages at and prior to induction of the NC in embryos of the Zebrafish (Wnt8),
Xenopus (Xwntl) and chick (Wnt6), and in vitro assays have shown certain Wnt proteins to be
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capable of instigating the mesenchzmal transition and NC marker expression of neural epithe-
lial cells not fated to become NC.*** Wnt family members have also been implicated in the
generation of invasive cell phenotypes in various carcinoma models, consistent with an induc-
tive role for Wnts in pathological EMT.3¢

In vitro and in vivo experiments have shown that the TGF-f} family members BMP-4 and
7 are important for NC induction and, perhaps as a separable event, for the sequential EMT.*’
A persuasive case, at least for Xenopus, has been made that NC induction depends on an inter-
mediate level of BMP-4 and 7 signaling, with higher levels in epidermal layers and lower levels
in central neural epithelium destined for the neural tube.*® BMP-4 action as a gradient appears
to generate NC identity and, also dorsal neural tube characteristics in the neural epithelial cells
slightly more distant. In avian embryos, the case for BMP-4 as an early NC inducer is more
problematic. Part of the response to epidermal BMP-4 is the homogenetic induction of BMP-4
gene expression in the presumptive NC cells themselves, and this later source of BMP-4 may
be crucial for the EMT of cells that already have a NC identity.** However the timing of the
EMT of the NC, which spreads as a rostro-caudal wave, is largely due to the spatiotemporal
availability of the BMP-4 inhibitor Noggin.° The involvement of TGF- family members is a
recurrent theme of EMT, both controlled in development and uncontrolled as in carcinoma®!
and fibrosis. 2

Genes and Molecules in the NC during Induction,
EMT and Migration

Many genes are now known to be up- or down-regulated in early NC cells, or otherwise
play a role in the process. Many are known from previous studies elsewhere, but increasing
numbers arise from directed searches in the embryonic NC. Most successful of these so far are
based on exposute of neural epithelial cells to the growth factor BMP-4 or to inducing epider-
mis, and comparing these to untreated cells by subtractive® and array* techniques.

Induction of NC cells, exemplified in avian embryos, leads to expression of numerous
down-stream targets** including transcription factors such as the zinc finger transcription fac-
tor Shug. Also expressed are Sox9, then Sox0 (Fig. 2) and Sox8 of the SoxE subgroup of HMG-box
transcription factors.®> Sox9 is the first to be expressed, at a similar time to FoxD3 (a winged
helix/forkhead transcription factor),*® overlapping with expression of BMP4 (a growth factor;
see above), cadberin 66 (cell adhesion molecule), and RhoB, (a GTPase possibly involved in
cytoskeletal dynamics).®>47 Sox10 is expressed shortly after Shg, and Sox8 expression begins
soon after Sox10, prior to migration from the neural tube.”” As migration commences and
proceeds at trunk levels, Slug, RhoB, N-cadberin and cadherin 6b are downrf:gul:;lted,43 A849 ¢
are Sox8 and Sox9 (S]M, un{oublished). In contrast Sox10 and FoxD3 continue to be expressed
in migratory NC cells.***3! A cranial but not trunk levels Shgalso continues expression after
emigration onset. Some migrating neural crest cells then upregulate cadberin-7%° and, in chick
embryos, practically all exhibit the carbohydrate epitope, HNK-1,%2 which appears distinctly
after EMT and after the start of migration.'?

Specific Transcription Factors Are Expressed by Nascent NC Cells
Currently the marker most frequently used to mark nascent NC cells is the expression of
the genes for zinc-finger transcription factors of the Slug/Snail family. These genes are also
expressed in many normal and pathological EMTs.*® Interestingly they predate NC evolu-
tion®* and in the NC there has been an evolutionary change in vertebrate classes in the usage of
Slug or Snail at similar times of NC formation.” In the EMT of the avian NC, Shg is ex-
pressed, but experimentally Shug and Snail are functionally interchangeable.’® The Slué gene
seems to be a target of Wnt signaling, via the Lef/B-catenin transcription complex.”™ It is
thought that the Snail-family proteins act as a transcriptional repressor.”” Interestingly, in a
breast cancer line, Snail acts specifically to repress the F-cadherin gene, and this repression
promotes cell invasion.’® Experimental expression of Skug in cranial levels of avian embryos
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increases the expression of RhoB, a marker for the NC region prior to migration, and the
number of HNK-1 immunoreactive NC cells that mlgrate away. Interestmgly, this NC ampli-
fication induced by this one gene is not seen in Xenapus® or in avian embryos at trunk levels,
indicating that different or additional factors are at play in this region.>

The SoxE group of genes drive interesting changes in NC induction and EMT when they
are over—expressed in avian embryos.*”> A characteristic result of over-expression of all SoxE
genes in trunk levels of avian embryos is increase in the amount of the neural tbe that under-
goes EMT, and the more disorganized EMT and local migration of these cells. The HNK-1
marker, normally expressed after the start of NC migration, is induced by SoxE over-expression
prior to emigration, while RhoB expression is reduced. FoxD3 expressmn is slightly reduced
with S0x9 and also Sox10 over-expression, but increases later with Sox9. 47 Shug was reportedly
briefly upregulated by Sox9 expression, but overall Skyg changes little especially when com-
pared to the amplification of the area that undergoes EMT. Sox8 and SoxI0 over-expression
belatedly reduced Sox9 expression, but Sox9 over-expression could increase SoxJ0 and Sox8
levels (SJM, unpublished).

Over-expression of FoxD3*®>! in chick embryos stimulates NC formation and EMT much
like the SoxE genes, including wide—spread premigratory expression of HNK-1 and cadberin-7.
However, neither Slug nor RboB are induced, and there seems to be no synergies for NC induc-
tion when FoxD3 and Slug are up-regulated together. There was a lack of up-regulation of Siug
and Sex9 but up-regulation of Sex/0 and, briefly, Sox8 was seen when FoxD3 was over-expressed
(SIM, unpubhshed) In contrast, over-expression of FoxD3 in Xengpus® has the opposite effect
on NC generation.

A great deal of work has been made to arrange these genes in cascades, although the results
are not yet convincing, perhaps due to the confounding effects of redundancy and the possibil-
ity that the genes and molecules in these events are linked as networks rather than as cascades.

Motor Molecules and Genes in the NC that Contribute to EMT

Newgreen and Gibbins® defined four general conditions that must be or become permissive
of EMT and migration onset in the NC system (i) low NC cell cohesion with the neural
epithelium, (ii) adhesion to migration substrate molecules, (iii) cytoskeletal motility mecha-
nisms, and (iv) absence of barriers to emigration. Although proposed with scant molecular and
genetic knowledge, this is still a useful framework for discussing the mechanisms of EMT in

the NC.
Low NC Cell Cohesion with the Neural Epithelium

The EMT and onset of migration NC cells is associated with a loss or reduction of adherens
junctions from the apical ends of the cells by electron microscopy and a reduction of cell-cell
adhesions by in vitro adhesion assays.? In addition, transient reduction of calcium- dependent
cell adhesxon (that is, cadherin-mediated) can trigger a coordinated EMT in avian neural epi-
thelial cells,%! and the initial response is too rapid to involve gene regulation. This is due to the
down-regulation of the adherens junction-associated adhesion molecule N-cadherin. The
N-cadherin gene is down-regulated during and after EMT and over-expression impairs the
ablhty of some NC cells to leave the neural epithelium.®> But at the protein level, the most
important rapid chan nge may be not the amount of N-cadherin but its de-localization from the
junctional apparatus.®” The cadherin family of homophilic cell-cell adhesion molecules has a
long history of involvement in EMTs (see ref. 1) where they are typically de-localized and
down-regulated (see above for Snail regulation of E-cadberin). The nascent and early migrating
NC cells are however, still adherent to some degree, judging by their extensive yet unspecialized
areas of membrane apposition,' and contributing to this may be residual N-cadherin. How-
ever, other cadherins are actually expressed at this time, such as md/yerm 7, which appears after
migration commences in a sub-group of comigrating NC cells.®’

A consequence of reduction of cadherin is likely to be a liberation of the molecules that link
organized cadherin junctions to the actin cytoskeleton, such as catenins. In particular, 3-catenin



The Neural Crest 35

is of interest since it has a role as a transcription cofactor, binding to Lef/Tcf transcription
repressors, the complex transforming to transcriptional activation. This effect is prominent in
Wnt signaling, where B-catenin availability is increased by inhibition of GSK3f in the
proteosomal pathway for its degradation.*® The activity of Wnt signaling in NC induction has
been noted above. Genes activated by the B-catenin/Lef complex include many genes associ-
ated with the mesenchymal state, cell migration and invasion.®® In addition, nuclear localiza-
tion of B-catenin® is associated with EMT/invasion in some carcinomas.”’” Mutations and
silencing of cadherin and B-catenin that reduce association of cadherins and actin are associ-
ated with EMT and invasion in carcinoma models.%®

Adbhesion to Migration Substrate Molecules

For mouse and avian NC cells, the cells give the morphological impression of hauling them-
selves out of the epithelium of origin via contacts to surrounding extracellular matrix, which
seems to be the initial adhesion substrate for NC cell migration. Changes in the presence and
activity of integrin matrix receptors occur about the time of EMT, and are of functional impor-
tance, as shown when they are perturbed.” However, the usage of particular integrins by NC
cells may show species variability,”® and multiple integrins are coexpressed in NC cells.”! In
particular, the a4P1 integrin receptor for fibronectin seems to be important for migratory
mesenchymal NC.”? Integrin receptors for laminin are also of interest,”® and there scems to be
differences in avian NC cells at cranial and trunk levels.”* Changes in matrix molecules them-
selves are also important, and for the NC string in axolotl, exposure to ECM from older em-
bryos will stimulate premature migration.””

COytoskeletal Motility Mechanisms

Dissociation of the N-cadherin junctions would have direct consequences on the adjacent
circumferential F-actin cytoskeletal ring. This would be expected to reduce the pronounced
apicobasal cell polarity typical of the epithelial state, and perhaps allow actin to participate in
other arrangements, for example, association with matrix adhesions and cell motility processes.
The Rho family of GTPases is important in actin-based dynamics of cell motility.”® Consistent
with this, RboB was identified as a gene induced in chick neural epithelium by BMP-4, and was
normally expressed transiently in the NC region just before EMT.® Also, broad spectrum Rho
inhibition with the C3 exotransferase peptide, albeit at racher high concentrations, inhibited
emigration of HNK-1 immunoreactive NC cells in in vitro assays. However, the early marker
Slug was still detected, leading to the notion that RhoB was required for the EMT and migra-
tion of NC cells but not for the earlier induction stage.> RhoB is expressed before but not
during migration, and over-expression of Slug induces RhoB expression. However, SoxF and
FoxD3 over-expression (which also increase NC migration; see above) suppress RboB expres-
sion (see above). Thus the expression of RhoB does not seem to be crucial for EMT, and its
down-regulation suggests it is not involved in migration. It is at present difficult to say whether
RhoB specifically effects actin in the NC cells, and in addition, relating Rho activity to Rho
expression is not direct. Therefore a possible effect on actin dynamics might lead to stimulation
of EMT in the NC or, conversely, the timing of EMT might be regulated by prevention of
premature EMT. In this latter regard, activity of the Rho family is important in maintaining
the integrity of cadherin-based cell-cell adhesions”” as seen prior to EMT. In addition by anal-
ogy with effects of RhoA on stem cell lineage choice,”® RhoB may be involved in NC induc-
tion. In this regard, cross-talk has been observed between Rho and Wit pathways,”” the latter
being prominent in NC induction.

Perturbation of actin orga.nization in avian neural epithelia in vitro by pharmacological
inhibition of atypical PKC¥® leads to EMT. This involves immediate actin dissociation from
cell-cell junctions, cadherin delocalization and functional adhesive and motile responses typi-
cal of NC cells, and later expression of the NC marker, HNK1.%! Interestingly, the initial EMT
changes are so rapid that they must preceed gene expression changes. In addition, the final NC
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phenotype in this pharmacologically induced EMT is indistinguishable from spontaneously
generated NC cells, but the order of change of molecular systems is different.3?

Absence of Barriers to Emigration

In many cases the NC is not faced with a complete basal lamina, as in the avian and mam-
malian trunk,®? but in the cranial level of mammals, NC cells clearly fragment the basal
lamina to commence migration.® This strongly suggests proteolytic activirg, and NC cells
express Ets-family transcription factors®® whose genes are FGF-regulated,®” and which are
known to be regulators of proteases in development, wound healing and cancer.®® NC cells
show unusually strong plasminogen activator expression®” and activity,”® and this activity is
positively associated with migratory ability in cell culture assays.”*> ADAM13, a multidomain
protease, is important for cranial NC migration in Xenopus.”® Interestingly, the MMPs are
important for NC cells even in regions where there is no basal lamina. MMP-8 is expressed in
NC cells during EMT in mouse embryos.”* MMP-2 is expressed transiently in avian trunk NC
cells at the time of EMT, but not during later migration. MMP-2-specific knockdown with
morpholino antisense oligonucleotides, and MMP inhibition using drugs confirm that that
MMP-2 is required for neural crest EMT, but these do not inhibit migration if applied after the
EMT.*>¢ Since there is no basal lamina to breach in the avian trunk, it is moot what the
plasminogen activator and MMP function is, but one possibility is that it is generating ECM
fragments that could act as motility signals.”’

Conclusions

The EMT of the vertebrate NC is probably the best described and investigated EMT, and
already numerous genes and molecules are known to be involved in the process. The rapid
application of new functional and analysis tools such as electroporation and arrays is allowing
finer and finer degrees of knowledge of the spatial and temporal relationships of molecules, and
their functional relationships. Although this is revealing how complex this process is, it also
holds the promise that EMT can be understood.
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CHAPTER 4

Epithelial-Mesenchymal Transformation
in the Embryonic Heart

Raymond B. Runyan, Ronald L. Heimark, Todd D. Camenisch
and Scott E. Klewer

Abstract

he progenitors of the mitral and tricuspid valves and the membranous interventricular

septum in the heart arise by an epithelial-mesenchymal cell transformation (EMT)

from embryonic endothelial cells. Experiments using collagen gel cultures to mimic the
three dimensional environment in the embryonic heart cushions showed that EMT was trig-
gered by an inductive stimulus produced by the adjacent myocardium and that myocardium
from a nontransforming region was insufficient to induce transformation. Studies using chick
embryos have demonstrated distinct and sequential roles for two isoforms of TGFB, Bone
Morphogenetic Proteins, and roles for several TGFp-family receptors in this EMT. Additional
studies have identified at least two separate transcription factors required for EMT, Slug and
Mox-1. The complexity of the inductive signal is not yet fully understood, but recent studies
have shown roles for several Wnt proteins and a requirement for signaling by extracellular
hyaluronan. The embryonic heart provides an experimental model of relevance to congenital
heart diseases that are likely to continue to provide novel insight into the regulation of EMT as
a normal process of development.

Introduction

While not the first instance of phenotypic change by an epithelium in the embryo (see
Chapter 2, Morali et al), the formation of mesenchymal cells in the embryonic heart provides
an instructive model of epithelial mesenchymal transformation (EMT). Though there are sev-
eral EMT processes that rake place in the hearrt this chapter will focus on the formation of
mesenchymal cells from endothelial cells lining the atrioventricular (AV) canal. These mesen-
chymal cells form the earliest progenitors of the fibroblasts of the seprum intermedium and the
mitral and tricuspid valves. Two other observed EMT processes in the heart include a similar
but not identical process in the outflow tract of the heart that forms the precursors of the aortic
and pulmonary valves' and an EMT of the epicardium that produces both the fibroblasts of
the myocardium and the vascular precursors of the coronary circulation. Though some men-
tion of complementary or conflicting information may be mentioned, there is no effort to be
comprehensive concerning these other cardiac EMTs.

Study of the embryonic AV canal has several advantages for investigators attempting to
understand the process of phenotypic shape change by an epithelium. EMT in the embryonic
heart is an induced process that occurs with very defined timing in the embryo. Unlike several
other EMTs in the embryo described in the present volume, the valvular progenitoss do not
appear to participate in widely divergent differentiation programs and there is no evidence to

Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition,
edited by Pierre Savagner. ©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.



Epithelial-Mesenchymal Transformation in the Embryonic Heart 41

suggest that AV canal endothelial cells are divided into subsets of committed and uncommitted
cell populations. The ability to identify and collect heart tissues prior to EMT enables consid-
erable advantage in obtaining cells and tissues for examination. Studies over the last 20 years,
particularly in culture, have provided significant insight into EMT and the present review will
attempt to summarize the progress made in this system.

Description of EMT in Vivo

Description of embryonic heart development dates from the time of Aristotle. The obvious
external location and motion of the heart in the chick embryo made it a focal point of observa-
tion. Using the light microscope, cellularity of the cardiac cushions of the AV canal was obvi-
ous although the role of these cells was not well understood.? The modern focus on the devel-
opment of the cardiac cushions and the origins of their cellular constituents dates from the
investigations of Markwald and Manasek and their colleagues in the late 1970s. Using electron
microscopy, light microscopy and histochemical procedures, these investigators described the
formation of cushion mesenchymal cells in the AV canal and explored their interaction with
the extracellular matrix that is the substance of the cardiac cushion.3® These investigators fo-
cused on the origin of mesenchyme from the endothelium of the atrioventricular canal and
explored the interactions with the extracellular matrix. Manasek® speculated that the forma-
tion of mesenchyme in the AV canal was due to a tissue interaction with the myocardium, but
there was no experimental evidence to support this conjecture at that time. There remained
some controversy as to the origin of the cardiac mesenchyme. Some argued that the myocar-
dium of the heart was the source of mesenchyme in the AV canal. This controversy was re-
solved by the work of Kinsella and Fitzharris.” These investigators utilized a microscope and a
movie camera to view a cross-section of the AV canal in a culture chamber and photographed
epithelial mesenchymal cell transformation in situ strictly from the endothelium. These studies
combined to provide the basic picture of EMT in vivo summarized below. There has been
some more recent work concerning “myocardialization” of the heart valves by cells migrating
from téhe myocardial layer at much later stages, but it is not clear that this process represents an
EMT.

As shown in Figure 1, the looped heart of the stage 17 chick? embryo shows an expanded
extracellular matrix in the atrioventricular canal that forms two opposing cushions. These cush-
ions consist of an acellular extracellular matrix covered by an endothelium. Radioactive studies
with labeled glucosamine suggest that the vast majority of the extracellular matrix is produced
by the myocardium.'® By this stage, the endothelium shows morphological signs of EMT.
Endothelial cells are hypertrophied,® have polarized golgi apparatus,'® show loss of cell-cell
adhesion'" and have extended filopodia.>” Mesenchymal cells have invaded the underlying
extracellular matrix.>!> Movies by Kinsella and Fitzharris enabled the appreciation of the re-
markable length of these filopodia as they appeared to probe more than 50 pm into the ECM.”
Scanning electron microscope pictures' '!* showed that the hypertrophy of the endothelia was
accompanied by a loss of cell-cell adhesion as openings became visible in the endothelial sheet
and their appeared to be lateral migration in the endothelial layer. After probing the matrix, a
subset of endothelial cells left the endothelial sheet and entered the ECM of the cushion tissue.
The ECM of the cushion was shown to by a hyaluronan-rich ECM while the passage of mes-
enchymal cells through the cushion produced a matrix that was rich in chondroitin sulfate
proteoglycans.'® EMT by the AV canal endothelium continued at least through stage 19 and
produced highly cellular cushions that would be remodeled into valvular structures with subse-
quent development. Figure 2 shows that the mitral and tricuspid valves and the membranous
septum of the ventricle are developed by remodeling of the progenitor cells that invaded the
extracellular matrix of the cardiac cushions. It is worth noting that althou%h there are micro-
graphs that suggest a broad outline of cushions remodeling into valves,'>!® there is very little
knowledge concerning these mechanisms and the development of connections to the papillary
muscles. For example, during mouse heart development immunolocalization results indicate
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Figure 1. EMT in the looped heart is shown by a cutaway view of the atrioventricular canal in a stage 17
chick embryo. Cardiac cushions are shown projecting into the lumen of the heart between the atrium (A)
and the ventricle (V). Mesenchymal cells are shown within the extracellular matrix of the each cushion.
These mesenchymal cells arise from the endothelium lining the lumen and covering the cardiac cushions.

Figure 2. Structures in the adult heart formed by an EMT in the atrioventricular canal. The mitral (MV)
and tricuspid (T'V) valves and the membranous ventricular septum (MS) are populated by fibroblastic cells
produced by the embryonic EMT. RA=right atrium, LA= left atrium, RV=right ventricle and LV=left

ventricle.
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expression of type VI collagen during the period when the AV endocardial cushions differenti-
ate into valve leaflets and the membranous septa. These findings support the hypothesis of a
role of collagen VI in normal AV endocardial cushion differentiation. In the more mature AV
valves of the mouse, high expression of collagen VI is confined to a thin layer on the ventricular
side of the AV valve leaflets."

Development of Collagen Gel Culture

Our understanding of the mechanisms underlying EMT in the heart arose out of the devel-
opment of a three-dimensional collagen gel culture system. Though the utilization of collagen
gels as substrates for three-dimensional migration arose out of the work of Elsdale and Bard,'”
it is not clear that cells were actually invasive into their dense substrates. However, using gelling
solutions of collagen enabled several investigators of the early 1980s to explore the formation
and migration of mesenchyme or fibroblasts in three dimensions.'®! Differences in behavior
by epithelial cells and mesenchyme were observed in natural ECM at approximately the same
time by Overton.?? Collagen gels were first used in the heart by Bernanke and Markwald?! to
explore the interactions between cushion mesenchyme and extracellular glycosaminoglycans.

In 1983, collagen gel cultures were used to demonstrate that, as predicted by Manasek,®
that EMT in the heart was the product of a tissue interaction between the endothelium and the
myocardium.? These experiments consisted of the timed culture and removal of the myocar-
dium with staged AV canal explants. These data showed that the myocardium produced an
inductive stimulus that was required to initiate the EMT and that ventricular explants had
little potential for EMT. Subsequent experiments®*?® showed that the stimulus for EMT could
be provided by either an extract of the ECM or by myocardium-conditioned medium. Com-
parison of ventricular and AV canal explants supported the regional specificity of EMT in vivo.
Ventricular myocardium was incapable of inducing EMT in either ventricular endothelium or
AV canal endothelium.2%?’ The timing and appearance of the cultures suggested a faichful
replication of the EMT process in vivo. These cultures have been subsequently used by a num-
ber of investigators to explore the molecular and cellular aspects of EMT in this system. Figure
3 depicts the EMT process in vitro and summarizes the regional nature of the inductive stimulus.

Identification of Components of the EMT Process

The initial exploration of the EMT process focused upon the role of the extracellular ma-
trix. As EMT was shown to be a response to a myocardial stimulus, the first approach was to
collect and test the extracellular matrix intervening between the cell layers. Krug et al'® showed
that a hyaluronidase-treated fraction of heart ECM produced an apparent activation by endot-
helial cells but it was insufficient to induce invasion of collagen cultures by mesenchymal cells.
Subsequently it was shown that either an ECM extract of the heart collected without hyalu-
ronidase or myocardium-conditioned medium was sufficient to induce EMT in a competent
monolayer of stage 14 endothelial cells.?*?> Though, at the time, experiments combining
hyaluronidase-treated ECM with exogenous hyaluronan did not produce EMT,'? it should be
noted that hyaluronidase disrupts AV endocardial cushion EMT in vitro, and an active role for
hyaluronan in EMT was recently demonstrated in heart explant tissues from genetically engi-
neered mouse models (Fig. 4).%% A similar phenotype to the Has2”~ mouse embryos occurs in
Zebrafish containing a mutated UDP-glucose dehydrogenase gene, encoding an upstream en-
zyme of Has2 (jekyll mutant).”

Because of its ubiquitous distribution in the cardiac jelly and the embryonic ECM, it is
unlikely that hyaluronan alone stimulates AV canal EMT. Based on their role as upstream
activators of Ras, restricted patterns of expression during cardiac morphogenesis, and cardiac
phenotypes in null mutants, members of the ErbB family of recepror tyrosine kinases may act
coordinately with hyaluronan to mediate this process. ErbB2, ErbB3 and ErbB4 are upstream
activators of Ras and are important in heart development.**?! We recently demonstrated that
the induction of AV endothelial cushion EMT by hyaluronan involves ErbB2 and ErbB3. The
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Figure 3. Utilization of the collagen gel assay system to explore EMT. An atrioventricular explant is collected
from a stage 14 (preEMT) heart and placed on the surface of a collagen gel. Endothelial cells grow out from
the explant over the surface of the gel. Continued culture of the explant produces a population of mesen-
chymal cells derived from the endothelium. Removal of the muscular portion of the explant prevents the
EMT. Addition of muscle-conditioned medium restores EMT by the endothelium. An equivalent explant
of ventricular tissue produces little, if any, EMT.

Figure 4. Demonstration of requirement for hyaluronan for EMT. Panel A shows a normal chick heart
explant with a large outgrowth of activated endothelial cells and invaded mesenchyme. Panel B is an
equivalent chick explant grown in the presence of streptomyces hyaluronidase to remove hyaluronan. Panel
C shows an equivalently staged mouse heart atrioventricular canal explant (E9.5) from a Has2™" animal.
Outgrowth and EMT is inhibited by both genetic and enzymatic loss of hyaluronan.

ErbB3 receptor is activated in esporse to exogenous hyaluronan rescue in Has2”" AV canals
explants, and EMT is rescued in Has2”" AV canals explants by the ErbB receptor ligand heregulin.
In addition, soluble ErbB3 and ErbB2 inhibitors block these s1gnalmg events. These studies
demonstrate a costimulatory pathway involving hyalurona.n and a tyrosine kinase receptor-ligand
family are required for AV endocardial cushion EMT.?

One approach to explore the process of EMT, was the production of a polyclonal antiserum
against the inductive ECM fraction (ES antibodies). This antiserum recogmzed a number of
ECM components and was capable of blocking EMT in the collagen gel cultures.*? Due to the
success of this approach, the ECM extract was used as an antigen for monoclonal antibody
production. Clones were tested for activity against EMT cultures. One of these antibodies was
particularly effective and as it recognized a 130 KD protein called ES/130.%® By a variety of
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criteria, the antigen recognized by ES/130 appeared to be a critical mediator of EMT.* How-
ever analysis of the ES/130 sequence suggests that it is most likely an intracellular protein that
participates in regulated secretion (Krug, personal communication). The presence of the ES/
130 antigen in the ECM of the heart may have to do with the extensive secretory activity of the
myocardium during the development of the cardiac cushions. Under the conditions of speci-
men preparation utilized by these investigators, packets of secreted material may remain associ-
ated with the ES/130 antigen. The basis for EMT inhibition produced by ES/130 is unclear.
Perhaps the antibody perturbs interaction between the antigen and one or more components
of the ECM. This immune approach towards the identification of critical components of the
extracellular matrix also resulted in the identification of transferrin as a mediator of cardiac
cushion development.®> An additional molecule identified by this approach, hLAMPI, re-
mains under investigation.3®

An alternative approach, to identification of mediators of EMT was to test a series of growth
factors against competent endothelium (AV endothelial cell cultures with the myocardium
removed prior to induction of EMT). There were few differences observed between the ECM
of the ventricle and the AV canal in two dimensional protein gels but those that were observed
were in a low molecular weight area consistent with growth factors.'® A series of growth factors,
including EGE, FGF2, and TGEB, were tested.” Alone, none of these growth factors produced
EMT. However, when cultured in combination with a ventricular explant, TGFf produced
EMT.? (For a review of TGFp see Chapter 15, Vignais and Fafet, and also Roberts et al’).
EGF and FGF2 had no effect on ventricular cultures. The original experiment utilized the
TGEFB1 isoform but it is clear that the exogenous delivery of any of the three TGFf isoforms
was sufficient to produce EMT.”?® Confirmation that TGF$ was a mediator of EMT was
provided by the observation that a pan-specific antibody against all of the TGFf isoforms
blocked EMT in intact AV canal explant cultures.?”

TGEFp as a Mediator of EMT

The demonstration of TGFp as a mediator of EMT resulted in a series of experiments to
resolve the parameters of the interaction. RNase protection assays were undertaken to define
the TGF isoforms present in the chick heart. These experiments showed a greater concentra-
tion of TGF3 in the AV canal than in the adjacent ventricle but approximately equal amounts
of TGFB2 mRNA in the AV canal and the ventricle. TGFB4 (the avian equivalent of mamma-
lian TGFB1%? was not found in the heart during early valve development.*® In contrast, studies
by Akhurst and colleagues*'#2 in the mouse heart showed that TGFB1 was present largely in
the endothelium and that TGFB2 was present in the myocardium and in the mesenchyme of
the cardiac cushions after EMT. Though these investigators found little TGF3 in the mouse
heart, a recent study shows this isoform appears in the mouse heart cushions after EMT.# In
situ hybridization studies by Barnett et al** and Boyer et al*> have produced the following
pattern of TGFf transcription in the chick heart. Prior to EMT, TGFf2 mRNA is present
throughout the myocardium and endothelium of the heart. In contrast, TGFB3 transcripts are
only present in the myocardium. Subsequent to endothelial activation, TGFf3 is detected in
the endothelium and mesenchyme of the AV canal. Migratory mesenchymal cells continue to
produce TGF2 as they migrate in the cushion. Considering the preservation of specific TGFf
isoform homology between species, the differences between chick and mouse hearts in terms of
isoform distribution and utilization (below) are not completely explained.

Functional utilization of TGFf isoforms in the AV canal was first explored by the use of
antisense oligonucleotides designed against each of the published TGFp sequences. Modified
antisense oligonucleotides were delivered to explant cultures and the effect on EMT was ob-
served. Oligonucleotides directed against TGFp3, alone, were able to perturb EMT in the
explant cultures.® Though it was noted that the antisense oligonucleotides against TGFB3 did
not completely recapitulate the phenotype produced by the pan-specific anti-TGFp antibody
it was accepted that TGFfB3 was the critical member of this family involved in cardiac EMT.
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Studies by Doetschman and colleagues®’#° were focused on the production of null mice for

each of the TGF isoforms. The surprising observation in the mouse was that only the TGFg2
null mouse had hearr defects. Defects in this mouse include structures derived from the cardiac
cushions and had a similarity to defects seen in the human as the Tetrology of Fallot as well as
an arrial septal defect. The TGFB3 null mouse had defects in EMT in the palate but its heart
was normal.

In light of these findings, the role of TGFf2 in the chick was reexamined. As only one
antisense oligonucleotide was tested against TGFB2 in the previous study, it was possible that
the lack of inhibition seen in the earlier study was due to an ineffective oligonucleotide se-
quence. Studies were undertaken with isoform-specific, blocking antibodies in collagen gel
cultures. This approach uncovered separate and sequential activities for TGFB2 and TGFg3
during EMT in the chick heart. As seen before with antisense TGFB3 oligonucleotides,
anti-TGFB3 antibodies blocked EMT after cell separation by preventing invasion of the col-
lagen gel matrix. However, anti-TGFf2 antibodies blocked the initial step of cell-cell separa-
tion similar to the effect seen with the pan-specific anti-TGFp antibody used in a previous
study.?”#> This apparent difference between mice and chicks was tested using mouse heart
explants in collagen gel cultures. As seen in the TGFf null mice, inhibition of TGFB2, not
TGFB?3 blocked EMT in vitro. TGFB3 levels in the AV canal of the mouse rise only after
EMT.

TGFp Receptors

There are three principal TGFf receptors in most biological systems (reviewed by ref. 50).
A signaling complex is formed between the TGFf Type II receptor and the Type I receptor
after binding TGFp. The Type II receptor has higher affinity for TGFf1 and TGFf3 than for
TGFB2.%! The Type I receptor does not appear to bind TGFf in the absence of the Type II
receptor but provides the serine-threonine kinase activity that initiates signal transduction into
the cell.3? A third receptor, betaglycan or the TGFB Type III receptor, has a large extracellular
domain and a small cytoplasmic domain. This receptor has a somewhat greater affinity for
TGFB2 compared to the other isoforms and has been proposed to present this isoform to the
Type II receptor.”®

Studies examining the TGFf receptors in the heart were made possible by the efforts of
Barnetr and colleagues who cloned the avian homologues of the TGFB receptors.>*¢ Initial
studies with antibodies towards the TGFf Type II receptor showed that this receptor was ex-
pressed throughout the endothelium lining the developing heart and the blood vessels of the
embryo. The antibodies were shown to block receptor function and EMT in collagen gel cul-
ture was inhibited.>® Similar studies were performed after the cloning and production of anti-
bodies to the Type III receptor.’® Unlike the Type II receptor, immunostaining for the Type I
receptor in the endothelium was limited to the developing cardiac cushions. This antibody
proved to block EMT in collagen gel cultures as well.* Examination of antibody-treated cul-
tures revealed some differences between the two receptors.”” Cultures treated with antibody
towards TGFf Type III receptor had a close similarity with cultures treated with a blocking
antibody towards TGFB2.% In both cases, the endothelial outgrowth of the cardiac explants
remained cohesive and “unactivated”. In contrast, cultures blocked with antibody towards the
Type II receptor demonstrated a separated, “activated” endothelium where there were numer-
ous fusiform cells on the cell surface. This was similar to the inhibition previously seen with
either antisense oligonucleotides or antibodies against TGFP3.%>%¢ These data suggest that
although ligand and receptor affinity differences do not appear to be significant in vitro, there
is specificity between ligand isoforms and receptor types that can be distinguished in situ.

TGFp Activation
One aspect of TGFf biology in the heart that is difficult to assess is the role of ligand

acrivation. Each of the TGFp isoforms is normally secreted in an inactive form with its amino
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terminal sequence attached and functional as a block to receptor binding.’® Both pH and
proteolytic treatment can be performed in vitro to activate the ligand. In vivo, it appears that
that TGFp isoforms associate with a latent TGFf binding protein and that this association is
critical for either activation or presentation of the active ligand to its receptor.”” Brauer et al®®
demonstrated that ninety five percent of the TGFB3 found in the extracellular matrix of the
heart outflow tract is un-activated. Similar levels of unactivated TGFBs were found by
McCormick.®! Nakajima and colleagues showed that inhibition of latent TGFf binding pro-
tein-1 (LTBP-1) by a blocking antibody could prevent EMT in mouse heart explants in cul-
ture.% Utilization of both antisense oligonucleotides and antibodies against LTBP-1 in chick
heart cultures confirms this finding and shows that the TGFB2-mediated endothelial separa-
tion is particularly sensitive to these reagents (Berkompas and Runyan, in preparation). These
data show that regulation of the TGFB-mediated embryonic induction could be accomplished
by secretion or activation of proteases into the ECM between the endothelium and the myo-
cardium. Studies by McGuire and colleagues®>®® have identified several proteases, including
urokinase and matrix metalloproteinases 2 and 9, in the heart that could mediate TGFB activa-
tion. While the work of these authors has focused largely on the role of these molecules in cell
migration, inhibitory antibodies towards urokinase will block EMT in vitro (Romano and
Runyan, unpublished).

Extracellular Matrix in EMT

The structure of a cardiac cushion prior to EMT is essentially a large area of extraceliular
matrix (ECM) bounded by the myocardium and the endothelium. This ECM is rich in
hyaluronan (HA), chondroitin sulfate proteoglycan, type VI collagen, fibulins, and fibrillins.%”
In addition to serving as primitive valves, the cushion matrix is remodeled to form the mature
valves and septum. Molecular genetic studies in the mouse demonstrate that both hyaluronan
(HA) and versican, a HA binding proteoglycan, are required for formation of the cardiac cush-
ions. Animals lacking these matrix molecules die at £9.5 to 10.5, shortly after the time of
normal development of the AV and outflow tract cushions. Evidence for a critical role of versican
in heart development was provided by the Heart Defect (hdf) transgenic mouse line.%*¢° This
line resulted from the transgenic insertion of a putative enhancer-lacZ reporter gene construct
into the region encoding the glycosaminoglycan attachment domain of versican. Hdf mice do
not survive past E10.5, and the AV and outflow tract cushions are absent.

The dara support both space filling and ligand type roles for HA. While deficits in vivo
correspond to a loss of space-filling HA, many of the in vitro studies suggest that a ligand type
of role is equally important. For example, the removal of HA by hyaluronidase digestion of
chick heart ECM produced an incomplete EMT in culture.!® ECM extracts were fully induc-
tive when extracted without hyaluronidase.?> In whole rat embryo cultures, hyaluronidase
blocked cardiac looping, cushion development and resulted in collapsed cushions.”® The addi-
tion of streptococcus hyaluronidase to normal E9.5 AV canal cushion mouse explants blocked
endothelial transformation into mesenchyme where, presumably, space-filling is less impor-
tant.”! Gene targeting of the principle hyaluronan synthase, Has2, also results in embryonic
lethality ~E9.5 in part due to endocardial cushion defects both of the AV canal and OFT.72
Embryonic cushion cultures established from Has2”" embryos in the collagen gel invasion
assay lack mesenchyme formation which can be rescued by adding HA or reintroducing the
Has?2 gene into the explanted cultures.” Finally, it was recently demonstrated that HA cooper-
ates with growth factors to signal specified endocardium to transform into cushion mesen-
chyme.?® Together, these data suggest that both HA and versican are essential for formation of
the acellular premigratory endocardial cushion cardiac jelly. It is not yet clear if other matrix
components in this matrix also play essential roles, although collagen VI has been implicated in
the cardiac defects common in trisomy 21 (Down Syndrome).”>

In addition to space-filling and ligand roles, components of the ECM provide a motility
substrate for the cell migration component of EMT. The effect of adhesion signals on cellular
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behavior is complex. Cell migration shows a biphasic dependence on adhesion, with maximal
cell movement occurring at intermediate adhesion levels.”# This balance requires exquisite con-
trol of cellular activities with the ECM. In this regard, integrins are a well-characterized family
of cell surface receptors capable of mediating these activities. Integrins are heterodimers com-
posed of o and B subunits that function as bidirectional signaling molecules.”® Variation in
levels of specific matrix molecules has been demonstrated to govern integrin-mediated cell
migration.”® Modulation of integrin-ECM binding affinity,”” 7 and changes in levels of integrins
expressed on the cell surface can alter cell migration rates.®® Integrin binding of the ECM is
well known to initiate signals that are transmitted into the cell altering cell adhesion, migra-
tion, proliferation, differentiation, and cell survival.3! Loeber et al®? used the collagen gel assay
to directly examine the effects of disrupting integrin-ECM binding during AV canal EMT.
Function blocking B1 integrin antibodies, RGD peptides against FN, and YIGSR peptides
against laminin blocked EMT and cell migration. These observations demonstrate that 1
integrin binding to the ECM is essential for AV canal EMT. Studies are now investigating
distinct integrin heterodimer modulation of AV canal EMT.

Other Growth Factors in EMT

As described in Chapter 18, Klymkowsky, in this volume, Wnt proteins are associated with
several EMTs during embryonic development. A recent report of the expression of the soluble
Wht inhibitor, FrzB, showed expression in the cardiac cushions.®> While such expression may
indicate a role in EMT for Whnts, it is conceivable that Wnt activity mediates other develop-
mental events in the heart. To test the activity of Wnts in cardiac EMT, several antisense oligo-
nucleotides were prepared against FrzB. Collagen gel experiments with these oligonucleotides
showed a two-fold increase in the number of mesenchymal cells compared to controls. Con-
versely, the application of mouse FRP-3, a homologue of FrzB, to collagen gel cultures blocked
EMT (Person, Klewer and Runyan, in preparation). Preliminary experiments have identified 6
different Wnt proteins in the heart at the time of EMT. Experiments are underway to identify
which of these are involved in EMT (unpublished data).

The TGF isoforms are not the only members of the TGF superfamily that appear to play a
role in cardiac EMT. Lyons et al*® observed that BMP4 (formerly BMP2A) was expressed in a
collar of myocardium around the AV canal in the mouse embryo at the time of EMT. While it
was tempting to suggest a functional role in EMT in the mouse, null animals for BMP4 died
around the time of EMT and it was difficult to determine whether normal EMT had taken place.
More recently, expression in the AV canal of the mouse heart and the chick heart that suggested
both BMP2 and BMP4 might be involved. Nakajima and coworkers®>3¢ found that BMP2 was
synergistic with TGF3 in promoting EMT in chick AV canal tissue cultures. Further, BMPs 5,
6 and 7 have all been found in the heart.®” However, experiments utilizing misexpression of the
BMP inhibitor, Noggin, and mutations in either BMP receptors or BMPs 6 and 7 have consis-
tently shown stronger effects in the outflow tract than the AV canal.¥# These data suggest that
EMT in the outflow tract of the heart may be somewhat differently regulated.

Signal Transduction during EMT

Studies of signal transduction during EMT began with the observation that pertussis toxin
was a potent blocker of EMT. Pertussis toxin ADP-ribosylates the alpha subunit of G proteins
in the Gi or Gq class of G proteins. This inactivates and inhibits the functions of these mol-
ecules.®” This study also showed that EMT was also inhibited by inhibitors of protein kinase C
and serine-threonine kinase (and that activation of endothelial cells was accompanied by a flux
in intracellular calcium.®’ Subsequent studies of signal transduction in the heart focused on the
TGFB receptors described above. Evidence for ErbB and Ras function during EMT suggests
that these signal transduction mechanisms are also involved see also Chapter 16, Boyer.® Though
not yet integrated into a adequate picture of EMT in the heart, a modulator of Ras signaling,
NE-1, is known to be present and critical in this system for normal valve development.”®
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Cell-Cell Regulation of EMT

Early in cardiac development distinct cadherin subtypes mediate adhesion and segregation
of endocardial and myogenic precursors into the heart forming fields.”’*? Following fusion of
the paired precardiac mesoderm, the primary heart tube consists of an endocardium lining the
lumen, and an outer myocardium. Adhesion between neighboring cells of the endocardium is
mediated by homophilic interaction of VE-cadherin and PECAM-1D and in the myocardium
by N-cadherin.’® VE-cadherin/catenin complex is found in adherens junctions of vascular en-
dothelium and has been show to inhibit migration and proliferation.”® Disruption of the
cadherin/catenin complex is a critical step in the transformation of epithelium to mesenchyme.

During the transformation of endothelium to mesenchyme in the cardiac cushions, endot-
helial cells repress endothelial genes and activate expression of mesenchymal genes. The major-
ity of endocardial cells will remain as VE-cadherin positive endothelial, and go on to express
adult endothelial markers, such as factor vWE> A subset of cells will display a loss of cell-cell
contact and will undergo an EMT to invade the underlying extraceltular matrix. VE-cadherin
mRNA expression is lost by endocardial cells that have undergone cell transformation in the
endocardial cushion (Heimark, unpublished). PECAM-1 mRNA down regulation has been
described in endocardial cells that have migrated to form mesenchymal cells in the AV canal
(E11.5) during cell transformation.”® Regulation of the balance of multiple cell-cell adhesion
molecules is likely to play a role in control of cell invasion during cell transformation.

Transcriptional Regulation of EMT

It is clear that EMT in the heart is a product of multiple inductive and permissive influ-
ences. One approach undertaken in this system has been to explore the transcriptional regula-
tors required for EMT. The zinc finger transcription factor slug is required for EMT during
neural crest migration and gastrulation in the chick embryo.”® Studies exploring a potential
role for slug during endocardial cushion formation were undertaken to determine whether it is
functional in this EMT as well. Antibody and antisense oligonucleotide studies showed that
slug was located in the atrioventricular canal and that it was required for cell separation. Loss of
slug expression produced a polygonal endothelial morphology consistent with that previously
obtained by treatment with antiTGFB2.% Subsequent experiments showed that expression of
slug in collagen gel cultures could overcome inhibition by anti-TGFB2 antibody.”® These data
suggest that regulation of slug expression is the major function of TGFf2 in the atrioventricu-
lar canal. While slug is likely to transcriptionally regulate several molecules, it has been impli-
cated in the loss of cadherins during cell transformation. Slug and several related molecules,
snail, zebl and zeb2, bind to the Ebox elements to repress E-cadherin (see also Chapter 11,
Berx and Van Roy).” It has recently been shown that snail is also a positive regulator of matrix
metalloprotease-2 (MMP-2) expression during snail-induced EMT in carcinoma cells.'® This
enzyme is required for mesenchymal cell migration in the AV canal and may be concomitantly
regulated by Slug.®*

A second transcription factor, Mox-1 (Meox-1) was first identified in the mouse as a marker of
mesenchymal cells throughout the embryo (including in the outflow tract cushions.!®! The avian
version of this molecule was cloned and its distribution and function was explored in the chick
heart (Huang and Runyan, submitted; Wendler, Klewer and Runyan, submitted). Unlike Mox-1
in the mouse, we found this molecule distributed in the endothelium and the myocardium of the
chick. Antisense oligonucleotides towards Mox-1 specifically blocked EMT in the collagen gel
assays after cell separation but prior to invasion. As this pattern was similar to the effects of
and-TGFB3 we determined that Mox-1 expression could be blocked by anti-TGFB3. However,
overexpression of Mox-1 in endothelial cells was not sufficient to cause EMT.

Several additional transcription factors critical to EMT are less well characterized but
likely involved. It was observed that large T mouse mutants had defects in AV canal develop-
ment.'% The T gene was subsegucntly identified as brachyury, the prototype of the Tbx
family of transcription factors.'%? In situ hybridization shows that cells undergoing EMT in
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the heart express brachyury (Huang and Runyan, unpublished) but experiments with antisense
techniques have not yet identified the specific role played by brachyury in the AV canal.
NFATcl was identified as an ex;)ressed transcription factor in the AV canal and Outflow
tract cushions of the mouse. %1% However, there is some divergence of opinion as to whether
NFATec] plays a functional role in AV canal development. This transcription factor interacts
with calcineurin in gene regulation'® but experiments to date with cyclosporine as an in-
hibitor of this pathway have shown no effect on AV canal EMT (Runyan, unpublished data).
Additional transcription factors expressed in the AV canal but without a clear understanding
of a role in EMT include the bHLH repressor, Id2, and GATA4.1%7:108

Clinical Significance of EMT in the Heart

The formation of valves in the heart requires precise interactions among multiple cell types.
The high frequency of congenital heart defects (CHD) reflects the complexity of these devel-
opmental events. One of the most common, significant forms of CHD are atrioventricular
septal defects (AVSD). AVSD consist of a deficiency of the inlet ventricular septum, a common
AV valve, and an incomplete atrial septum primum. This anatomy is reminiscent of a 3-4
month human embryonic heart, and suggests that a developmental perturbation of normal
morphogenetic pathways might be responsible for this CHD. AVSD communications between
the right and left sides of the heart lead to symptoms of heart failure shortly after birth; surgery
is usually required by 6 months of age. AVSD account for approximatelly 10% of all CHD and
are the second most common CHD repaired in the first year of life.'' Post-operatively,
these patients require close follow-up with a likelihood of additional surgeries for AV valve
insufficiency or pulmonary hypertension.

Nearly 70 percent of AVSD are diagnosed in infants with trisomy 21 (Down syndrome
Likewise, the majority of CHD diagnosed in trisomy 21 infants are AVSD. %112 This asso-
ciation has led to speculation that chromosome 21 genes are important in AV valve develop-
ment. While most trisomies include an entire extra chromosome 21, partial trisomies have
been useful in identifying a region of this chromosome that corresponds specifically to CHD
in these patients.!’! What is striking is thar the candidate genes in this region include both
cell adhesion molecules (CAMs) and ECM molecules (Collagen VI chains). This observa-
tion fits with the observations of Kurnit and colleagues''? that fibroblasts from trisomy 21
patients are more adhesive and that increased adhesiveness could account for altered mor-
phology in the AV canal. !

There are likely additional forms of CHD attributable to perturbation of EMT in the heart.
Sheffield and colleagues'!” identified a large family with inherited endocardial cushion defects.
While identification of the specific basis for this problem has eluded detection, the defect has
been mapped to a region of chromosome 1 in the vicinity of the TGF Type III receptor. The
power of genetics to identify candidate molecules and our ability to test for function in AV
canal cultures should be productive in identifying additional mediators of CHD.

) 111

Questions and Future Directions

There are several questions raised by these studies and those of our colleagues in other
chapters of this work. Among these, what are the common elements of EMT and are there
specific mechanisms or molecules that are common to all or many of the EMTs observed in the
embryo. As perusal of this volume suggests, there appear to be a variety of different regulators
and it is clear that not all EMTs are identical. We have begun to systematically test a number of
molecules found in other embryonic EMTs as found in a survey of embryonic gene expression
(http://geisha.biosci.arizona.edu). To date, it appears that some of these molecules will be func-
tional in the heart and others will not be. The characterization of these molecules may enable
the clustering of EMTs into classes and shed light on pathologic EMTs in postnatal life.

While we have a basic understanding of TGFf-mediated EMT in the chick heart, there
are some significant differences between the mouse and the chick. We are very interested in
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understanding the basis for this difference and whether the human uses TGFp isoforms
more like the chick or the mouse. Confounding analysis of EMT in the AV canal is evidence
in both species that there are a great number of ligands, receptors and signal transduction
mechanisms functional in the heart. The complexity appears to increase on a daily basis. We
have embarked on a microarray analysis of transcriptional regulation for many of the identi-
fied signal transduction processes in the heart. It is our hope that a bioinformatics approach
can help identify the intersection or independence of the various pathways.

Together, these approaches should be relevant to the entire field of EMT as represented in
this volume and the usefulness of the heart in resolving aspects of this field will be validated.
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CHAPTER 5

Epithelial-Extracellular Matrix (Cell-ECM)
Interactions in Hydra

Michael P. Sarras, Jr.

Abstract

s a member of the Phylum, Cnidaria, hydra is organized a simple gastric tube with a
Ahead and foot pole. The entire body wall of hydra is organized as a epithelial bilayer

with an intervening extracellular matrix (ECM). The major components of hydra ECM
are highly conserved and reflect those seen in vertebrate systems. These components include
laminin, collagen type IV, and a fibrillar collagen that is similar to a vertebrate type I/II class.
The supramolecular organization of hydra ECM is seen as two basal lamina containing laminin
and collagen type IV (one associated with the basal plasma membrane of the ectoderm and
endoderm) with a central interstitial-like matrix containing fibrillar collagens. Because of the
unique biophysical properties of hydra ECM, decapitation of hydra (or any wound to the
bilayer) results in retraction of the matrix from the wound site. While the epithelial bilayer will
seal within one hour, the matrix remains retracted resulting in a bilayer lacking an intervening
ECM. This triggers an upregulation of matrix component mRNA within 3 hours of wounding
and de novo biogenesis of hydra ECM that is completed within 24-72 hours from the initial
time of decapitation or wounding. While the ECM of hydra is symmetrical (two basal laminin
to the periphery of the central interstitial matrix), the synthesis of matrix components from the
epithelium is asymmetrical. For example, laminin is secreted from the endoderm while col-
lagen type IV and hydra fibrillar collagen (Hcol-I) are both secreted from the ectoderm. The
timing of matrix component secretion is also irregular in that laminin and collagen type IV are
secreted and integrated within the newly forming basal lamina within 6-12 hours of decapita-
tion or wounding while fibrillar collagen is not secreted until at least 24 hours. Antisense
studies in which hyda laminin translation was blocked, indicates that secretion of hydra fibril-
lar collagen is depending on secretion and polymerization of hydra laminin. Lastly, biogenesis
of hydra ECM is accompanied by the upregulation of hydra matrix metalloproteinase. Func-
tional studies of shown that blockage in the translation of any of these ECM components
results in a blockage of hydra regeneration (morphogenesis). Other studies have also shown
that cell- ECM interactions in hydra is also coupled to cell differentiation processes. In sum-
mary, hydra morphogenesis is dependent on ECM biogenesis as are processes related to cell
differentiation.

General Introduction to Hydra Structure and Tissue Dynamics

As a member of the Phylum Chnidaria, hydra arose early during metazoan evolution prior to
the divergence of the protosome and deuterostome branches. The body plan of hydra is orga-
nized as a gastric tube with a hypostome and ring of tentacles at the head pole (apical pole) and
a peduncle and basal disk at the foot pole (basal pole). The head pole functions in feeding while
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the foot pole functions for attachment to the substratum. The entire body wall of hydra is
organized as a simple epithelial bilayer with an intervening extracellular macrix (ECM). Previ-
ous studies have established that hydra ECM has a similar molecular composition to that of
vertebrate species!™ and functional studies have established that cellFECM interactions are
critical to developmental processes in hydra.>'? In addition, pattern formation in hydra is
regulated by epitheliopeptides'® and classical growth factor signaling pathways.'* The organ-
ism has about 20 different cell types that arise from three cell lineage pathways to include: (1)
ectodermal cells, (2) endodermal cells, and (3) interstitial cells.'>!4 Cells of these lineages have
particular distribution patterns along the longitudinal axis. For example, battery cells are re-
stricted to the tentacle ectoderm and basal disk cells are restricted to the base of the foot pro-
cess. Despite this restricted distribution pattern, the cells of hydra are in constant division and
turnover. This division occurs by stem cells in the body column that lead to differentiated body
column cells that are constantly displaced toward the poles.'® In the case of the ectoderm, for
example, as cells are displaced into the tentacles or the basal disk, they trans-differentiate into
battery cells and basal disk cells, respectively.* Battery cells and basal disk cells are eventually
shed from the body column when they reach the tip of the tentacles or central portion of the
base of the foot pole. The division rate of interstitial stem cells varies from that of epithelial cells
as does the patterns of transdifferentiation. As a consequence of this extensive cell turnover,
hydra are highly regenerative.*!° This high regenerative capacity allows one to analyze devel-
opmental processes using a variety of molecular and cell biological approaches. It is important
to keep in mind, however, that previous studies have established that morphogenesis in hydra
only requires the presence of epithelial cells' given the fact that epithelial hydra that have no
interstitial cells can regenerate both a head and foot pole or form complete hydra from pellets
of only epithelial cells.'* With this in mind, the focus of this chapter s to highlight the role of
epithelial-ECM (cell- ECM) interactions in partern formation and regeneration in hydra. The
chapter has been organized to first give the reader a general introduction to hydra structure and
tissue dynamics and then discuss the structure and biogenesis of hydra ECM as related to
pattern formation and regeneration. The chapter ends with a section on the regulation of
cell-ECM interactions by hydra metalloproteinases.

Composition and Supramolecular Organization of Hydra
Extracellular Matrix

Two decades ago, experiments were begun to utilize hydra as a developmental model to
study the role of cell-ECM interactions during pattern formation in epithelial systems. The
specific questions being asked related to the role of hydra ECM in cell differentiation and
morphogenetic processes. As a first step, it was essential to clarify the molecular composition
and structure of hydra ECM. The strategy implemented involved: (1) isolation of hydra ECM
and use of biochemical and immunological approaches to analyze the purified matrix prepara-
tion, (2) use of the purified hydra ECM preparation to generate a battery of hydra specific
polyclonal and monoclonal antibodies, (3) use of these hydra specific antibodies as reagents to
screen expression cDNA libraries and as probes to characterize the distribution of matrix com-
ponents in hydra ECM using morphological techniques, and (4) use of hydra-specific antibod-
ies and isolated matrix component domains as blocking reagents to study the role of cel. ECM
interactions in hydra using a number of regeneration bioassays.

Initial biochemical and immunological studies using antibodies generated to vertebrate ECM
components indicated that hydra ECM had a spectrum of matrix components similar to those
observed in higher invertebrates and vertebrates. Specifically, evidence for the presence of col-
lagen type IV, laminin, heparan sulfate proteoglycan and fibronectin-like molecules was pre-
sented.!® Pulse-chase autoradiographic studies in conjunction with translational and
post-translational processing inhibitor studies supported the presence of collaigen and
proteoglycan components Sarras et al.'” Use of hydra-specific monoclonal antibodies' in com-
bination with special ultrastructural staining techniques'® clarified that hydra ECM contained
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Figure 1. Localization of hydra collagen type IV to the basal lamina of hydra ECM. Whole mount immu-
nofluorescent images are shown in A and B while frozen sections are shown in C and D. Arrows in A and
B indicate the signal from ECM along the longitudinal axis while the arrowhead indicates the apical border
of the ectodermal cells. Arrows in C indicate the signal associated with the basal lamina. Because the
ectodermal and endodermal cell layer both have their own basal lamina in hydra, a “railroad track” pattern
is seen (C). The inset in C is an enlargement of the image shown in C. A phase image of fluorescent image
of Cisshown in D. In D, arrows indicate the basal lamina regions while the arrowhead indicates the apical
border of the ectoderm.

distinct structural regions. Adjacent to the basal plasma membrane border of each epithelial
layer was a defined basal lamina-like region named the subepithelial zone and intervening
between these two basal lamina-like regions was a central fibrous zone that appeared similar to
interstitial matrix. Subsequent cloning studies resolved this issue by showing that laminin chains
were confined to the subepithelial zones'® (i.e., basal lamina) and type I-like collagen was
confined to the central fibrous zone? (i.e., interstitial matrix). Recent unpublished studies (Sarras,
et al) using collaﬁen type IV NCl-derived anti-peptide antibodies have established that hydra
collagen type IV! is also localized to the subepithelial zone (basal laminin). As shown in Figure
1, immunostaining using this collagen type IV NC1 antibody shows the typical railroad track
pattern reflective of the two basal lamina to the periphery of the central interstitial matrix of
hydra ECM. Based on these studies, an overall structure of hydra ECM is shown in Figure 2
and a discussion of each of the major components (laminin, collagen type IV and collagen type
I/IT) of hydra ECM follows. A list of the major components of hydra ECM with their general
properties is shown in Table 1.

Laminins

The Laminin Family of Matrix Proteins

Laminins represent a family of glycoproteins that are a major component of basement mem-
branes (basal lamina). To date, twelve different laminin heterotrimers have been identified in
mammals and a number of laminins have been identified in invertebrates such as Drosophila,
C. elegans, and sea urchin.?**” Laminins are involved in basement membrane assembly and are
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Figure 2. Diagrammatic representation of the supramolecular structure of hydra ECM. Only the major
components are shown (hydra laminin, collagen type IV, and fibrillar collagen).

an important component in the supramolecular architecture of matrix.?#* The heterotrimer
isoforms are generated from three types of subunits, namely, the o, f, and y chains. In verte-
brates, we find five different o chains and three different f and y chains. Various combinations
of these chains leads to the twelve heterotrimers referred to above and at least three chains may
exist as alternatively spliced forms.*!">> ECM suprastructure is based on assembly of a self-binding
laminin mesh-like polymer, formation of a self-binding type IV collagen network polymer, and
subsequent binding of various other ECM components to these networks.> Interaction of
laminin domains to cell surface ECM-binding proteins such as integrins and dystroglycan is
involved with matrix assembly processes* and with cell signaling events® associated with cell
differentiation and morphogenesis.

Hydra Laminin

Hydra laminin chains have been cloned and functionally analyzed.®!>'® As stated, hydra
laminin is localized to the two subepithelial zones (basal lamina) of hydra ECM. The complete
sequence for a hydra B1-like chain®!® and a partial sequence of an a-1-like chain® has been
reported. No ¥y chain has thus far been identified, although the typical trimeric form for iso-
lated hydra laminin has been observed by rotary shadow TEM analysis.® While hydra laminin
is localized to the two subepithelial zones (basal lamina) of hydra ECM, it is synthesized exclu-
sively by the endoderm, which means that the molecules have to diffuse through the mesoglea
to reach the ectodermal layer Shimizu et al.” The location at the basal region of both cell layers
suggests that laminin is required for proper cell function and differentiation. Consistent with
this proposal, laminin secretion from the endoderm precedes secretion of hydra collagen-I/I1
that arises from the ectoderm and inhibition of laminin secretion will block collagen secretion
Shimizu et al.” Earlier studies have already established that antibodies to hydra laminin will
block hydra morphogenesis Sarras et al'®> and other ECM-related processes such as cell
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Table 1. Major components of hydra extracellular matrix

ECM Component General Properties

Laminin Contains o, , and y subunits in a trimeric cruciate (HLM) structure.
Cloning studies indicate the alpha subunit is a vertebrate o.1-like or
Drosophila-like chain while the beta subunit is a vertebrate p1-like
chain containing at least one defined cell binding domain (FTGTQ).
Collagen type IV A homotrimeric glycoprotein formed from three collagen IV a1-like
(Hcol-1v) chains. Each subunit contains a collagen domain at its N-terminus and
a smaller non-collagenous domain (NC1) at its C-terminus. The
collagen domain contains RGD cell binding motifs. TEM rotary
shadow studies indicate that polymerization of Hcol-IV molecules
within the ECM involves interaction of the NC1 domains. A typical 7S
domain at the N-terminus appears not to be present in the mature ECM.
Fibrillar Collagen type | A homotrimeric glycoprotein formed from three collagen type |
(Hcol-1) al-like chains. Each chain contains a N-terminal propeptide and
C-terminal propeptide. During processing the C-terminal pro-peptide is
removed, but the N-terminal propeptide is retained in the mature
molecule. This results in the formation of flexible fibrils but not
thickened banded fibrils as typically seen in vertebrate type |
collagens. Hcol-Is flexibility is enhanced by a reduction in its proline
content and a loss of critical lysines involved in lysyl-cross bridging.

migration.?” While the mechanism(s) of signal transduction in hydra is not fully known, some
published data suggest the involvement of integrins, the primary class of ECM-receptors in
higher animals,® as being important to celllECM interactions in hydra.* This hydra data
mainly pertains to a region in the short arm of the hydra B1-like chain. In this regard, sequence
analysis of the B1-like chain indicates the substitution of a FTGTQ sequence for the YIGSR
receptor-binding sequence observed in vertebrates. Although the role of the YIGSR sequence
in signal transduction-mediated processes has been questioned, recent studies indicate (1) its
potential use as an inhibitor of human preB leukaemic cell growth and metastasis using SCID
mice models® and (2) its role in the guidance of axon growth cones.*® Such studies and others
support its involvement in cell signaling processes. The substituted FTGTQ sequence in the
hydra B1-like chain has also been shown to interact with the cell surface under both in-vitro
and in-vivo conditions'® and affinity purification studies indicate that the FTGTQ sequence
can interact with a hydra integrin-like protein.® Further analysis of (1) laminin-mediated cell
signaling processes and (2) the role of laminin in the biogenesis and assembly of hydra ECM is
required to fully understand the relationship of pattern formation to ECM structure and as-
sembly in this invertebrate organism.

Collagens
The Collagen Family of Matrix Proteins

Collagens are found in all animals and are the most abundant protein of the extracellular
matrix. The basic structure of this large protein family consists of multiple Gly-X-Y repeats.
Extensive structural and functional diversity among collagens is accomplished by introducing
interruptions in the triple helical domains and inclusion of various globular domains.**#2 Some
collagens, like the basement membrane collagen type IV are found in all animals, whereas
others ate limited to particular groups. The fibrillar collagens for instance have previously only
been found in vertebrates and have not been identified in invertebrates. In contrast, specialized
collagens such as the cuticle collagens of C elegans *> and the mini-collagens of hydra nematocyte
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capsules® have only been found in invertebrates. Surprisingly, Kramer** has reported that the
cuticle collagens of C. elegans are encoded by more than a 100 genes. These observations indi-
cate how diversity in collagen structure is utilized to meet the needs of a broad spectrum of
specialized extracellular matrices. Accordingly, analysis of the structure of specialized collagens
provides us with insight into the organization and function of ECM in both vertebrates and
invertebrates.

While indirect evidence had suggested the existence of collagens in the ECM of hydra,
only recent structural and functional analysis has provided a clear understanding of the types of
collagens that exist in this invertebrate.?!” These collagens include a basement membrane-type
(hydra collagen type IV, Hcol-1V) and an interstitial-type (hydra fibrillar collagen, Heol-1). As
will be discussed, these collagens have been characterized at both the cDNA and protein level.

Hydra Collagen Type IV (Hcol-IV)

Collagen type IV is the second most prominent constituent of basement membranes after
laminin. These collagens are glycoproteins composed of three subunits that form a polymer-
ized network in conjunction with laminin.**464” Currently, six different types of collagen type
IV subunits are known to exist in vertebrates.”#*#” Invertebrate collagen type IV molecules
have previouslg been identified in such organisms as Drosaphila,*® C. elegans® and a number of
other species.”” Recent studies by Fowler et al'? report that hydra ECM also contains a collagen
type IV. Analysis of the cDNA clone revealed a protein of 1723 amino acids, including an
interrupted 1455 residue collagenous domain and a 228 residue carboxyl-terminal
noncollagenous domain. Heol-1V is similar to all known o(IV) chains, but again, most closely
resembles vertebrate and invertebrate 1(IV) chains. Like hydra fibrillar collagen, Heol-IV
also forms homotrimeric molecules. Electron microscopy reveals an irregular network of rod-like
structures interrupted by globular domains. This network can be depolymerized by reducing
agents to dimeric collagen molecules, joined via their C-terminal noncollagenous domains.
Under extensive denaturing conditions, depolymerization can only be taken to the dimeric;
but not monomeric stage; indicating that the individual polypeptide chains, are quantitatively
held together by nonreducible cross-links in addition to disulfide bonds. This behavior is quite
different from the vertebrate collagen type IV that needs pepsin digestion for solubilization.
For vertebrate collagen type IV, 2 model has been proposed in which four molecules aggregate
via their N-terminal domains to form a spider-like structure. The interactions are stabilized via
disulfide bonds and lysine derived cross-links, resulting in a highly protease resistant 7S do-
main. In addition, the C-terminal globular domain, NC1, binds to itself, mainly via disulfide
bridges, to form a linear dimer. Both interactions at the N-terminal and C-terminal ends lead
to the proposal of an open network structure that can further polymerize via lateral aggregation
of the triple helical domains.””*° In contrast, in hydra while C-terminal interactions and lateral
aggregation occurs, a stable 7S domain is not formed. A similar collagen type IV has also been
reported in the worm, Ascaris suum.’!

Hydra Fibrillar Collagen (Hcol-I)

Fibrillar collagens make up the majority of matrix components within the interstitial ma-
trix. Likewise, hydra fibrillar collagen is the major component of hydra ECM.? The cDNA for
the hydra fibrillar collagen, Heol-I, encodes a protein of 1412 amino acids. The polypeptide
isolated from hydra ECM has an apparent molecular weight of 155 kDa. The subunit chains of
Hecol-I form homotrimeric molecules that constitute the majority of the fibrils within the
central fibrous zone (interstitial matrix). Sequence comparisons clearly define Heol-I as a fibril-
lar collagen. The highest similarity is to the o chains of vertebrate collagens type I and II. A
similar degree of similarity is found between Heol-I and invertebrate sea urchin collagen®? and
a sponge fragment.” Corresponding to the similarity at the sequence level, Heol-I also exhibits
the characteristic domain structure of fibrillar collagens, consisting of a central triple helical
domain flanked by an N-terminal propeptide-like domain and a C-terminal propeptide. It is
note worthy that the triple helical domain with 340 uninterrupted GLY-X-Y repeats has

10,45
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exactly the same length as the fibrillar collagens of vertebrates, suggesting similar fibril forming
possibilities.

Despite marked similarities in the primary structure, there are distinct differences in the
supramolecular organization of vertebrate fibrillar collagen networks as compared to that seen
in hydra ECM. Heol-I forms a network of fine fibrils” rather than thicker banded fibrils as seen
by electron microscopy of vertebrate interstitial matrices. In contrast to vertebrate collagens
that require pepsin digestion for solubilization, large polymeric structures of Heol-I can be
isolated from the ECM of hydra under native conditions.

Several factors are responsible for the special structure of hydra Heol-I. These factors in-
clude: (1) a low content of proline in the triple helical domain that is only about 40% that of
vertebrate collagens: (2) a reduced degree of inter-chain cross-linking due to the lack of classi-
cal consensus sequences for lysine/lysine-aldehyde derived covalent bonds; and (3) most im-
portantly, altered post-translational processing that results in retention of the N-terminal
propeptide-like domain in the mature molecule. Combined, these factors result in a more
flexible colla.%en that can bend on itself as suggested by the early ultrastructural studies of Davis
and Haynes.

In addition to Hcol-1, recent studies by Boot-Handford®* have shown that hydra has at
least two additional fibrillar collagens (Hcol-2 and Hcol-3). While it is known that these fibril-
lar collagens contain NC2 domains, their localization to ECM has not been determined.

In summary, the basic components of hydra ECM are organized into two basal lamina
containing at least laminin and collagen type IV and an interstitial collagen containing at one
three fibrillar collagen. The hydra EST project (Bode and Steele, Univ. of California, Irvine)
has identified a number of additional matrix components such as fibrillin; however, their local-
ization to hydra ECM has not been determined.

Biogenesis of Hydra ECM during Regeneration, Epithelial Repair
Along the Longitudinal Axis, and during Normal Cell Turnover
in the Adult Polyp

Based on previous studies, the sequential phases of ECM biogenesis during head regenera-
tion in hydra are summarized in Figure 3. These phases involve, (1) ECM retraction at the time
of decapitation, (2) early epithelial wound healing, (3) biogenesis of the two basal lamina, and
(4) subsequent biogenesis of the interstitial matrix. As will be discussed in this section, these
phases, along with functional studies, indicate that ECM biogenesis in hydra involves cross-talk
bctwe7en the two epithelial layers as well as signaling between the ECM and each epithelial cell
layer.

Hydra is unique among metazoans in that surgical excision of the head pole (ot foot pole)
gives rise to a significant area of tissue not underlain by the ECM even after the cut edges of the
bilayer has fused and the wound site is sealed. In this process, the mechanisms underlying loss
of the ECM likely involve a combination of factors related to (1) the intrinsic flexibility of
hydra matrix as discussed by Sarras and Deutzmann® and (2) alterations in ECM-epithelial
adhesions that result in subsequent changes in the relative position of epithelial cells to the
underlying ECM.3 Loss of the ECM at the regenerating pole triggers rapid morphological
changes in cells of the head pole that is most evident in the ectoderm cell layer.

The rapid changes in the structure of cells that lose an ECM association (from a high to a
low cuboidal morphology in the case of the ectoderm) may be related to signali% processes
involving tensegrity mechanisms as previously discussed by Ingber and associates.””* Tensegrity
mechanisms involve structures that are mechanically stable not because of the strength of indi-
vidual members, but because of the way the entire structure distributes and balances mechani-
cal stresses. In the case of cell . ECM interactions, these structural balances involve the
inter-relation of the ECM, plasma membrane ECM receptors, and cytoskeletal systems within
the cell thar are linked to the ECM via cell surface receptor systems.”” Such alterations in cell
morphology resulting from the presence or absence of an ECM have commonly been reported
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Proposed Model for Signaling Pathways
Regulating De Novo Biogenesis of ECM in Hydra
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Figure 3. Steps in the biogenesis of hydra ECM during head regeneration. The steps deplicted are described
in detail in the section dealing with ECM biogenesis.

for cells under in vitro conditions (e.g., cell culture studies),®! but have been less frequently
reported for cells under in vivo conditions. One notable exception to this is the process of
wound healing in mammals. As recently reviewed by Nedelec et al? an incision to the skin
results in a migration of fibroblasts through the ECM at the site of the wound. Subsequent
wound healing involves reepithelialization and reformation of an intact basement membrane
associated with the reformed epidermis. In regard to the epithelial components, this mimics
what is observed in hydra and suggests that these processes have been highly conserved during
evolution.

Within 3 hours of decapitation, when the ECM is no longer in contact with the head pole
bilayer, epithelial cells of the ectoderm and endoderm layer up-regulate genes for ECM com-
ponents of both the basement membrane (HLM-$1, Hcol-IV) and interstitial matrix (Hcol-I)
(Fig. 4). The spatial and temporal pattern for exptession of ECM components in hydra is more
complicated than originally envisioned. While the symmetrical organization of hydra ECM
[two Eeripheral subepithelial-associated basement membranes and one central interstitial ma-
trix]>> might suggest that both epithelial layers would be involved with secretion of all base-
ment membrane components, it is now clear from that at least one basement membrane com-
ponents, namely hydra laminin (chains HLM-1 and HLM-al), is produced solely by the
endoderm while at least one interstitial matrix component, namely Heol-I, is produced solely
by the ectoderm. Like Hcol-I, hydra collagen type IV (Hcol-IV) is also produced by the ecto-
derm'® and becomes associated with the basal lamina during ECM biogenesis (Figs. 1-5). As
was seen with laminin (Fig. 4) hydra collagen type IV is observed associated with the reforming
basal lamina by about 7 hours following decapitation of hydra and its immunofluorescent
signal reaches a maximum at about 12 hours following decapitation (Figs. 4 and 5). Although
not anticipated, hydra matrix metalloproteinase (HMMP) is also expressed during ECM bio-
genesis and as with laminin, is produced by the endoderm.” The temporal pattern observed for
the secretion of matrix components implies that a coordinated cross-epithelial signaling pro-
cess is occurring during the biogenesis of hydra ECM (Fig. 3). This cross signaling would occur
in two phases. The first phase would occur immediately following decapitation when the ECM
retracts and the ectoderm and endoderm directly contact one another along their basal plasma
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Figure 4. Spatial and temporal pattern of the expression of hydra ECM components as analyzed at the
mRNA and protein level. Morphological and biosynthetic events occurring within 3 to 96 hours following
decapitation as monitored by whole mount in situ hybridization for hydra collagen I (Col) (A) [same pattern
seen for hydra collagen type IV (Hcol-IV)] and hydra laminin $1 chain (LM) [same pattern seen for hydra
laminin a1 chaiin (HLM-a1)] (B), whole mount immunofluorescence for LM (C-F) and Col (G-]), and
Northern blot analysis (K). As shown in A and B, up-regulation at 3 hours following decapitation of hydra
collagen is associated with the ectoderm (A, arrow) while up-regulation of hydra laminin is associated with
the endoderm (B, arrow). While the epithelial bilayer has already fused at the apical pole (asterisk in C-J)
a hiatus in the ECM still exists at 3 hours following decapitation (C and G). The original cut edge of the
ECM can still be detected through 24 hours following decapitation as monitored with antibodies to LM
(C-E) and Col (G-I). Reformation of a continuous ECM at the regenerating head pole is first observed with
antibodies for LM between 7-12 hours following decapitation (D, arrowhead) and this signal continues
through 24 - 48 hours of regeneration (E and F, respectively; arrowhead) (the same patternisshown forhydra
collagen type IV as seen for hydra laminin as shown in Fig. 5). In contrast, an ECM associated signal for
hydra Col is only weakly detected by 15-24 hours (not evident at the magnification shown in Fig. 2) while
an easily observed signal is seen between 24-48 hours at this same magnification (compare I and J, arrow-
head). Up-regulation of mRNA for LM (K) and Col (data not shown) precedes the appearance of immu-
nofluorescent signals for proteins associated with the reforming ECM. Elongation factor a1 (Efal) is used
as a loading control for Northern blot analysis of the mRNA lanes shown in K. The relative fluorescent and
Northern blot signals for LM and Col (both fibrillar collagen the hydra collagen type IV) over 72 hours
following decapitation are shown in graph form in L. Scale bar in B (A and B), 200 pm. Scale bar in J (C-]),
250 pm.
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Figure 5. Localization of hydra collagen type IV to the reforming ECM during head regeneration in hydra.
The retracted cut edge of the ECM (arrow in inset of A) is shown just inferior to the apical pole of the
regenerating hydra (A). By this time, the bilayer epithelium has fused (indicated by the asterisk) so that the
apical pole is closed off from the gastric cavity. By 7-12 hours, the basal lamina are reforming (arrowhead
in B) and this continue through 24 and 48 hours (arrowheads in C and D). Formation of the hypostome
and tentacles (D) after biogenesis of the ECM as occurred.

membrane surfaces. The combination of ECM loss plus the subsequent contact of the basal
plasma membrane surfaces of the bilayer results in an up-regulation of mRNA for matrix com-
ponents and HMMP by 3 hours following decapitation. In the second phase, laminin is se-
creted from the endoderm and collagen type [V is secreted from the ectoderm into the inter-basal
plasma membrane compartment of the bilayer. Laminin and collagen type IV seed to the basal
plasma membrane of both the ectoderm and endoderm. This directly supports the work of
Colognato and Yurchenco®® who have proposed that similar laminin seeding processes occur in
mammalian systems. Binding of laminin to the bilayer then stimulates ectodermal cells® to
later begin to secrete Heol-I (between 15-24 hours following decapitation) that then polymer-
izes in the central fibrous zone of hydra ECM. This polymerizing interstitial matrix is seen as
an easily detectable fluoresescent signal between 24-48 hours. An alternative explanation is
that the delay in the appearance of Hcol-I relates to some changes in the normal processing of
Hecol-I following its secretion and this altered processing prevents recognition by our mono-
clonal antibody to Heol-I. This seems unlikely however, because use of a polyclonal antibody
raised to mature Heol-I also gives the same results (unpublished data). In addition, a causal
relationship between laminin binding and the discharge of Heol-I follows from the antisense
studies described in the current study. These studies clearly indicated that blockage of the
discharge of laminin resulted in the lack of appearance of Heol-I at the site of ECM formation.
Previous studies by Agbas and Sarras®® and Sarras et al'® as well as more recent studies by
Zhang et al® have shown that hydra has ECM receptors for laminin and some of these receptors
appear to be of the integrin class. The role of collagen type IV in this process is less clear and
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requires further investigation. Taken in total, these studies indicate that while the body wall of
hydra is structurally reduced to an epithelial bilayer with an intervening ECM, matrix biogen-
esis by this bilayer is complicated and involves signaling events between both the ectoderm and
endoderm. These signaling events function to coordinate the expression and final polymeriza-
tion of both basement membrane and interstitial matrix components and also involve the
simultaneous expression of matrix metalloproteinases.

The sequence of events following excision of the head pole (i.e., fusion of the epithelium,
retraction of the ECM resulting in an epithelial bilayer with no underlying matrix, shape changes
of epithelial cells and subsequent biosynthesis of a new ECM), is not unique to regeneration
processes in hydra. Epithelial repair experiments in which a transverse incision of the body
column was inflicted, resulted in the same ECM-associated events observed during head regen-
eration; namely retraction of the ECM at the incision site and subsequent up-regulation of
basement membrane components, interstitial matrix components and hydra matrix
metalloproteinase.” This coincidence of cell-ECM events strongly suggests that the de-novo
biogenesis of a matrix following injury to the epithelium is a fundamental process of the bilayer
that is not unique to head or foot regeneration. Grafting of hydra also induces ECM biogen-
esis.” In some cases grafting results in abnormalities in the cylindrical shape of the body col-
umn. Like decapitation, surgical bisection of hydra results in a loss of the ECM at the graft site
followed by a de novo biogenesis of a new matrix between the two grafted halves. The shape
abnormalities induced in the body wall in some grafts could result from a number of variables
such as poor adhesion of the two cut epithelial surfaces®® in combination with a loss of the
ECM at the time of grafting. Because all grafts have a retraction and reformation of the ECM,
but not all grafts show deformation of the body column, it is not likely that cell- ECM interac-
tions are the sole factor contributing to body abnormalities following grafting. These studies
do indicate however, that ECM biogenesis does occur whenever grafting is performed and
therefore cell-ECM interactions are one of a number of factors that must be considered when
evaluating such body shape abnormalities.

It should be noted that a certain degree of ECM biogenesis and turnover is always occurring
along the body column of hydra. This has been shown for laminin,%* fibrillar collagen,” type IV
collagen,'? and hydra matrix metalloproteinase.®* Levels of ECM biogenesis and turnover vary
along the longitudinal axis. Relatively higher levels are associated with positions of cell
transdifferentiation (e.g., base of tentacles and basal disc region). Therefore, when stated that
incision of the epithelium induces ECM biogenesis to occur, this is a relative statement and
means that incision induces a significant increase in the expression of ECM components over
the normal background levels. This increase is clearly related to the fact that incision results in
a loss of ECM at the wound site. Loss of an ECM then results in a complete de novo biogenesis
of matrix components.

Epithelial Morphogenesis in Hydra Is Dependent on ECM
Biogenesis as Monitored during Head Regeneration and Epithelial
Repair Following Surgical Incision of the Bilayer

Previous studies with hydra cell aggregates (morphogenesis of intact hydra from a pellet
formed from dissociated hydra cells) have shown that reagents that perturb cell- ECM interac-
tions such as antibodies to matrix components or fragments of matrix components can block
epithelial morphogenesis.'> The recent studies of Shimizu et al” indicate that cell.ECM in-
teractions are inherent to a wide variety of morphogenetic processes in hydra to include simple
incision of the body column. In this regard, the term epithelial morphogenesis is being used in
a broad sense to include a spectrum of developmental processes such as cell differentiation, cell
shape, and the establishment of three-dimensional form, etc. Cell-ECM interactions may af-
fect one or more of these processes. As shown by Shimizu et al” the region of the epithelial
bilayer undergoing head morphogenesis is always located apical to the original cut edge
of the ECM. Therefore head morphogenesis in hydra always involves de novo biogenesis and



Epithelial-Extracellular Matrix (Cell-ECM) Interactions in Hydra 67

polymerization of ECM. This is consistent with that reported for other epithelial systems such
as the pulmonary system, salivary glands, the mammary gland, and renal system of vertebrates;
however, these later studies utilize organ culture conditions® while the studies described for
hydra represent in vivo conditions. This further supports the contention that ECM biogenesis
is closely coupled to epithelial morphogenesis and that this fundamental relationship has been
maintained throughout evolution.

In hydra, the importance of ECM biogenesis to head morphogenesis is functionally con-
firmed by antisense experiments in which blockage in the translation of the hydra basal lamina
components such as laminin chains®’ and collagen type IV!? results in a perturbation of head
morphogenesis. Recent studies by Deutzmann et al® indicate that blockage in the translation of
an interstitial matrix component such as Heol-I can also inhibit head regeneration. Therefore,
inhibition in the translation of either basement membrane or interstitial matrix components
will lead to a blockage in head regeneration. These cell-ECM interactions are likely multifac-
eted and involve (1) the role of ECM as an extracellular structural entity whose assembly and
presence affects the three-dimensional shape of tissues; (2) the role of ECM as a polymerized
network of macromolecules that have endogenous signaling sequences such as RGD or YIGSR
(either open or cryptic) that can interact with cell surface matrix receprors; and (3) the role of
ECM as a scaffolding for the attachment of signaling molecules such as growth factors, small
peptides, or other signaling compounds. There is evidence for each of these processes occurring
in hydra.®> In the studies described above, blockage in the translation of laminin is likely to
initially affect head morphogenesis because of perturbations in the normal polymerization of
the basal lamina associated with the ectoderm and endoderm. Parallel studies by Zhang et al®
indicate that blockage of the hydra laminin o chain also results in an inhibition of head re-
generation. The fact that these two convergent studies yield the same result strengthens the
proposal that laminin biosynthesis is essential for normal head regeneration to occur. As dis-
cussed previously, laminin has also been reported to be a seeding molecule that promotes base-
ment membrane assembly.* The lack of incorporation of laminin into the polymerizing ma-
trix would be expected to have profound effects on the basic structure of the ECM that would
in turn affect the overlying epithelium. Structural changes in hydra ECM have been observed
at the ultrastructural level when matrix polymerization has been perturbed.?” In addition, the
lack of incorporation of laminin into the ECM would prevent the presentation of cell binding
domains to epithelial cells such as the FTGTQ sequence of the laminin 1 chain. This se-
quence has been shown to be important for cell-ECM interactions in hydra'® and recent stud-
ies have shown that it can bind to an integrin-class protein in hydra.’ The absence of this
sequence could potentially prevent epithelial signaling cascades that normally occur during
head regeneration. As discussed in the section on ECM biogenesis, it should be noted that
blockage in the translation of laminin also prevents subsequent incorporation of hydra fibrillar
collagen into the ECM.” Therefore blockage in the translation of laminin would have the
added effect of further perturbing ECM structure by affecting interstitial matrix assembly. It is
not known if the incorporation of hydra type IV collagen in ECM is also affected in this case.
Besides being an important structural component of the hydra ECM,*” hydra type IV collagen
is known to contain RGD sequences;'® however it is not known if they are involved in cell
signaling events during regeneration.

As a final note, it should be pointed out that biogenesis of ECM is not restricted to regen-
eration and epithelial repair events in hydra. In situ studies during bud formation indicate that
up-regulation of ECM components and HMMP also occurs in this asexual reproductive pro-
cess (Sarras et al unpublished data). This is of interest, because in the case of budding no loss of
ECM occurs prior to the time of bud emergence. Rather, the ECM is continuous at the sites of
bud formation and what occurs is simply an increase in the expression of HLM-$1, HLM-al,
Hecol-1, Heol-1V, and HMMP as evagination of the bud progresses. In situ analysis at the
earliest times of bud formation (placode stage) before evagination of the bud occurs, indicates
up-regulation of at least HMMP has already occurred. High expression of both basement mem-
brane and interstitial matrix components occurs throughout all stages of bud formation. A
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Table 2. Developmental and cellular processes in hydra that have been reported
to involve cell-ECM interactions

Developmental Process Authors with References
1. Cell proliferation during morphogenesis Zhang et al, 1994%
as monitored in hydra cell aggregates.
2. Cell migration under in vivo conditions Zhang and Sarras, 1994; Stidwill and
in grafting experiment and under Christen, 1998; Ziegler and Stidwill, 1992;
in vitro conditions with isolated Gonzalez-Agosti and Stidwill, 1991.87.110-112

hydra nematocytes using ECM
coated culture plates.

3. Cell differentiation/transdifferentiation Leontovich et al, 2000; Yan et al, 2000, 1995;
of basal disk cells and battery cells Zhang et al, 199437/646667
and cell differentiation in hydra cell
aggregates.

4. Epithelial morphogenesis of the head Yan et al, 2000; Deutzmann et al, 2000;
or foot as monitored in regeneration Fowler et al, 2000; Yan et al, 1995;
experiments, and in the adult polyp Sarras et al, 1994; Sarras et al, 1993;
as monitored in hydra cell aggregate Sarras et al, 1991; Barzansky and Lenhoff, 1974;
experiments. Shimizu et al, 2002; Zhang et al, 2002;

Leontovich et al 20002,6,7,1 5,16,18,19,64,66,67,113
’

summary of developmental and regenerative processes that involve cell-kECM interactions in
hydra is shown in Table 2.

Interestingly, ECM biogenesis in hydra is always accompanied by the expression of hydra
matrix metalloproteinase (HMMP). Antisense studies indicate that blockage in the translation
of this proteinase also results in an inhibition of head r§§cneration. HMMP has been shown to
degrade a broad spectrum of hydra ECM components®* and therefore its up-regulation during
ECM biosynthetic events raises the obvious question of why should a matrix degrading en-
zyme be expressed at time when formation of an intact ECM is occurring? There is no clear
answer to this question, but in line with that reported for vertebrates, it is likely that HMMP
may function at multiple levels to include: (1) to assist in the assembly of hydra ECM, (2) in
the exposure of cryptic ECM signaling sites (e.g., RGD-like sequences) and (3) in the exposure
of ECM-associated latent growth factor-like molecules that are involved in signaling pathways
during head morphogenesis and differentiation.**%6¢” Thus the function of HMMP could be
more complex than originally suggested by its name.

Role of Metalloproteinases in the Regulation of Cell- ECM

Interactions in Hydra

Besides HMMP, hydra expresses 2 number of enzymes of the metalloproteinase superfam-
ily. Numerous studies involving both invertebrate and vertebrate organisms have established
that members of this superfamily have a critical role in a broad spectrum of developmental
processes.®®% Through studies designed to analyze the role of cell-ECM interactions in hydra
morphogenesis and cell differentiation, a number of metalloproteinases have been identified
that have been found to play an important role in a variety of processes related to hydra devel-
opment. These hydra metalloproteinases fall into three classes that include: (1) astacin-class
metalloproteinases (e.g., hydra metalloproteinase-1, HMP-1; and hydra metalloproteinase-2,
HMP-2),6667113 (23 matrix metalloproteinases (e.g., Hydra MMP, HMMP),% and (3)
neprilysin-class metalloproteinases (e.g., Hydra endothelin converting enzyme, HECE).”® For
the purposes of this chapter we will focus on only two of these metalloproteinses, namely,
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HMMP and HMP-1 because these two enzymes have been shown to be involved with cel- ECM
interactions in hydra.

Hydra Metalloproteinase-1 (HMP-1)

Hydra metalloproteinase-1 (HMP-1) was isolated based on its enzymatic activity in cleav-
ing gelatin as a substrate.° HMP-1 was originally detected as a gelatinase activity with a mo-
lecular mass of 25-29 x 10? that localized to the upper body of the organism. By applying a
series of biochemical chromatography procedures, this enzymatic activity was successfully pu-
rified from cell extracts of Hydra vulgaris. Purified HMP-1 migrated as a single band with a
molecular mass of approximately 25.7 x 10? that retained its gelatinase activity. N-terminal
sequence resules suggested that HMP-1 was not a classic matrix metalloproteinase, but rather
an astacin metalloproteinase family member.”! This was further confirmed when the full-length
HMP-1 cDNA was cloned (GenBank Accession number U22380) and sequenced.®’

Based on the amino acid sequence deduced from cDNA, HMP-1 is composed of 285 amino
acids with a predicted molecular mass of 32.7 x 10%. The domain structure of HMP-1 re-
sembles that of other astacin family members. An N-terminal hydrophobic region of 21 resi-
dues with the characteristics of a purative signal sequence suggests that HMP-1 is a secreted
proteinase. A 30-residue prodomain was identified based on its homology to the same region
of Podocoryne metalloproteinase-1 (PMP-1).2 The existence of the prodomain was further
supported by the N-terminal sequence of purified HMP-1, which suggested a proteolytic cleavage
of secreted HMP-1 between Phe(51) and Lys(52). The processed HMP-1 would have a pre-
dicted molecular mass of 27 x 103, fitting well with the size of purified HMP-1. Mature HMP-1
has a relatively simple structure consisting of a well-conserved astacin domain followed by a
Cys-rich domain that was also identified in PMP-1 as a toxin homology (TH) domain.”* A
zinc-binding motif and a Met-turn, both characteristics of astacin proteinases were also well
conserved in HMP-1.”!

Preliminary to the study of HMP-1 function, its expression pattern was determined by in
situ hybridization and immunohistochemistry.5” Interestingly, HMP-1 mRNA is expressed
in a gradient pattern along the longitudinal axis®’ with the highest levels of mRNA at the head
pole. At the protein level, HMP-1 is synthesized in endodermal cells in the upper body column
as revealed by the cytoplasmic immunostaining of these cells. However, once these cells mi-
grate into the tentacle region, HMP-1 protein is released into the extracellular space, as sug-
gested by the disappearance of the cytoplasmic staining of tentacle cells and the concomitant
appearance of HMP-1 staining in the extracellular matrix.567

The gradient expression pattern of HMP-1 suggested that this enzyme may be involved in
pattern formation. This hypothesis was further supported by the finding that other astacin
family members such as tolloid’>7® play a proactive role in morphogenesis.”” To approach the
problem of the role of HMP-1 in morphogenesis, advantage was taken of the high regenerative
capacity of hydra to determine the detailed expression pattern of HMP-1 during head regen-
eration.®*®” In summary, these studies indicated that at 2 hours after decapitation, HMP-1
mRNA is only expressed by a ring of cells along the cut edge. At 12 hours, the number of
HMP-1 positive cells increased and these cells began to migrate to the upper body column of
the regenerating animal. At 36 hours, a large population of endodermal cells of the upper body
column expressed high levels of HMP-1. This was accompanied by a transient expression of
HMP-1 by some ectodermal cells in the very apical pole of the regenerating animal. By 48
hours, the HMP-1 expression gradient was reestablished and was followed by head regenera-
tion with functional tentacles observed by 72 hours. Interestingly, the expression pattern of
HMP-1 was restricted within clear boundary zones during this regeneration process. For ex-
ample, HMP-1 was only expressed by endodermal cells in the upper body column, but not by
any cells in the tentacles. These lines of evidence further suggest that HMP-1 is involved in
regulating head regeneration.

The role of HMP-1 in controlling morphogenesis was directly studied using neutralizing
antibodies and antisense thio-oligonucleotides.®>®” A neutralizing antibody raised against
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HMP-1 was shown to inhibit head regeneration in a reversible fashion.%® In addition, this
antibody was capable of blocking tentacle battery cell differentiation as shown by the progres-
sive loss over time of annexin XII staining in the tentacle of antibody-treated animals.% The
involvement of HMP-1 in hydra head regeneration was further confirmed by antisense treat-
ment in which HMP-1 protein expression was specifically inhibited by the introduction of
antisense thio-oligonucleotides to the head pole of hydra. Subsequently, head regeneration was
significantly inhibited as judged by hypostome and tentacle formation.”” The mechanism(s)
underlying the control of morphogenesis by HMP-1 in hydra are unclear. Based on studies of
homologous proteins in other species, it has been proposed that HMP-1 executes its regulatory
functions through multiple pathways. These regulatory pathways may involve generation of
growth factor gradients like their distantly homologous counterparts in Drosophila,”®
Zebrafish,” Xenopus,®® and sea urchin.®! Alternatively, HMP-1 could function by releasing
biologically active peptides via proteolytic processing of precursor proteins.?>® Interestingly,
the expression of a recently identified third hydra astacin metalloproteinase, foot activator
responsive matrix metalloproteinase (Farm1), is regulated by such peptides.® This suggests a
reciprocal regulatory mechanism between proteinases and peptides. Lastly, it is also possible
that HMP-1 acts directly on extracetlular matrix (ECM) proteins and effect morphogenesis by
cleavage and modification of ECM structure or mechanics.®>% Given the capacity of HMP-1
in cleaving gelatin, a denatured collagen molecule, one could envision that these proteinases
play an active role in modifying basement membrane structure either alone or together with
other proteinases, such as hydra matrix metalloproteinase (HMMP).%

Hydra Matrix Metalloproteinase (HMMP)

Studies of extracellular matrix in hydra have established that it has a similar molecular
composition to that seen in vertebrate species'®'#55%” and functional studies have established
that cell-ECM interactions are critical to developmental processes in hydra, 26713-1618.19,5587
Hydra ECM is in a constant state of turnover (Bode, 2003); thus indicating that matrix-degrading
enzyme systems must be in place in hydra to execute these proteolytic processes. These obser-
vations coupled with numerous other studies that have tied MMP action to developmental
processes (see review by Werb et al®® led to the logical conclusion that an important aspect of
cell-ECM interactions in hydra likely involves MMPs.

The number of MMP families has grown to over 25 with each type containing members
from a broad spectrum of vertebrate species.%®8%! In contrast, relatively few MMPs have been
identified in invertebrates. These invertebrate MMPs include envelysin from sea urchin,”>** a
Drosophila MMP>% and at least three separate MMPs from Caenorbabditis elegam.97 Addi-
tional putative MMPs have been reported in plants such as soybean (Glycine max),” Arabidopsis
thaliana,?®'® and green alga [gamete lytic enzyme].'"!

In studies by Leontovich et al* a full-length clone (1642bp) of a hydra MMP (HMMP)
was obtained from a cDNA library (GenBank accession number AF162688). Analysis of the
deduced amino acid sequence indicated that HMMP had a 34% identity with human MMP-3
and contained a signal peptide, a pro-domain, a catalytic domain, a hinge region, and a
C-terminal hemopexin domain as shown in. The calculated mass of the protein was 55.4 x 10°.
Northern blot analysis revealed that two HMMP mRNA transcripts could be identified with
sizes of 1.6 kb and 1.9 kb.

Comparison of the deduced amino acid sequence of HMMP with other MMPs shows that
HMMP has an overall 30-35% identity with known MMPs. The least identical region is the
C-terminal hemopexin domain (23-38%). A detailed analysis of the HMMP sequence indi-
cates that this enzyme has many similarities to vertebrate MMPs but it also contains a number
of unique features. A possible furin cleava§e site for activation of the pro-enzyme intracellularly
exists at amino acid residues R'® R'%? V' The sequences of two critical regions, the Cys-switch
and catalytic Zn**-binding region, are well conserved in HMMP. An unusual feature of HMMP
is that the multiple prolines commonly found in the hinge region between the catalytic domain
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and the hemopexin domain of MMPs are reduced to only two in HMMP The hinge region of
HMMP is somewhat hydrophilic in nature suggesting that this regéon is exposed as shown by
the crystal structure of the full-length porcine MMP-1 Yan et al.”® This region in vertebrate
MMPs typically contains four or more proline residues; although it should be noted that some
vertebrate MMPs completely lack a hinge region.®% In addition, two cysteines commonly
found in the hemopexin domain of MMPs are substituted with methionine (Met?®®) and phe-
nylalanine (Phe®') in HMMP This is of particular interest in regard to the highly conserved
cysteines that are normally found at the N-terminus of the hemopexin domain of vertebrate
MMPs. Another region of variation in HMMP is the cysteine-switch region where a leucine
residue (Leu®?) substitutes for the valine residue typically seen in many vertebrate MMPs. A
similar substitution has been reported for MMP-19 in humans'* and MMP-7 in felines. Varia-
tions in this region are more common among MMPs as reflected by the divergence of this
region in the three MMPs of C. elegans,’” the MMP of soybean leaf, and the MMP of sea
urchin (envelysin). In the case of these invertebrate and plant MMPs, a leucine residue replaces
the arginine normally scen as the second amino acid residue of the cystine switch region.!%?
These cysteines are conserved in the hemopexin domain of all vertebrate and invertebrate MMPs
that have been previously analyzed.

Recombinant HMMP expressed in E. coli and folded to an active state® was able to cleave
not only gelatin, transferrin, and synthetic fluorogenic substrates, but also hydra extracellular
matrix. Recombinant HMMP has its maximal activity at about pH 6.5-7.5; a typical optimal
pH for known MMPs.'® The fact that the activity of recombinant HMMP was blocked by a
specific MMP inhibitor such as recombinant human TIMP-1'% and by synthetic MMP in-
hibitors such as GM60011% and Matlistatin provided strong evidence that this enzyme had
characteristics reflective of bonafide MMPs. Recombinant HMMP was also able to cleave hydra
laminin as monitored by Western blot analysis and analysis of SDS-PAGE profiles indicated
that HMMP was able to degrade Heol-1 (hydra fibrillar collagen 1). While HMMP was un-
able to cleave mammalian laminin, fibronectin, Type IV collagen, and Type I collagen, it was
able to cleave heat-denatured Type I collagen (gelatin). The structural features of HMMP that
preclude the digestion of these mammalian ECM components are not obvious, but may be
related to the structure of HMMP’s C-terminal hemopexin domain. Previous studies have
shown that the hemopexin domain of MMPs can be important for substrate interactions. For
example, MMP-1, MMP-8, and MMP-13 lacking their hemopexin domain lose the ability to
cleave native interstitial collagens.!%71%

In situ whole mount analysis indicated that HMMP mRNA was expressed in the endoderm
along the entire longitudinal axis of the adult polyp, but at relatively higher levels in the ten-
tacles and in the foot process just superior to the basal disk cells. The expression pattern for the
hydra ECM component, laminin mirrored what was observed for HMMP suggesting that
high levels of ECM turnover occur at regions of cell transdifferentiation. The expression of
HMMP was monitored during foot regeneration using both Northern blot and whole mount
in situ hybridization techniques.®* These analyses indicated that the normally high expression
level of HMMP was lost between 1-3 hours after excision of the foot process, but then progres-
sively increased in the endoderm by 4 to 10 hours of foot regeneration. Similar patterns were
observed during head regeneration.”

The effects of GM6001 (an inhibitor of MMP activity) and recombinant human TIMP-1
(an endogenous mammalian inhibitor of MMP activity) were analyzed during foot regenera-
tion. At concentrations known to inhibit recombinant HMME both GM6001 and recombi-
nant human TIMP-1 blocked foot regeneration. Blockage of foot regeneration was also ob-
served in antisense experiments performed in parallel with the MMP inhibitor studies. Using a
spectrum of antisense thio-oligo nucleotides, it was demonstrated that foot regeneration was
significantly blocked by a number of antisense thio-oligonucleotides, but was unaffected by
sense or control oligonucelotides.* This effect was reversible, in that hydra recovered from
blockage when observed 5-7 days from the initial time of inhibition. Similar results were
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observed during head regeneration.” In adult polyps (nonregenerating), basal disk cells of
hydra treated with GM6001 or TIMP-1 failed to produce normal amounts of mucous, and
had significant reductions in the expression of peroxidase activity, one of their differentiation
markers. When the inhibitors were removed, differentiated basal disk cells reformed within 2
days indicating that the effect was reversible as observed with foot regeneration. These studies
indicate that HMMP is important to both morphogenesis and to cell differentiation processes
in hydra.

In summary, functional studies with HMP-1 and HMMP point to a critical role for these
metalloproteinases in hydra morphogenesis and cell differentiation. Biochemical and morpho-
logical studies tie these enzymes to the hydra matrix and indicate that they function through
the regulation of cell-ECM interactions in this simple metazoan.
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CHAPTER 6

Regulation of the Epithelial-to-Mesenchymal
Transition in Sea Urchin Embryos

Gary M. Wessel and Hideki Katow

Introduction
e sea urchin has been an instructive animal for studies of gene regulation in development,
morphogenesis, and cell migration. This is in part due to their convenient external
development, their ease in culturing, and their marvelous transparency that makes them
optically accessible for many developmental and cellular events. The embryo displays a mulsi-
tude of complex movements and features, but involves relatively few cells (< 500 during gastru-
lation). The embryo is resilient to micromanipulation studies whereby cells or portions of
tissues may be readily microinjected, transplanted, or photo-ablated to test mechanistically the
crafting of the embryo. The whole genome project, its correlated EST identification and arrays
(see htep://sugp.caltech.edu), combined with the simple technology of introducing exogenous
genes, reporters, mRNA, morpholinos or over-expressed proteins prove to be a powerful com-
bination of capabilities with the nearly limitless number of embryos (several million per adult
female) make the biochemistry and molecular biology of manipulated embryos readily avail-
able.“® Finally, its status as a basal deuterostome, representing an early branch in the evolution
of vertebrates, makes its molecular and cellular changes ripe for comparison in understanding
the origin of body plan, embryonic mechanism, gene regulation and function.

This chapter will focus on one aspect of the morphogenesis of the sea urchin embryo — the
transition of epithelial cells to a mesenchyme phenotype. This occurs in two major places in
the embryo, each of which is accessible to direct observation in vivo, to in vitro culturing, to
manipulation by micro-dissection, and to molecular perturbations by microinjection of re-
agents that alter gene function. We will begin with a brief explanation of the development of
this embryo, emphasizing the aspects most relevant for the epithelial-mesenchyme transitions
(EMT). We will then focus on a phenotypic analysis of the two major EMTs in this embryo,
and follow with an examination of the molecular mechanism for this cellular transition.

Sea Urchin Development: Summary

Eggs are shed from adult females, having completed meiosis, with their chromosomes (mostly)
transcriptional inactive in a pronucleus. Fertilization results in a rapid and phenotypically ob-
vious change in the egg by formation of the fertilization envelope — a modified extracellular
matrix that protects the embryo during early development, and that blocks subsequent sperm
from fusing with the egg. Cleavage divisions (early embryonic cell divisions) proceed rapidly,
synchronously, and invariantly such that the polarity and developmental fates of each early
blastomere is apparent by the fourth cell division. Depending on the species and the tempera-
ture for culturing, cleavage divisions may proceed every 30-90 minutes. The dividing cells
form a single cell layer surrounding a blastocoel, and this extracellular space will enlarge with
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cellular secretion of extracellular matrix (ECM) molecules. Each cell of the embryo grows a
cilium at the blastula stage, and the embryo is capable of swimming once it hatches from the
fertilization envelope. Gastrulation, the processes that result in formation of the developmen-
tally distinct primary germ layers (ectoderm — skin and nervous system; mesoderm — skeleton,
muscle, pigment cells, coelom; endoderm — digestive system) begins shortly after hatching, and
the major morphogenetic changes begin at one end of the embryo, the so called vegetal pole, or
pole opposite the site of the original meiotic divisions. The two major morphogenetic com-
plexes leading to gastrulation in this animal are (1) invagination of the epithelial sheet followed
by convergent extension rearrangements that propel the future digestive system across the blas-
tocoel to a predictable target site for fusion with the overlying ectoderm to form the mouth
opening (the initial site of invagination/gastrulation in this embryo, as in all deuterostomes,
become the anus;”?%3! for discussion of biomechanical properties of invagination in the sea
urchin). The other major morphogenetic mechanism during gastrulation in this embryo is (2)
ingression — a term given to describe the characteristic epithelial-to-mesenchymal transition.

The cells that undergo EMT are well defined, and of great interest for the development of
this embryo, as their cell interactions lead to inductive events critical for the development of
the fundamental body plan of the embryo. The first population of cells undergoing EMT is the
primary mesenchyme cells (PMCs). These cells are descendants of the four micromeres that
form at the fourth cell division during early cleavage. These cells will give rise to PMC, and
only PMC. The sole fate of these cells later in development is in construction of the larval
skeletal system. These cells are present in the forming epithelium of the early embryo, and
remain at the vegetal pole. Indeed, no noticeable cell rearrangements occur during early devel-
opment until the EMT of the PMCs. These cells then undergo a characteistic series of migra-
tory events in the blastocoel.!?!

The sequence of events surrounding PMC formation has been described in the sea urchin
embryo in detail in the living embryo®>3>4546 and at the ultrastructural level (Fig. 1).>%” The
basal lamina subjacent to the presumptive PMCs is disrupted and the cells exhibit blebbing
activity at their basal surfaces. The presumptive PMC detach form the outer hyaline layer and
lose apical cell junctions as they elongate into the blastocoel.®” This behavior is due in part to a
decrease in affinity of the mesechyme cells for hyalin, measured by a cell attachment assay.!
Adjacent cells, which will not become mesenchyme, actually exhibit increased numbers of
hyalin associated microvilli.” Once the cytoplasmic mass has shifted into the blastocoel, with
the narrowing of the apical end, detachment from the apical side occurs rapidly, followed by
retraction of the apical portion of the cell. This process results in the transposition of the
primary mesenchyme cells into the interior as a round cell resting on the vegetal plate. The
adjacent epithelial cells quickly fill the spaces left by the ingressing cells.®” The factors that
regulate the breakdown of the basal lamina, the onset of the blebbing behavior, and cell elonga-
tion, changes in the cell-cell and cell-ECM affinity and the stability of cell junctions are all
likely to be involved in this morphogenetic process.

An average of between 32 to 64 PMCs form in the embryo of a given species depending on
whether the progeny undergo three or four rounds of cell division following their formation at
the sixteen cell stage. It should be noted that the micromeres that form at the 16-cell-stage
divide again into large and small micromeres. It is the large micromeres that undergo EMT at
the blastula stage, while the four small micromeres contribute to the coelom much later in
development, and undergo EMT at that time. The number of large and small micromere
descendants within a population is remarkably consistent. No further division or death of
PMC:s occurs following ingression, thus the numbers remain constant through the remainder
of morphogenesis. At the time of ingression PMCs first being to express a new family of cell
surface proteins (see for example Fig. 2),!1:2081,92,100.108,117

Ingression is followed by a period of relative quiescence during which the PMCs remain at
the vegetal pole in a nonmotile state. This transient period may reflect changes that are occur-
ring in the adhesive properties of the PMCs*! and or reorganization of the cytoskeletal
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Figure 1. Diagram showing the PMC ingression process. 1) Presumptive PMCs are hardly distinctive with
apical cilia (C) before thickening of vegetal plate occurs. B= basal body; BC= blastocoel; BL= basal lamina;
G= Golgi complex; H= hyaline layer; N= nucleus. 2) During pulsatile movement, presumptive PMCs (P)
lose apical cilia, and raise the hyaline layer, associated with apical elongation of microvilli (arrows). The basal
surface disrupts the basal lamina. 3) Onset of basal elongation of presumptive PMC (P) with a bottle-neck
feature in the ectoderm that is associated with the organization of apicobasal microtubules (arrowheads),
and conspicuous apical elongation of cell processes (arrow). 4) Basal dislocation of the PMC (P) cell body
by dissolving apical intercellular junctions. 5) Complete shifting of the cell body into the blastocoel, and
quick sealing of the gap in the epithelium. The cell surface of the PMC (P) is characteristically smooth with
few cell processes. Reprinted from ] Exp Zool 1980; 213, Fig. 8.
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Figure 2. A) P4 antigen is expressed on the surface of presumptive PMCs before actual dislocation of the
cell body into the blastocoel. B) PMCs shed on the vegetal ectoderm express P4. C) During migration PMCs
express P4. Reprinted from Develop Growth Differ 1990; 32, Fig. 4A, B, and C. Bar shows 20 pm.

machinery required for protrusive activity and motility'®*>7% after as long as a few hours, the
cells begin an almost spastic series of movements and migrate away from the vegetal pole along
the inner surface of the blastocoel wall. The cells translocate by the continuous expression and
retraction of slender filopodial cell processes (Figs. 3-5). Gradually the PMCs accumulate at
specific target sites near the equator, forming a characteristic ring-like pattern known as the
subequatorial PMC ring (Fig. 5). As the ring forms, filopodial processes of the PMCs fuse,
forming an extensive network of syncytial cables (Figs. 6, 7). Within these cables, the cells
secrete the larval skeleton, an array of c?'stalline rods composed of CaCO3 and MgCO3 em-
bedded in a glycoprotein-rich matrix.36-%

Isolation and transplantation of the skeletogenic micromeres from early cleavage stage em-
bryos show that these cells are autonomously programmed to give rise to skeletogenic cells and
that all but the most terminal aspects of their differentiation program are insensitive to extrin-
sic cues.”!7-38

Prior to ingression, the PMCs are layered on both their apical and basal surfaces by two
distinct ECMs. Each of these ECMs is critical in the regulation of EMT, and their analysis
follows.

The Extracellular Matrix Involved in the EMT

Embryos of sea urchins and other echinoderms have two distinct extracellular matrices; an
extra-embryonic matrix surrounding the entire embryo composed of the hyaline layer and
apical lamina, and the basal lamina/blastocoel matrix upon which the epithelium resides, and
through which the cells undergoing EMT must penetrate. These two ECMs have different
origins, structures, and functions, which is especially apparent during gastrulation and EMT.

The Extra-Embryonic Matrices: The Hyaline Layer and the Apical Lamina

The hyaline layer and apical lamina are extracellular matrices that surround the embryo and
larva from fertilization until metamorphosis. The hyaline layer is first formed at fertilization,
when cortical granules undergo exocytosis and release molecules that assemble into a translu-
cent layer on the external surface of the zygote. In addition to the cortical granules, the egg
contains other classes of vesicles that undergo exocytosis shortly after fertilization and which
comprise the apical lamina, an extracellular matrix distinct in origin and composition from the
hyalin layer,6152147:55,638789

The most abundant constituent of the hyaline layer is hyalin, a ~330 kDa, fibrillar glyco-
protein that multimerizes in the presence of calcium.''® The innermost region, referred to as
the apical lamina, consists of a distinct layer of fibers that contains fibropellin proteins.!>!?
Cell adhesion assays have been used to measure binding of sea urchin embryo cells to several
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Figure 3. PMC ingression and pattern formation in 2D embryos. In spread blastulae, PMCs ingress (A),
by leaving noningressing small micromere descendants at the center of a circle of PMCs (asterisk, B). Soon
after ingression, PMCs spread on the epithelium (C). Four hours following ingression, PMCs formed aring
pattern around invaginating archenteron with two PMC aggregates (arrowheads) (D). Invagination occurs
in 2 houts (double arrow heads) (E). In intact embryos, PMC pattern formation occurs similarly to the 2D
embryos with two baso-lateral PMC aggregates (F). Bar in (A) shows 20 pM. Reprinted from Develop
Growth Differ 2000; 42, Fig. 1.

hsyaline layer components, including hyalin, echinonectin, and fibropellins. 431819119 [ several
cases, cell-type specificity and/or temporal regulation of binding have been observed. In the
case of hyalin, at least some of the cell binding activity of this protein has been mapped to a
domain that includes multiple tandem repeats referred to as a hyalin repeat.!’®

The Basal Lamina and Blastocoel Matrix

The inner ECM of the embryo is composed of the basal lamina and blastocoel matrix (Fig.
1). The basal lamina is a thin but well-organized layer of fibers that lines the blastocoel (Fig. 8,
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Figure 4. Computer-aided tracing of PMC migration pathways on 2D embryo. A) Each PMC migrated
from the center of the photo frame to the right. B) Each line represents a single PMC. Extracted PMC
migration pathway from (A). PMCs migrated from a large circle to a small circle where they aggregated.
Reprinted from Develop Growth Differ 2000; 42, Fig. 2.

10um

Figure 5. Summary of the PMC migration pathway on 2D embryo. Cell aggregates forming PMCs (dark
gray) and cable forming PMCs (light gray) migrated straightforwardly to the respective targets. VP= vegetal
plate. Reprinted from Develop Growth Differ 2000; 42, Fig. 4A.

9) and, after gastrulation begins, the wall of the archenteron. The blastocoel matrix is relatively
sparse in organization and fills the blastocoel cavity at later stages of development. Like the
hyaline layer, the basal lamina and blastocoel matrix first arise via the regulated exocytosis of
vesicles stored in the unfertilized egg.!'® The basal lamina and blastocoel is formed early in
development, during cleavage divisions. By the 4-8-cell stage, a space between the blastomeres
is apparent and it already contains proteins indicative of the blastocoel of larvae. Ultrastruc-
tural studies show that a well-organized basal lamina is formed by the late blastula stage (Fig.
10).#36668.116.122 The basal lamina of the vegetal plate is transiently disrupted during PMC
ingression but reforms later in gastrulation. Like the hyaline layer, the molecular composition
of the inner ECM changes progressively during development and many of the proteins are
synthesized both maternally and zygorically. During gastrulation, the composition of the inner
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Figure 6. Scanning electron microscopy of migrating PMCs.
PMCs extend short cell processes in the direction of migration
(small arrows), and leave thicker retraction protrusion behind
{(double arrows). Large arrows point the direction of migration.
Bar shows 5 pm. Reprinted from Exp Cell Res 1981; 136, Fig. 2.

ECM changes as different populations of mesenchyme cells in§ress and modify the matrix
through the secretion of new molecules.®1322:2357.6L12114115.11

Studies using antibodies against vertebrate ECM components suggested the sea urchin in-
ner ECM might contain molecules, such as collagen, and a fibronectin-like pro-
tein, 22596L6%109.116117 A nyymber of histochemical and biochemical studies suggested the pres-
ence of sulfated glycoproteins and proteoglycans of various kinds (reviewed by ref. 35). More
recently, molecular approaches have led to the cloning and characterization of many compo-
nents of the inner ECM, including laminin,' 2 collagens,'>162%23:118 fibronectin-like pro-
teins, pamlin®®72 and others (e.g., ECM3).>* The ongoing sea urchin genome-sequencing project
(see http://sugp.caltech.edu) has revealed many new components of the inner ECM. For ex-
ample, sea urchin counterparts of fibrillin, perlecan, and nidogen/entactin have been identified
in an EST sequencing project.'?¥ Because of its ease of isolation and conserved constituents,
the blastocoel ECM from the sea urchin embrgo has even been used in assays of invasion
potential for mammalian metastatic tumor cells.*?

EMT occurs at two occasions during embryogenesis in sea urchin. Initial EMT takes place
at the vegetal plate in late mesenchyme blastulae to shed PMC into the blastocoel (Fig. 1).
Subsequent EMT occurs at the tip of archenteron during gastrulation to shed SMC (in most
sea urchins). PMC and SMC have different origins with common mechanisms.

Morphogenesis of the EMT
PMC Ingression

PMC formation occurs in indirectly developing sea urchins, but not in directly developing
species. Morphologically, ingression process of PMC is divided into four stages:

1. Initial visual indication of presumptive PMCs by emergence of a cell body contour, result-
ing from loosening the adhesion between presumptive PMCs as well as between the sur-
rounding epithelial cells,

2. Occurrence of pulsatile movement associating with thickening the vegetal plate as seen in
time-lapse cinematography or video microscopy.

3. Entry of the presumptive PMCs into the blastocoelic space, and

4. Separation of the entire cell and initiation of PMC migration.

The entire ingression process does not require intact embryo, and occurs in vitro in em-
bryos artificially spread as a sheet of ectoderm (Fig. 3),** implicating the process is autono-
mous. However, ultrastructural observations show the presence of shallow indentations on the
lateral cell surfaces that face noningressing epithelial cells (Fig. 11), suggesting a squeezing
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Figure 7. A) Scanning electron microscopy shows numerous long and thin cell processes extended from the
PMC sessile site (arrows). Intercellular fusion takes place among these cell processes (asterisk). Bar shows 5 um.
(From Develop Growth Differ 1992; 34, Fig. 4.) B) Scanning electron microscopy of the surface beneath
the PMC aggregate at its sessile site. Intercellular fusion occurs among a larger number of cell processes
during development (arrow). Bar show 10 pm. Reprinted from Develop Growth Differ 1992; 34, Fig. 4.
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Figure 8. A bag isolated from mesenchyme blastula. PMCs in the blastocoel are now surrounded by the basal

lamina (arrow). The diameter of the bag is considerably smaller than that of actual embryo.%’ Reprinted from
Dev Biol 1982; 94, Fig. 2A.

Figure 9. Scanning electron microscopy of an extracellular matrix bag, mesenchyme blastulae whose epi-
thelium was removed, exposing the basal lamina and PMCs in the blastocoel. Fibrillar extracellular matrix
is seen bound to the thin basal lamina (arrows) whose inner surface appears smooth (triangle). Reprinted
from Dev Biol 1982; 94, Fig. 2C.
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Figure 10. Transmission electron microscopy of the basal lamina in the bag. The basal lamina of the bag
shrunk by showing considerable undulations (BL), and was filled with amorphous blastocoelic material
(BC). Inset shows highly magnified basal lamina (BL), 25-30 nm diameter granules (large arrows) and fibers
(small arrows). Reprinted from Dev Biol 1982; 94, Fig. 3.

force against presumptive PMCs by noningtessing epithelial cells, and thus of such environ-
mental cues near by as well.

The pulsatile movement is associated with the formation of apicobasally aligned bundle of
microfilaments'®!? and microtubules (Fig. 12)%7 in PMCs. Such characteristic microfilament
development in PMC is correlated with acquisition of high sensitivity to cytochalasin B: treat-
ment induces premature delamination resulting from depolymerization of the microfilaments
in the cell cortex (Fig, 13).% This PMC-specific, microfilament-associated effect suggests that
PMC ingression is associated with cytoskeleton organization and that repulsing forces may
function between presumptive PMCs and the surrounding epithelial cells during ingression.
This implicates that PMC ingression is not solely dependant on microfilament-generated
cyoplasmic forces, but also includes cell surface-associated cues and signal transduction mecha-
nisms (see below). Treatment with the calcium ionophore, A23187, separates presumptive
PMC:s from the adjacent epithelium cells on the basal side. The integrity of the apical epithe-
lium though is retained on the apical side (Katow, unpublished data), implicating the involve-
ment of calcium signal transduction pathway in early stages of EMT.

Cellular interactions with the ECM are dynamic during EMT.”?# The apical ECM bundles
blastomeres together during early cleavage period, and provides adhesive substrate for epithe-
lial cells thereafter. During ingression, however, presumptive PMCs alone loose their affinity to
the apical ECM, %% implicating the alteration of cell adhesion mechanisms (see below).

Different from the apical ECM, however, presumptive PMC needs to break through the
basal ECM, the basal lamina, to complete the ingression to the blastocoel. Ultrastructurally,
the basal lamina disappears on the surface of ingressing PMC (Figs. 14, 15),%”7° and certain
molecules are lost on these cell surfaces (e.g., pamlin; Fig. 16),” indicating the occurrence of
local basal lamina disintegration. The pulsatile movement of ingresssing PMC is unlikely the
major mechanism in disrupting the very elastic basal lamina (Fig. 10).*” More likely, it is the
involvement of matrix proteinase activity as is the case in metralloproteinase-2 (MMP-2) ex-
pression during mesenchyme formation from endocardium in avian embryo.*% However,
despite frequent reports on the presence of collagenase or hatching enzyme on the apical sur-
face of sea urchin embryos,*>8%12% no protease activity has been ascribed to this process in
presumptive PMC so far.
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Figure 11. Scanning electron microscopy of PMC during ingression at the vegetal plate. The cell shows
indentations on the lateral surfaces (arrows), implicating lateral squeezing forces by the surrounding cells.
Reprinted from J Exp Zool 1980; 213, Fig. 5A.

Epithelial cells of the vegetal plate adhere also by intercellular junctions, including septate
desmosomes on their apical side (Fig. 17).%7 During PMC ingression, these desmosomes are
dissolved between noningtessive epithelial cells and PMCs, as well as between the presumptive
PMCs. This occurs slightly before visual recognition of presumptive PMCs in the vegetal ecto-
derm, and the PMC-specific loss of cilia.”

Figure 12. Blastomeres (BM) neighboring presumptive PMC (P) develops apicobasally aligned microtu-
bules on the side that faces PMC. Reprinted from ] Exp Zool 1980; 213, Fig. 12.
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Figure 13. Vegetal plate cells are specifically sensitive to cytochalasin B treatment. Treated vegetal plate cells
shorten at the apical surface with a sharp boundary between ectoderm cells (A, arrowheads). Inset shows
control blastula. After the apical-ward shortening, these cells puffed out of the embryonic body (B).Inset shows
control blastula that shows bulging vegetal plate cells. Bars show 20 pm. Reprinted from Develop Growth
Differ 1989; 31, Fig. 2C, D.

SMC Ingression

SMCs are derived from a lineage distinct from the PMC. Whereas the PMCs originate
from the micromeres at the 16-cell stage, SMCs are derived from veg2 blastomeres at 60-cell
stage.2>1% The veg?2 lineage also contributes to the endoderm, and in most of sea urchins, the
SMC are locared at the tip of the invaginating gut, the archenteron and parricipate in direction
of the invagination process.?*4%>! Surprisingly, deletion of the archenteron at half invagination
still yields SMC descendants.*® In these embryos, even fully developed digestive tracts are still
formed. During invagination, archen s teron forming cells are actively proliferate,”® and even

Figure 14. Transmission electron microscopy of the basal lamina on the ectoderm (BL) in mesenchyme
blastula which is comprised of fibrillar as well as amorphous matetials. BC= blastocoel. Reprinted from J
Exp Zool 1980; 213, Fig. 9A.



Regulation of the Epithelial-to-Mesenchymal Transition in Sea Urchin Embryos 89

P 3.
B

} "? k- _‘,:':,_"g;‘:ﬁf {'7_:'%$iﬁf-{n 5

IR e V0

Figure 15. Transmission electron microscopy of the basal surface of a PMC during ingression (X). The
surface lacks basal lamina and is characteristically smooth. BC=blastocoel. Reprinted from ] Exp Zool 1980;
213, Fig. 9C.

by ubstantial deletion of the region by microsurgery, the archenteron still keeps elongating, 8
and produces SMC descendants, likely by lineage conversion. This highly conserved mecha-
nism to keep supplying cells to form and archenteron is possible by the induced cell prolifera-
tion activity in the vegetal epithelium.”” This implicates that any veg2-derived cells that par-
ticipates in archenteron formation possess the potency to trans-differentiate into SMCs or a
part of SMC descendants with high plasticity.

In H. pulcherrimus and S. purpuratus, SMCs extend long cellular processes toward the fu-
ture mouth region of ectoderm, indicating distinctive movemnent among SMCs that is not seen
in PMC ingression. The long cell process elongation, however, is not reported in S. mirabilis
embryo.

Unlike the ingression of PMC, the site and stage in which SMCs ingress are different among
species. In Hemicentrotus pulcherrimus®® and Strongylocentrotus purpuratus,* SMCs ingress at
the tip of archenteron in gastrulae. However, in Scaphechinus mirabils SMC ingression occurs
at the vegetal plate soon after PMC ingression, but before gastrulation.”” In this species, SMC
even show pigment-cell properties prior to ingression, and its autofluorescence is retained even
after formalin fixation. Surprisingly, these 7gigment cells spread within the ectodermal epithe-
lium without first entering the blastocoel,”” as they do in most species, implicating that SMC
“ingression” is independent of crossing the basal lamina.

Figure 16. Vegetal plate ectoderm at
the place where PMCs ingtess into
the blastocoel lack pamlin. Immu-
nohistochemistry shows no positive
stainingat thevegetal plate (left). Left
frame shows phase contrast micro-
graph of the right one. Bar shows
30 pm. Reprinted from Develop
Growth Differ 2002; 44, Fig. 5C, D.
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Figure 17. Epithelial cells are linked by apical
septate desmosomes (A). The septate desmo-
somes are lost between neighboring blas-
tomeres (BM) during PMC (P) ingression by
leaving small granular debris on the cell sur-
face (B, arrows). Reprinted from J Exp Zool
1980; 213, Fig. 10A, B.

;-I’S-
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Molecular Mechanisms Involved in EMT
PMC Formation

Before the occurrence of visual PMC ingression, molecular preludes are apparent in the
vegetal epithelium. These include localized expression of the Ets transcription factor, which is
down-regulated by Pmarl in the earlier PMC lineage, and up-regulated of several other genes,
including Sm50.% Besides these transcriptional activities that will be described in detail else-
where in this chapter, the presumptive PMC also acquires sensitivity to calcium, develops
bundles of microfilaments, and apicobasal alignments of microtubules (see above).

Along with the cytoskeletal reorganization, as the consequence of above transcription path-
way, the cell surface properties are also modified. All of the epithelial cells of the early embryo
express the lateral cell surface-specific glycoprotein, Epith-1, before gastrula stage. It is also
expressed by both ectodermal and endodermal cells following gastrulation (Fig. 17).% This cell
surface protein though is internalized by endocytosis selectively in PMCs (Fig. 18), thus alter-
ing their cell surface repertoire during ingression. Although biological role of Epith-1 is yet to
be elucidated, its disappearance from the cell surface is temporally linked to the appearance of
new surface proteins, including Meso 1''® and the P4 antigen (Fig. 2). The link between disso-
ciation of PMCs after ingression and Epith-1 internalization, appears to be downstream of a
nonreceptor type protein tyrosine kinase (PTK) signal transduction pathway. Herbimycin A, a
nonreceptor type PTK inhibitor, reversibly perturbs Epith-1 internalization and ingression
(Figs. 19, 20). /

In contrast, PMC acquires new cell surface protein, such as acidic msp130 that was found
in S. purpuratus embryos®® or its homologs in H. pulcherrimus embryos®1%71% during ingres-
sion associated with increasing negative cell surface charge.'® Msp130 or P4 expression in the
presumptive PMC occurs as accumulation of HpEss transcripts takes place in the same cell
group. Both genes are down-regulated by Pmarlwhich is up-regulated by Om.%® In
H. pulcherrimus, P4 expression on the cell surface occurs slightly before Epith-1 internaliza-
tion, and is also reversibly down-regulated by herbimycin A.

The role of these cell surface modification in PMC-ingtession is yet to be elucidated. Al-
though a substantial number of integrins have been isolated and characterized so far in sea
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A.

Figure 18. A) Herbimycin A, a nonreceptor type protein tyrosine kinase inhibitor, inhibits cytoplasmic
transportation of cell surface protein. In control embryos, epithelium cell-specific cell surface protein
(Epith-1) locates on the lateral surface in mesenchyme blastula. Epith-1 is internalized during PMC ingres-
sion and found with granular feature in cytoplasm. In herbimycin A-treated embryo, PMCs dislocate to the
blastocoel, but never dissociate to single cells by retaining Epith-1 protein on their surface with incomplete
internalization of the protein. Phase contrast micrographs are of control embryo and herbimycin A-treated
one, respectively. B) Internalization of Epith-1 protein occuts while presumptive PMCs are in the vegetal
ectoderm (upper), and shed PMCs completely lack Epith-1 afterdislocation to the blastocoel (bottom).
Right column of photos is phase contrast micrograph of left column immunohistochemistry, respectively.

urchin embryos,?83897:111 4nd they provided molecular basis of explaining the anchoring
mechanism of basal lamina to the basal surface of the epithelium, none of them are localized on
the apical surface. This hardly explains the molecular mechanism how PMCs acquire and loose

their affinity to the hyaline layer.
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Figure 19. Herbimycin A perturbs cell surface transportation of PMC specific P4 protein. Although P4
protein was synthesized and detected in the Golgi of PMC, the protein was not present on the cell surface
(A). Inset shows highly magnified basal surface of PMCs with slight positive cell surface P4, but not at all
among PMCs. Bars in (A) an inset show 20 wm and 10 pm, respectively. B) phase contrast micrography of (A).

SMC Formation

SMC ingression from the tip of archenteron shares similar phenotypes to PMC ingression.
Epith-1 protein is internalized®® and pamlin on the basal surface of the invaginating arch-
enteron is lost at the tip of archenterons.®> No ultrastructural or immunohistochemical obser-
vations are available so far on the presence of the basal lamina on the invaginating archenteron,
so the lack of pamlin on its basal side does not immediately mean the disappearance of entire
basal lamina components. Unlike PMC though, so far no SMC surface-specific protein is
known, despite numerous attempts by sea urchin biologists. Perhaps more detailed study of
SMC formation in S. mirabilis will help in understanding SMC ingression mechanisms.

Figure 20. Herbimycin A induced perturbation of P4 presentation is reversible. Mesenchyme blastula
returned to normal sea water after herbimycin A treatment restores both PMC migration and P4 presen-
tation on the cell surface (A). Bar shows 20 um. B) is phase contrast micrograph of (A).
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Signal Transduction in PMC Cell Surface Modifications

The alteration of cell surface property among mesenchyme is regulated, at least in part, by
PTK signal transduction pathways, including nonreceptor type PTKs. In herbimycin A-treated
embryos, the internalization of Epith-1 and ingression of PMC is inhibited (Figs. 17, 18), and
transportation of the cell surface-specific P4 protein to PMC surface was also inhibited (Figs.
19, 20). Furthermore, based on PTK activity it has been suggested that PMC ingression is
comprised of, at least, two signal transduction stages. They are (1) the initial nonreceptor type
PTK-independent dissociation of presumptive PMC from epithelial cells and (2) the nonreceptor
type PTK-dependent dissociation among PMCs.

Genistein, a receptor type PTK inhibitor, perturbs neither PMC surface presentation of P4
nor Epith-I internalization. PMC dissociation soon after the ingression is also not affected by
the PTK. This suggests that the second stage of ingression does not require extracellular signal-
ing, and instead is regulated by autonomous cytoplasmic signal transduction pathways. This is
consistent with the well used observation that micromeres separated from 16-cell embryos
proliferate and differentiate spicules in vitro, independent of other embryonic cells. During
this in vitro differentiation, they show characteristic morphological changes, dynamic cell sur-
face changes, and migratory behavior in concert temporally with their intact sibling embryos.”®

Genistein decreases phosphorylation of extracellular signal-regulated kinase 1 (ERK1) and
myosin light chain (MLC) that is downstream of MAPK signal transduction pathway.®>”> This
indicates that PMC dissociation is up-regulated by MAP kinase signal transduction pathway
through a MLC kinase that was isolated and characterized as a MAP kinase-activated protein
kinase (MAPKAPK) in H. pulcherrimus embryos. 76 Microfilament activation also is involved
in this ingression stage as has been implicated by immunohistochemical studies.®!! Further-
more, the observation that PD98059, an 1nh1b1tor of signal transduction from MEK1/2 to
ERK1/2, inhibits PMC migration to some extent’* agrees with the involvement of a MAPK
pathway.

Suramin, a growth factor receptor inhibitor, blocks PMC dissociation, and exogenous sup-
ply of platelet-derived growth factor (PDGF) restores the deficiency.”” This implicates the
involvement of a signal transduction pathway that is initiated at growth factor receptor to IP3
through G protein that is known to stimulate calcium ion release. PDGF receptor function in
sea urchin embryos was implicated by a dominant/negative study in Lytechinus pictus em-
bryos. 4102:103

PMCs begin migration in the blastocoel after the second stage of the nonreceptor type
PTK-dependent PMC ingression process. This migration requires growth factor-like ligands as
was shown by suramin-treated embryos. Suramin decreases phosphorylanon of ERKI1 and
MLC, whereas exogenous PDGF restores both phosphorylation events,” implicating that PMC
migration is downstream of growth factor-like ligand-initiated signal transduction pathway.
Genistein does not perturb cell surface presentation of P4, but inhibits the early phase of PMC
migration. This suggests the involvements of ECM receptor-generated signal transduction path-
way in PMC migration. Consistent with these observations, the PMCs of suramin-treated
embryos remain tightly clumped on the vegetal plate in early mesenchyme blastulae and on
mvagmatmg archenteron tip in early gastrulae, despite apparently normal PMC “dislocation”
into the blastocoel (Fig. 21). In these embryos PMC dissociation never happens.”# Thus, these
observations are consistently implicating that PMC migration requires extracellular cues.

In herbimycin A-treated embryos, besides the failed internalization of Epith-1, delaminated
PMCs do not dissociate from each other and remain clumped on the vegetal plate (Fig. 19). P4
in these embryos expressed in the cytoplasm of the clumped PMCs dissociate by expressing the
protein on the surface after returning to normal seawater (Fig. 20). Herbimycin A also perturbs
the phosphorylation of SUp62 protein, a homo-dimeric cyto 7plasmlc protein, associated with
hyper—phosphorylanon at tyrosine residues of the protein.*” In PMCs, phosphorylation of
SUp62 increases during migration in vitro in the presence of pamlin, an endogenous PMC
adhesion protein, whereas ectodermal cells do not during the same period.”*
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Figure 21. Suramin, a growth factor receptor inhibitor, perturbs PMC dissociation and migration. PMCs
are shed to the blastocoel in mesenchyme blastula, but dissociation never occurs (far left). In early gastrula,
PMCssit on the tip of archenteron as a tightly packed cell mass with no visible single cell contour (middle).
PMCs do not differentiate spicules, and granulated in prism larva stage of normal embryo (far right).Bar
shows 30 um. Reprinted from Develop Growth Differ 2002; 44, Fig. 2M, N, O.

Gene Regulation in Cells that Undergo EMT

Recent studies have begun to elucidate the gene regulatory network that underlies PMC
specification (Fig, 22).2 This information is critical to EMT morphogenesis as it is clear that
new gene products must be transcribed in order for the PMCs to undergo EMT. The initial
specification of the large micromere lineage is entrained by a patterning system linked to the
animal-vegetal golarity of the unfertilized egg.>!”*® One important component of this system
is beta-catenin.?¥ Beta-catenin is localized in the nuclei of vegetal blastomeres during early
cleavage and becomes concentrated at the highest levels in the micromere lineage.
Nuclearization of beta-catenin is required for all known aspects of mesoderm and endoderm
formation, including large micromere spcciﬁcation.26’3°’84’ 20

Alx1 is a member of the paired-type of homeodomain proteins. It is expressed selectively in
the early micromere lineage and is required for at least two distinct morphogenetic processes:
(1) ingression (epithelial-mesenchymal transition) and (2) skeletogenesis. The molecular changes
required for ingression have not yet been identified, although this process is associated with
changes in cell shape, protrusive activity, adhesive properties and cell surface architecture.
In contrast, a large number of terminal differentiation gene products have been identified that
function in the formation of the biomineralized skeleton.”®!?! These gene products are ex-
pressed specifically in the large micromere lineage beginning at the mid-late blastula stage,
prior to PMC ingression. The expression of four such markers was examined in Alx1-null cells,
including SpMSP130, SpMSP130-related 2, SpP19 and SpSM50, and all four are regulated
positively by Alx1. This suggests that Alx1 is a key regulator of the molecular subprogram that
controls morphogenesis, including ingression and the terminal differentiation of skeletogenesis.

To determine the function of Alx1 in PMC specification, injected morpholino antisense
oligonucleotides (MOs) that were complementary to @b mRNA, into fertilized sea urchin
eggs. Development in the resultant embryos appeared normal during cleavage and blastula
stages, and the injected embryos hatched within 1 hour of sibling controls. At the late blastula
stage, however, a striking phenotype became apparent. PMCs did not ingress in the MO-injected
embryos and invagination of the vegetal plate was delayed by several hours relative to control
sibling embryos. Furthermore, MO-injected embryos failed to form visible skeletal elements
even after extended periods of culture. Alx]1 MOs also interfered with normal PMC specifica-
tion as assayed by the expression of a battery of molecular markers: mAb 6a9 recognizes
PMC-specific cell surface proteins of the MSP130 family,>*>¢ SpMSP130-related 2 (a MSP
protein family member), SpP19and SpFRP (fibrinogen-related protein)’®'? were all analyzed.
Each showed highly down-regulated levels of expression coincident with the observed
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Figure 22. The micromerePMC gene regulatory network. The total developmental time represented in the
diagram is from fertilization (top) to the blastula stage (bottom). Arrows and bars indicate positive and
negative interactions, respectively. All genes shown encode transcription factors with the exception of Delra,
which encodes a transmembrane protein. There is evidence for a direct interaction between Ets1 and sm 5078
but all other interactions may be indirect. beta-catenin and Otx are maternal proteins that become differ-
entially enriched in micromere nuclei at the 16-cell stage.?'*#38 These two proteins are required for the
activation of pmarl, which is expressed only by the micromeres and their progeny.”” Pmar] may block the
expression of a putative repressor (Repressor X) specifically in the micromeres. This repressor (which may
be several proteins) blocks PMC fate specification in all nonmicromere lineages (Oliveri et al, 2002). Ezs,
alx! and delta are all regulated independently by pmar1 and the repressor. Ets1 regulates the #br gene® and
Alx1 regulates dr (this study). Alx1, Ets1 and Tbr are all expressed only by the large micromeres and their
progeny. Alx1 and Ets] both regulate genes involved in ingression and skeletogenesis.?*’® Delta signaling
activates genes involved in SMC specification, including gem. 199112113 PMC signals feed into the network
upstream of3 glx] (this study); dashed bars and dashed arrow show possible inputs. Modified from Ettensohn
et al, 2003.

phenotype of the cells. In addition, the levels of nine different PMC markers were measured
by QPCR. Four of the mRNAs tested, 477 (G. Amore and E. Davidson, personal communica-
tion), MSP130,'%° MSP130-related 2°° and sm50,5%% were down-regulated in MO-injected
embryos. On the other hand, SpAlx]1 MO had no detectable effect on mRNA levels of four
transcriptional elements of the PMCs: th1.%2 151,78 delra'® and pmarl 99 when assessed either
at 18-20 hours or 23-24 hours post-fertilization. The level of Spake! mRNA was slightly el-
evated in MO-injected embryos, suggesting that Alx1 protein may act as a negative regulator of
the a1 gene.

The Alx1 protein is closely related to the Cart1/Alx3/Alx4 family of vertebrate homeodomain
proteins. In vertebrates, these proteins regulate the formation of skeletal elements of the limbs,
face and neck. One conclusion from these findings then is that the ancestral deuterostome had
a population of biomineral-forming mesenchyme cells that expressed an Alx1-like protein. Its
subsequent function diversified to direct related biomineralization processes in different ani-
mals and in different tissues.

Pmarl is a critical eatly transcriptional regulator in the gene network that controls PMC
specification.”® It predates expression of Spalx1, detectable by in situ hybridization analysis, by
one cell cycle. That Spakel might be regulated by pmarl is suggested by the overexpression of
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Pmarl or an engrailed-pmarl fusion protein (EnHD)* resulting in a striking increase in levels

of Spalc] mRNA expression (as assayed by QPCR). The fact that overexpression of wild-type
Pmarl and EnHD produced similar effects supports the view that Pmarl normally acts as a
repressor.”” Moreover, overexpression of Pmarl (or EnHD) could activate Spalx! expression to
high levels even in cadherin mRNA-injected embryos.

Future Implications

The genome project of the sea urchin and its correlated EST sequences have already begun
to yield important gene regulatory information for many aspects of the embryo, with particu-
lar interest in micromere/PMC specification. This is in part because it is critical in specifying
adjacent cells and organizing the axis of the embryo. In this respect, it is being considered an
“organizer” function, much like the dorsal lip of the blastopore classically defined by Spemann
and Mangold. Several gene products involved in cell signaling and transcriptional regulation
have recently been identified. These have a critical role in the development of the micromeres,
including their morphogenesis during EMT.
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CHAPTER 7

Change of Epithelial Fate:
Lessons from Gastrulation in Drosophila

Atish Ganguly and Y. Tony Ip

Abstract

hange of epithelial cell fate occurs in developmental, physiological, and pathological
‘ processes. While the initiation and outcome of the various processes may differ, many

of the cellular and molecular controls are common. Using Drosophila gastrulation as a
model, we desctibe in this chapter the molecular genetics of cell shape changes of the epithelial
cells in the blastoderm. The columnar epithelial cells in the ventral region, which are destined
to become mesodermal precursors, behave differently from cells in other regions of the early
embryo and invaginate to the appropriate position during gastrulation. Genetic studies point
to the involvemnent of the region specific transeription factor Snail and the ubiquitous adherens
junctions and cytoskeleton. How cell fate determinants turn on ubiquitous machineries to
achieve the coordinated cell movements during gastrulation is being elucidated and is a fasci-
nating area of research that attracts the attention of scientists from various disciplines.

Introduction

The cell movements of §astrulation are the first visible morphogenetic events during early
embryogenesis.*'%23303242 Dyring this developmental process, the single-cell-layered blasto-
derm undergoes a series of highly coordinated cell shape changes and movements to produce
the three germ layers, the ectoderm, mesoderm and endoderm. Thus, gastrulation is not only a
critical biological process, but also an excellent model for the study of cell shape changes and
movements, as well as the conversion of epithelial cells to mesenchymal fates®** (sce also
Chapter 2, Morali et al).

Drosophila melanogaster has proved to be a valuable model for studying the cellular and
molecular control of gastrulation.>!*?%263% The techniques for forward and reverse genetics
are well developed in this organism, and a large body of genetic information has been com-
piled.'® Although the appearance of the morphogenetic process in various animals may differ,
many of the molecules involved in gastrulation appear to be conserved throughout evolution.
Therefore, the results obtained through studies in the fruit fly ate relevant to similar processes
in vertebrates. In this chapter, we will focus primarily on the conversion of the ventral epithe-
lium into the mesodermal primordium during gastrulation, and on the zinc-finger transcrip-
tion factor Snail as a key regulator of cell fate and movement in the process.

Gastrulation in the Fly Embryo

The fertilized Drosophila egg contains the zygotic nucleus surrounded by a large amount of
yolk and protected by a plasma membrane, a vitelline membrane and a resilient outer chorion.!!
The yolk contains maternally deposited RNA and proteins, which enable the embryonic nuclei
to divide in the absence of zygotic transcription. During the first two hours of development,

Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition,
edited by Pierre Savagner. ©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.



102 Rise and Fall of Epithelial Phenotype: Conceprs of Epithelial-Mesenchymal Transition

A) Cross section D

<+— Neuroectoderm

Y<+— Mesectoderm

e
Presumptive
mesoderm

B) Ventral view Mesectoderm

Presumptive
mesoderm

Figure 1. Schematic drawing of the blastoderm stage embryo. A) A cross-section at the middle of the embryo.
The columnar epithelial cells are located at the periphery of the embryo, delimited by the two circles. Along
the circumference there are approximately 100 cells, with 18 of these cells located in the ventral (V) region
format the presumptive mesoderm. This area is subdivided into two regions. The blue region is 12 cells wide
and is the midventral region where autonomous cell shape changes occur. The light blue regions on either
side are 3 cells wide, and these cells passively follow the midventral cells during invagination. The mesec-
toderm (red line) is one cell wide along the circumference, and the gene single-minded is expressed specifi-
cally in this region. The neuroectoderm is approximately 10 cells wide along the two lateral regions of the
embryo. D is dorsal side. B) A ventral view of the blastoderm. Anterior is A and posterior is I The ventral
presumptive mesoderm, blue and light blue together, is approximately 18 cells wide and 60 cells long. The
mesectoderm (red line) constitutes the future midline cells and is one cell wide next to the mesoderm.

the zygotic nucleus undergoes 13 divisions without cytokinesis to form the syncytial blasto-
derm. Then cellularization begins and at its completion a single cell-layered epithelium sur-
rounding the yolk forms the cellular blastoderm (Fig. 1).

The next developmental process is gastrulation. Gastrulation in Drosgphila includes the
ventral invagination of the presumptive mesoderm, invagination of the anterior and posterior
endoderms, cephalic furrow formation, and germ band extension.® Formation of the ventral
furrow occurs immediately after the ventral cells have completed cellularization. The furrow
forms along the ventral midline of the embryo. An area around 60 cells long by 18 cells wide
gets internalized as a result of the invagination. These cells go on to form the mesoderm of the
embryo. Hence this ventral region is called the presumptive mesoderm or the ventral plate (Fig.
1). Around the same time, the cephalic furrow begins to form on the lateral sides of the em-
bryo. Shortly after, the posterior midgut and the pole cells begin to invaginate. Germ band
extension then commences from the ventral side of the embryo and pushes towards the dorsal
side. This process carries the invaginating posterior midgut and the pole cells onto the dorsal
side of the embryo. These various processes together rake about one hour and 15 minutes.
Gastrulation occurs rather independently of cell division, therefore cell shape changes and
cell-cell interactions are the driving forces for the morphogenetic movements.
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Cellular Changes in the Presumptive Mesoderm

At the blastoderm stage, every cell has a rounded apical surface (the surface facing outside
the embryo). Just before the formation of the ventral furrow, the apical surface of every cell in
the presumptive mesoderm becomes flat. Such apical flattening causes the cells to become
more columnar in shape.”*#! The next change is apical constriction, which occurs only in a 12
cell-wide region surrounding the ventral midline (Fig. 1). These cells are a subset of the pre-
sumptive mesoderm and are called the midventral cells. The constriction pushes the cytoplasm
and nuclei, and the cells begin to elongate basally. At this stage, the constricting apical surfaces
of the midventral cells appear to drag cells, 3 rows on each side, towards the ventral midline,
and the first hint of the ventral furrow appears. The elongated midventral cells then begin to
shorten. This causes their basal surfaces to expand laterally and exert force on their neighboring
cells. As a result, the cells are displaced on their basal side while remaining bunched together on
the apical side. An analogy would be a person holding a bunch of cylindrical balloons together
at one end, and pushing the other end of the balloons towards the first. The balloons would
then expand laterally and fan out. Similar arrangement and forces in the ventral epithelium
promotes the formation of the ventral furrow. As the midventral cells contract further, the
surrounding lateral cells continue to get dragged towards and into the furrow. Once the pre-
sumptive mesoderm is inside, these cells lose all attachment and collapse to form the meso-
derm layer. They divide a total of three times, move to appropriate positions and differentiate
to form mesodermal derivatives such as muscles, fat body and lymph gland.!¢

Dorsal-Ventral Patterning of the Blastoderm

Obviously, the ventral cells behave differently from other cells of the blastoderm stage em-
bryo. The establishment of cell fate by the maternal Toll signaling pathway is the determining
factor for the specific ventral cell behavior (Fig. 2). The Toll receptor, being maternally depos-
ited, is expressed throughout the embryo.! As the result of early asymmetric cues tracing back
to the oocyte, the ubiquitous Toll is activated only in the ventral side. The signal is transmitted
through the adaptor protein Tube and the kinase Pelle, which regulate the IkB homologue
Cactus.”® As a result, Cactus is phosphorylated and targeted for degradation. The function of
Cactus is to bind and inhibit Rel/NF-B proteins. As cactus is degraded, Dorsal is released
from the cytoplasm to enter the nucleus. Dorsal is also maternally deposited and hence present
throughout the cytoplasm of the syncytial embryo. The strength of the Toll signal controls the
amount of Dorsal nuclear transport. Thus, the Toll pathway sets up a gradient of nuclear
Dorsal, with the ventral nuclei having the highest levels.

The Dorsal nuclear protein gradient activates and represses zygotic genes to establish pattern-
ing along the dorsal-ventral axis (Fig. 2). Two zygotic genes that Dorsal activates are zwisz and
snail, which encodes a basic helix-loop-helix transcription activator and a zinc-finger transcrip-
tional repressor, respectively. Both Twist and Snail are expressed on the ventral side of the embryo,
and their patterns coincide with the presumptive mesoderm territory. While Dorsal directly acti-
vates Twist and Snail, Dorsal/Twist cooperation is also required for optimal expression of Snail.

Even though both zwist and snail mutant embryos have defects of similar severity in gastru-
lation, there are a few important differences.”’*! swiss mutants are able to flatten the apical
surfaces of the cells of the presumptive mesoderm but no apical constriction takes place. As a
result, a very shallow furrow begins to form but no substantial invagination occurs. In snail
mutants the ventral cells do express twist rather normally, but the embryos exhibit a more
severe phenotype. The apices of the cells in the presumptive mesoderm do not flatten; conse-
quently no apical constriction takes place in the midventral cells and no ventral furrow forms.
Taken together, both Twist and Snail are important for ventral furrow formation, with Snail
exerting a more direct influence on the process.””#1"?° In addition, double mutants for rwist
and snail show no cell shape changes and no ventral furrow formation even at very late stages.
This indicates that fwist and snail have both distinct and overlapping functions during ventral
furrow formation.



104 Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition

Figure 2. Genetic control of dorsal-ventral polarity and Snail
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Multifaceted Control of Gastrulation by Snail

A number of events are required for the coordinated invagination of the ventral cells. These
include cell fate and polarity determination, cytoskeletal rearrangements, adherens junctions
redistribution, and mitotic arrest before and during invagination. In sn4i/ mutants, many, if
not all of these events do not occur; hence Snail has a direct or an instructive role in these
cellular processes (Fig. 3).

Regulation of Cell Fate and Polarity

Snail functions as a sequence-specific DNA-binding protein and represses transcription of a
number of target genes. Among them are single-minded, rhomboid, lethal-of-scute, Delta, crumbs,
shotgun and genes in the Enbancer-of-split complex?'"*>? (see also Chapter 11, Berx and Van
Roy). These genes are normally expressed in the mesectodermal cells or in the neuroectodermal
regions but are excluded from the presumptive mesoderm. Their expression is derepressed in
the ventral region in snai/ mutant embryos. Many of these genes such as single-minded and
enhancer-of-split are cell fate determinants for the mesectoderm and neuroectoderm. On the
other hand, crumbs and shotgun/E-cadberin code for cell adhesion molecules. The repression of
such a diverse array of target genes by Snail provides hints for the mechanisms involved in
gastrulation. Since the ventral cells are committed to a mesodermal fate, they should not ex-
press other genes that will result in their taking up alternate fates. Expressing mesectodermal or
neuroectodermal genes may push these cells towards a more neural fate. In fact, a hypomorphic
allele of snail causes a derepression of single-minded and rhomboid in the presumptive meso-
derm but still allows ventral furrow formation.'® These ventral cells show the expression of
both mesodermal and neural markers, indicating an abnormal fate specification. The repres-
sion of Delta may have a similar function as Delta may promote the formation of epidermoblasts
at the expense of the mesoderm.

Crumbs is a cell adhesion molecule that is important for planar cell polarity in some epithe-
lial cells of the Drosophila embryo.>* Perhaps the presumptive mesodermal cells have to main-
tain apical-basal polarity in order to form the ventral furrow. Expression of Crumbs in the
presumptive mesoderm might disrupt normal polarity cues in these cells, and thus needs to be
repressed by Snail.
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Figure 3. Snail is a transcriptional repressor that has an array of targets. Snail represses a variery of genes in
the presumptive mesoderm. The repression of single-minded, rhomboid, and lethal-of-scute shuts off mesec-
todermal and neuroectodermal fates in the presumptive mesoderm. The repression of Delta presumably has
similar effects on epidermal cell fate. E-cadherin and Crumbs are cell adhesion molecules, and the modu-
lation of their activities and expression is needed to enable cell shape changes and cell movements during
ventral furrow formation.

Regulation of the Cytoskeleton

The cells of the presumptive mesederm go through many cell shape changes during ventral
furrow formation. What causes this range of shape changes and movements? The most prob-
able answer is through cytoskeletal rearrangements. Evidence comes from embryos mutant for
the flightless gene.*® These embryos show defects in gastrulation. flightless codes for a homo-
logue of Gelsolin, a protein involved in actin depolymerization, thus implicating the actin-myosin
complex in this process. In addition, Zipper, a nonmuscle myosin homologue, is enriched at
the apical surface of the invaginating cells forming the ventral furrow.>>#

At this point, we can make two predictions. One, if the actin microfilament network is
important for cell shape changes during ventral furrow formation, then disrupting the mol-
ecules required for the regulation of this network should have serious consequences. Two, there
should be a mechanism by which these specific modulations of the ubiquitous actin-myosin
network occur only in the ventral cells of the blastoderm embryo. The Rho family of GTPases
plays a very important role in the regulation of the actin microfilament network, as do the
associated molecules required for their proper function'® (see also Chapter 17, Nakagawa et
al). Disruption of the functions of RhoA and the GTP exchange factor RhoGEF2 causes severe
defects in the formation of the ventral furrow.>!> The severity of the phenotype implies that
these are essential molecules in the pathway and the cells have no alternate mechanisms to
bypass them. As both molecules are expressed ubiquitously in the early embryo a question
remains as to what provides the cue for their selective activation in the presumptive mesoderm.

The analysis of two more genes, concertina and folded gastrulation (fog), has provided a
partial solution to this problem.”*"¥ concertina codes for a Ga- like protein and fog a putative
ligand (Fig. 4). Concertina is expressed ubiquitously in the early embryo, being maternally
deposited. On the other hand, Fog is a zygotic gene product regulated by Twist and Snail and
is expressed in the ventral cells. Loss of function of either concertina or fog affects the flattening
and the constriction of the apical surface of ventral plate cells and results in a delay, but not a
total abrogation of ventral furrow formation. Misexpression studies with Fog have shown that
it is capable of causing apical surface flattening and constriction in cells outside of the ventral
domain.®! If the same experiment is performed in a 7/0GEF2 mutant background, then these
ectopic cell shape changes do not take place. This further confirms that RhoGEF2 is critical for
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Figure 4. Regulation of cytoskeletal changes by Twist and Snail. Snail and Twist are involved in the ventral
expression of the zygotic gene folded gastrulation, which codes for a putative ligand that binds to an unknown
receptor to activate the maternal Go-like protein Concertina. Activation of this pathway probably stimulates
the ventral cells to turn on the ubiquitously expressed RhoA and RhoGEF2, which modulate the cytoskeletal
rearrangement needed for cell shape changes and cell movements during the formation of ventral furrow.
Based on the strength of phenotypes of various mutants, we postulate that there is an additional pathway
functioning downstream of Twist and Snail to regulate RhoA/RhoGEF2 in the ventral cells.

these shape changes, and that cells outside the ventral domain contain all the necessary compo-
nents for this process except Fog. These data point to a hypothesis where Fog is produced in the
ventral cells of the early embryo under the control of Twist and Snail, and acts as a ligand for an
as yet unknown Ga-coupled receptor. Activation of this receptor causes RhoA and RhoGEF2
mediated actin microfilament rearrangements in the presumptive mesoderm and also the asso-
ciated cell shape changes, eventually leading to ventral furrow formation.

An interesting aspect is that mutants of sn#i/ and rhoGEF2 do not form any ventral furrow,
but mutants of concertina and folded gastrulation do, albeit delayed. This suggests that still
missing is another critical pathway, which acts downstream of Snail but independently of
Concertina and Fog to activate RhoGEF2 and the subsequent cytoskeletal rearrangements
(Fig. 4).

Regulation of Intercellular Adhesion

The migration of the presumptive mesoderm occurs as a sheet of cells. Thus, the population
is loose enough to migrate and adherent enough to remain an intact sheet. This points to a
mechanism where intercellular adhesion is modified appropriately during the process to meet
this specific requirement. Multi-protein complexes called adherens junctions are localized to
plasma membranes of epithelial celfs, and homotypic interactions of these complexes mediate
intercellular adhesion.>*? The cell adhesion molecule that forms the core of adherens junctions
is E-cadherin, which is encoded by the shozgun gene in Drosophila.>*° In wild type embryos,
DE-cadherin is concentrated at the apicolateral surfaces of ventral cells during furrow forma-
tion. Such asymmetric localization may help the cells to remain attached together at the apical
end during constriction, while leaving basal surfaces more loosely bound to facilitate the elon-
gation, contraction, and lateral expansions.
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There is a large maternal deposition of DE-cadherin in the embryo and hence the protein is
ubiquitously expressed during the early stages of embryogenesis. This probably is sufficient for
required functions and may explain why zygotic mutants of shezgun show no defects in gastru-
lation. Mosaic analysis shows that DE-cadherin is essential for oogenesis.'>* Therefore, ablat-
ing the maternal deposition interferes with the normal development of the oocyte, leaving no
mutant embryos for examining the involvement of DE-cadherin in gastrulation. Another com-
ponent of the adherens junction is 8-catenin, encoded by the armadillo gene. This protein is
bound to the cytoplasmic domain of DE-cadherin and serves as a link between DE-cadherin
and the actin cytoskeleton through another protein, a-catenin. Null mutations of armadille
cause defects in oocytes, therefore embryos lacking maternal B-catenin cannot be obtained.
Nonetheless, embryos detived from oocytes that are partial loss of function mutants of $-catenin
exhibit defects in gastrulation.® Mutant cells lose their columnar shape and round up. More-
over, multiple cell layers are formed. This is probably due to the lack of coordinated cell move-
ments during ventral furrow formation, thus indicating that adherens junctions are important
for this process.

In snail mutants, the adherens junctions in the presumptive mesoderm are enriched in the
lateral surfaces of the ventral cells as opposed to its apicolateral localization in wild type cells.*®
Therefore, Snail is somehow involved in this localization. One way for Snail to achieve this
would be to regulate the actin cytoskeleton to which the adherens junctions are attached. How-
ever, the precise mechanisms by which adherens junctions are localized to the apicolateral
surfaces of ventral cells remain unclear. Also, Snail is capable of repressing the RNA expression
of shotgun in the cells of the presumptive mesoderm. How this could help the ventral furrow to
form is unclear.

Regulation of Cell Division

Cell movements during gastrulation are driven by mechanisms autonomous to the ventral
cells and do not depend on the increase in cell population. Early synchronized cell divisions
stop at the end of the blastoderm stage and asynchronous mitosis begins in selected groups of
cells in the embryo called mitotic domains.'! The cells of the presumptive mesoderm start to
divide only after they have completed invagination. It has also been shown that cell divisions
actually need to be stopped during ventral invagination!4238

The gene string encodes the Drosophila ortholog of yeast Cdc25, a phosphatase that renders
the Cdc2 kinase active and pushes the cell through the G2/M checkpoint (Fig. 5). Therefore,
Drosaphila Cdc25/String promotes mitosis and its expression in the cells of a mitotic domain
usually precedes cell division in that domain.” In wild type embryos, string RNA is expressed in
the presumptive mesoderm, but these cells remain arrested at G2. However, if String is ex-
pressed to higher levels in the presumptive mesoderm before ventral furrow formation, these
cells enter premature mitosis and invagination is blocked.'#?’ Hence, while the RNA is present,
String protein activity is normally inhibited in the presumptive mesoderm by post-transcriptional
mechanisms. When the level of String activity exceeds a certain threshold, it overrides the
inhibition and cells enter mitosis prematurely, thereby inhibiting the formation of the ventral
furrow. Interestingly, in sna:/ mutants, the ventral cells that do not invaginate also undetgo
mitosis. However, it is not clear whether the cell division is the cause or the effect of the lack of
invagination.

Mutations in ribbles and friibstart show a phenotype of premature entry into mitosis
similar to the loss of function of snail and the overexpression of String.!*?%% String RNA
levels remain normal in the presumptive mesoderm of these mutants, thus establishing them
as potential inhibitors of String protein activity. Tribbles has indeed been shown to promote
degradation of String protein, while the function of frihstart remains undiscovered. Tribbles
requires the Snail pathway to function optimally (Fig. 5). Overexpression of Tribbles in
tissues where Snail is not normally expressed does not lead to any significant cell cycle
block or developmental abnormality. In snai/ mutants, Tribbles activity in the presumptive
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Figure 5. Coordination of cell division and cell movement. String protein is expressed in the ventral cells
of the blastoderm but does not accumulate to high levels, therefore the cells do not enter mitosis. Tribbles
and Friihstart are two proteins that mediate degradation of String in the ventral cells during invagination
of the presumptive mesoderm. While the gene expression of tribbles (friihstart has not been molecularly
cloned) does not depend on Snail, the activity of Tribbles is regulated by Snail. A possible function of Snail
is to activate an unknown factor X that is required for the degradation of String protein by Tribbles.

mesoderm goes down and premature mitosis results, even though the expression of #ribbles
remains normal. However, no premature mitosis occurs in the presumptive mesoderm of
rhoGEF2 or concertina mutants, indicating that Snail is able to provide some unknown input
to Tribbles for its optimal activity that is independent of the above genes. Since tribbles ex-
pression is normal in snail mutants, this input has to be at the post-transcriptional level (Fig.
5). Little else is known about this aspect of Snail’s function during ventral furrow formation.

Summary

We have attempted to showcase the formation of the ventral furrow during gastrulation in
the Drosophila embryo as a model for change in epithelial fate. The formation of ventral furrow
requires coordinated regulation of cell fate, polarity, adhesion, cytoskeleton and division. Snail
appears to be involved in each of these aspects and is thus, a key molecule controlling epithelial
cell behavior. While the precise mechanisms vary in different species, the overall logic of rise
and fall of epithelial cell fate is well conserved. It has been demonstrated that Snail homologues
participate in vertebrate cell movements and cancer progression.!”34 The relevance of epithe-
lial fate change in human disease such as metastasis of malignant cells cannot be overstated.
The study of model systems such as Drosophila gastrulation will not only increase the knowl-
edge and understanding of a fascinating developmental process but also enhance the treatment
of various diseases.
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CHAPTER 8

Cutaneous Wound Reepithelialization:
A Partial and Reversible EMT

Valérie Arnoux, Christophe Céme, Donna F. Kusewitt, Laurie G. Hudson
and Pierre Savagner

Abstract

uccessful cutaneous wound repair occurs in a series of tightly coordinated and ovetlapping
Ssteps: (1) inflammation and clot formation, (2) keratinocyte activation and migration,

(3) remodeling of the basement membrane and extracellular matrix, and (4) dermal and
epidermal maturation. During the final three stages of cutaneous wound healing, restoration of
an intact epidermis occurs via a complex process termed reepithelialization. In this chapter, we
focus on the process of wound reepithelialization, emphasizing the resemblance of
reepithelialization to epithelial-mesenchymal transition (EMT) occurring during development
and tumor progression. Based on the many morphologic and molecular similarities between
the two processes, we propose that wound reepithelialization represents a partial and reversible
EMT.

Introduction

EMT is essential for normal embryonic development and also occurs during some patho-
logical conditions in adult tissues (see other chapters in this book). We propose that
reepithelialization during wound healing represents an instance of physiologic EMT occurring
during adult life, as opposed to developmental and pathologic EMT (see Table 1). In this
chapter, we review those features of reepithelialization consistent with EMT.

Skin consists of the epidermis, a keratinized stratified squamous epithelium, overlying the
collagen-rich dermis, which contains the skin’s blood supply. The epidermis includes special-
ized structures such as hair follicles and annexae. The epidermis is composed primarily of
keratinocytes (85%), with melanocytes, Langerhans cells, and Merkel cells. The basal layer of
the epidermis (stratum basale) consists of mitotically active keratinocytes anchored to the base-
ment membrane (BM) by hemidesmosomes. Suprabasal keratinocytes are organized into the
stratum spinosum, the stratum granulosum, and the stratum corneum. Cells within the stra-
tum corneum, the most external layer, have undergone nuclear degradation, cytokeratin aggre-
gation, and replacement of the plasma membrane with a tough, insoluble cornified envelope
that is cross-linked to extracellular lipid. The stratum corneum thus forms a highly imperme-
able barrier layer. Keratinocytes are tightly connected to each others by desmosomes and adherens
junctions.

Keratinocytes differentiate physiologically as they migrate upward from the most basal layer
toward the skin surface. Keratinocyte stem cells are located in the basal layer of the interfollicular
dermis and in the bulge region of the hair follicle." Proliferation and differentiation are mutu-
ally exclusive in the epidermis. Cells in the stratum basale proliferate but do not undergo
terminal differentiation, while suprabasal cells differentiate but rarely divide. Differentiation of
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Table 1. Distinct EMT types show similar characteristics

Intercellular
EMT Type Examples Junctions Motility Invasiveness Cytoskeleton Reversibility

Developmental Gastrulation Complete Increased Enhanced Change from Sometimes

Neural crest loss by secretion cytokeratin to reversible by
cell migration of proteases  vimentin  mesenchymal-
Heart morpho- epithelial

genesis transformation

Palatogenesis
Digit formation

Pathological  Cancer Partial to Increased Enhanced Change from Largely
progression  complete by secretion  cytokeratin irreversible
Renal loss of proteases  to vimentin,
fibrogenesis sometimes
Cataracto- to smooth
genesis muscle actin
Physiological Wound Partial Increased Enhanced Modulation of Completely
(adult) healing loss by secretion cytokeratins  reversible
of proteases

stratified squamous epithelium is controlled by a variety of factors, including interactions with
the BM,>® calcium ion concentration gradients,” and vitamin D.%?

Cutaneous Wound Healing, a Multistep Process

Embryonic wound healing proceeds without scarring'® and will not be reviewed here. Cu-
taneous wounds in the adult include burn, blister, excisional, and incisional wounds. In adult
wounds, the healing process is simpler and faster if the BM remains intact. Whether or not the
BM is present, keratinocytes go through an activation process that initiates reepithelialization.
Keratinocyte activation and subsequent stages in reepithelialization are characterized by events
typical of EMT as described in other chapters of this book. Here, we will review these charac-
teristics, emphasizing those wound healing processes occurring when the BM has been rup-
tured.

Studies using several animal models, including rabbit,'’ mouse'? and pig,'* have provided
descriptions of in vivo cutaneous wound healing at the cellular level. In animals with loose
skin, such as mouse and rabbit, contraction of the panniculus carnosus, a thin sheet of striated
muscle lying beneath the epidermis, plays a prominent role during wound repair. In contrast,
the human and pig have tight skin, lacking a panniculus carnosus. Despite these differences,
Odland' has demonstrated that the timing of reepithelialization during wound healing is
similar in man and experimental animals.

As illustrated in Figure 1, wound healing process may conveniently be divided into the
following steps:

1. Clot formation and inflammation

2. Keratinocyte migration and proliferation
3. ECM remodeling

4. Dermal and epidermal maturation

Recpithelialization occurs during the final three stages of wound healing. Reepithelialization
involves the migration of keratinocytes from the edges of the wound, followed by their prolif-
eration, stratification, and redifferentiation to form an intact epithelium.'®
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Figure 1. Wound repair is a multistep process with overlapping phases. Immediately following wound, local
inflammation initiates the first phase during which the fibrin clot is formed, and contraction decreases
wound extent. Leucocyte infiltration provides a source of neutrophils, monocytes, cytokines and growth
factors which amplify the wound signal, supporting activation of downstream pathways. The granulation
phase follows this phase and involves different cell types: macrophages, keratinocytes and fibroblasts whose
activation results in the organization of the granulation tissue, a richly vascular connective tissue. Activated
keratinocytes contribute to the ECM reconstitution through synthesis of new molecules and proteolytic
activity. This remodeling phase is the ultimate step for complete reepithelialization and wound closure.

Keratinocyte Activation, a Partial EMT

Reepithelialization is initiated by activation of keratinocytes at wound margins.'® This pre-
paratory phase of keratinocyte activation precedes the onset of keratinocyte migration into the
wound site!” (Fig. 2). The original stimulus for activation is the injury itself which initiates the
early signaling events. Using cultured corneal cells, it has been demonstrated that the stimulus
for epithelial cell activation and migration is the availability of a denuded surface rather than
mechanical damage to cells at the wound margin.'8

Activated keratinocytes under%o morphologic modifications, develop new migratory capa-
bilities, and express novel genes."”” These alterations are reminiscent of “classic” EMT seen
during development and described elsewhere in this book (Chapters 1: Hay and 2: Morali et
al). Table 2 summarizes the changes in gene expression and their phenotypic effects that are
shared by the processes of reepithelialization and EMT.

One of the hallmarks of EMT in vitro and in vivo is cell-cell dissociation. Likewise,
keratinocytes at the leading edge of a wound undergo dramatic reorganization of the junctional
complexes and associated cytoskeletal elements. Adhesion between keratinocytes is primarily
mediated by desmosomes and adherens junctions. Desmosomes represent the dominant adhe-
sive junction in the epidermis and are responsible for maintaining the architecture and struc-
tural integrity of the skin.?® In addition, hemidesmosomes link basal keratinocytes to the BM
at the junction of the epidermis and dermis. Desmosomes and hemidesmosomes are directly
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Figure 2. Keratinocyte activation is induced by early inflammatory response. The epidermis is organized into
a keratinocyte multilayer. Keratinocytes express specific cytokeratins along their differentiation path, re-
flecting a vertical migration from the basal layer, attached to the basement membrane (BM), towards the
cornified layer. Following a wound and local inflammation, cytokines and growth factors initiate combined
pathways defining an activation state for the basal keratinocytes, associated with the specific expression of
cytokeratins 6 and 16 (K6-K16). As a visible result of this activation, keratinocytes undergo a partial
conversion of phenotype reminiscent of the EMT process and become flattened and motile.

linked to the cytokeratin cytoskeleton, while adherens junctions connect to actin cytoskeletal
elements. At wound margins, keratinocytes change from polarized and stationary cuboidal
cells to flattened cells with extended lamellipodia.”” Cells undergo a reduction in the number
of cell-cell junctions, disruption of the intermediate filament network and reorganization of
the cytoskeleton; these alterations are associated with the appearance of gaps between
keratinocytes.'?! At completion of reepithelialization, keratinocytes regain the epithelial phe-
notype, establish stable intercellular and cell-substrate contacts. It has been reported that des-
mosome formation is a critical event marking the end of migration,?*"

Our studies in HaCaT cells?® showed that the internuclear distance between keratinocytes
at wound margins increased by 60%. The flattened cells at the wound margins showed discon-
tinuous staining for desmosomal components in regions of cell-cell contact, indicating de-
creased desmosome density but not complete loss of desmosomes.?® Thus, although partially
disconnected, cells at the wound margin remain part of a cohesive sheet. A generalized and
dramatic remodeling of the cytokeratin cytoskeleton accompanies desmosomal dissolution.
Morphological studies reveal that intermediate filaments retract from the keratinocyte cell sur-
face as a subset of the desmosomes and hemidesmosomes in the cell undergo dissolution.'” In
unwounded epidermis, cytokeratins CK5 and CK14 are expressed in basal keratinocytes, which
are the main participants in reepithelialization. Suprabasal keratinocytes express mostly CK1
and CK10.7?8 In contrast, activated keratinocytes at wound margins® express cytokeratins
CKG6 and CKI16, as well as CK5 and CK14.%"°932 Altered cytokeratin expression is also de-
scribed as part of EMT occurring during development and malignant progression. During the
formation of the secondary palate for example, K5/6 expression is upregulated and vimentin
expressed prior to midline contact.>® There are numerous instances of cytokeratin downregulation
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Table 2. Similar molecules are involved in developmental EMT and wound healing

Wound Healing
(Activated

Molecules Developmental EMT References Keratinocytes)
Collagen | Neural crest cell migration 253 67
Fibronectin Heart morphogenesis 254 62, 63, 255
Laminin Heart morphogenesis 253,254 19

Neural crest cell migration
Tenascin Embryo 253,256 64

Neural crest cell migration
B1 integrin Heart morphogenesis 254, 257 203
MMP-1, -2, -8, -9, -10  Neural crest cell migration 258, Chapter 22 139, 143, 146,
plasminogen activator 148, 259
Keratins Palate formation 33 21
EGF, TGF-a Palate formation 260 161
EGF receptor Palate formation 260 158
bFGF Neural crest cell migration 176, Chapter 3 175, 261
TGF-p Neural crest cell migration 262,263 264
HGF Chapter 13 170,173
Snail, Slug Gastrulation 219, 265 26
Ets Neural crest cells 243, 266 248

during EMT occurring in transformed cell lines in vitro; in such cells, cytokeratins are often
replaced by vimentin filaments (see other chapters in this book). Furthermore, during gastru-
lation, cytokeratins in cells undergoing EMT are replaced by vimentin filaments (see Chapter
2, Morali et al).

A major cell-cell adhesion molecule found in adherens junctions, E-cadherin, is also regu-
lated during reepithelialization. Although no changes in E-cadherin mRNA or protein levels
are detected in keratinocytes at wound margins in vitro®® or in vivo,* E-cadherin vanishes
from the free edges of keratinocytes forming the wound margin. This reflects structural changes
in adherens junctions and actin cytoskeletal organization. A similar EMT-linked relocalization
of E-cadherin is also observed in vivo during palate fusion? and in vitro in growth factor-induced
EMT in NBT-I carcinoma cells.®® In other in vitro situations and during EMT in gastrula-
tion, E-cadherin is downregulated at the RNA and protein levels (see Chapter 3, Newgreen).

The relationship between E-cadherin expression and the EMT occurring as part of carci-
noma progression is complex. Some breast cancers, such as infiltrating lobular carcinomas,
have apparently undergone extensive EMT-like changes and have lost all cell-cell adhesion
structures. These cells completely lack cell membrane-associated E-cadherin. In the case of
breast invasive ductal carcinoma, E-cadherin expression is maintained but there is significant
heterogeneity in the partern of E-cadherin expression. Thus, there may be a total lack of expres-
sion in some limited regions of the tumor, possibly indicating regional variations in tumor
phenotype. In general, a decrease in membrane-bound E-cadherin expression is associated with
increased invasiveness in human tumors (see Chagter 9, Van Marck et al), and E-cadherin is
overall considered to be a tumor suppressor gene.’*> On the other hand, maintaining some
level of E-cadherin—mediated cell-cell adhesion in tumor metastases may be important for
tumor progression,®®*® probably because it could facilitate cell survival within metastatic de-
posits.
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Migration of a Semi-Cohesive Sheet of Cells
Migration during EMT

Cell migration is a consistent feature of EMT and is also crucial for reepithelialization
during cutaneous wound healing. During development, epithelial cells can move as sheets or,
when they undergo the full panoply of EMT-associated changes, as individual cells.**4! Can-
cer cells can also invade either as multicellular strands or sheets or as individual cells.*>> Cell
movement of multicellular structures resembles the wound healing responses described above
for larger wounds, while invasion as single cells involves complete loss of cell-cell junctions
and, often, replacement of cytokeratin intermediate filaments by vimentin. The latter mode of
migration closely resembles the complete EMT occurring at some stages of development. Tu-
mors can display both modes of invasion simultaneously, and it appears that the transition
from collective to individual cell migration could mark an ominous change in the invasive and
metastatic potential of a tumor. During some EMT-like processes, notably renal fibrogenesis,
motility is associated with de novo synthesis of smooth muscle actin.

Reepithelialization is characterized by the progressive extension of a sheet of keratinocytes
from the wound margin across exposed dermis. This extension is the result of an active migra-
tory process. From 12 to 48 hours after wounding, the epidermis migrates symmetrically over
the wound bed from the free edge toward the center of the wound.'*!> Advancing keratinocytes
extend prominent cytoplasmic projections (filipodia and lamellipodia). Electron microscopy
demonstrates a substantial increase in the diameter of cells at the advancing wound margin and
sparse intermediate filaments. It also shows the persistence of at least some desmosomes in
migrating keratinocytes, allowing coherent migration of motile but cohesive cells. In small
circular wounds, epithelial cells at the wound margin develop bundles of actin filaments that
insert into adherens junctions connecting the cells. These bundles form a circumferential “purse
string” running around the wound margin; contraction of this structure reduces the wound. 346
In larger wounds, formation of a purse string is more difficult to demonstrate. In vitro, some
epithelial cells at the wound margin develop into leader cells that extend large lamellae into the
wound area. The cytoskeleton and cell-cell contacts of leader cells are modified to resemble
those of fibroblasts and leader cells become partially dissociated from neighboring cells. 4647
Movement of a coherent epithelial cell sheet during this process is not due simply to migration
of a front row of motile cells that drags along a collection of trailing cells. Instead, there is
dynamic reordering of the cells at the wound margin, which is facilitated by the lability of
adherens junctions and desmosomes connecting the cells.

The leading edge of the wound is composed of a single layer of cells in vivo. The number of
epithelial cell layers increases with distance away from the leading edge of the wound. It has
been suggested that cells at the wound margin migrate in a leapfrog fashion, with migrating
cells slightly distal to the wound edge moving over the leading cells to reach available substrate
and cells located further from the wound edge migrating as a cohesive sheet. This hypothesis is
based on observations in vivo and in reconstructed skin models in vitro. ¥ However, this behav-
ior is not observed in vitro two-dimensional wound healing models using keratinocytes grown
on plastic or on a collagen substrate (P. Savagner, unpublished observation). In vivo observa-
tions may reflect the involvement of suprabasal keratinocytes in reepithelialization but the role
of a “leapfrog mechanism” in wound healing has not been conclusively demonstrated. Other
models for the generation of the mechanical forces implied in the migratory process involve (a)
traction from the “leader cells” in vitro or their equivalent in vivo and (b} pressure from the
cells proliferating behind the wound edge. The lack of tight adhesion between the cells at the
wound margin and the following cells does not favor to this second hypothesis, although
keratinocyte proliferation is certainly necessary for the overall success of wound healing pro-
cess.

Epithelial cell migration during EMT and EMT-like processes is driven both by
actin-myosin-based contraction and actin-polymerization-based protrusion. Branched actin
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networks located below the plasma membrane form a cortical actin ring. Bundles of actin
filaments running through the cell cytoplasm constitute stress fibers, and highly branched
networks of actin filaments are found in cellular protrusions like lamellipodia.*® Actin poly-
merization, bundling, and branching are under the control of a variety of actin binding pro-
teins such as cofilin, profilin, gelsolin, and tropomyosin.*’ Contraction of actin filaments in
nonmuscle cells is mediated by the actin cross-linking protein myosin I1.°° Generation of trac-
tion forces by actin-myosin filaments requires interactions with the substrate or adjacent cells,
thus the actin cytoskeleton is intimately connected to cell-substrate and cell-cell contacts.”
Stress fibers insert into focal adhesion contacts that transiently anchor the cell to its substrate
during migration and cortical actin cables may attach to adherens junctions connecting adja-
cent cells to form contractile structures involving multiple cells.*>* RhoA, racl, and cdc42,
members of the Rho family of small GTPases, link signals originating from cell surface recep-
tors, including G-protein-coupled receptors, tyrosine kinase receptors, cytokine receptors, and
adhesion receptors, with the actin cytoskeleton.” Effectors of Rho family GTPases are
serine-threonine kinases, notably PAK1 and ROCK, that regulate the actin cytoskeleton.”
Thus, the Rho family plays a critical role in cell migration as reviewed in Chapter 17 (Nakagawa
et al). In general, rho activation stimulates formation of contractile stress fibers, while rac
activation drives formation of lamellipodia and cdc42 controls filipodia development.?’ In
addition to regulating changes in the actin cytoskeleton, these factors also modulate cell-cell
and cell-substrate adhesion complexes, thus coordinating the two processes to promote cell
migration,>%3!

Migration versus Proliferation

Epidermal migration and proliferation both contribute to wound closure, but they appear
to be controlled by independent mechanisms and to be somewhat mutually exclusive. Mitosis
is rare in migrating cells.”>*® During gastrulation in Drosophila, proliferation is suppressed
while migration is occurring.>”® In corneal wounds, healing epithelium does not show more
G2/M phase cells than unwounded control epithelium; however, cell division increases signifi-
cantly by 12h 4mm distal to the wound.”® In cutaneous wound healing, significant cell divi-
sion occurs one day after wounding and appears to be restricted to cells distal from the leading
edge of the wound.'?!? Proliferation clearly contributes to the pool of migrating cells; however,
migration of keratinocytes at the wound edge is an active process that cannot be explained by
passive translocation of marginal cells due to proliferation.

Extracellular Matrix

Wound repair is initiated by aggregation of platelets, formation of a fibrin mesh,5! and
release of growth factors during activation of coagulation pathways. The fibrin-rich wound clot
thus formed provides a temporary wound scaffolding. As granulation tissue forms, fibroblasts
replace the plasmin- and MMP-digested fibrin clot with fibronectin,®>3 tenascin®®® and
collagen I11.% Collagen type 111 is later replaced by collagen type I and these two types of
collagen confer strength to the healing wound.®”

The ECM controls keratinocyte migration. Typically, the BM is locally eliminated during
the wounding, exposing migrating keratinocytes to the ECM of the underlying dermis. The
fibronectin contribution to wound healing is reminiscent of its role in EMT during develop-
mental processes including gastrulation and neural crest cell migration where it provides a
migration substrate specifically enhanced within migratory pathways (see Chapter 2, Morali et
al and Chapter 3, Newgreen).

The BM component laminin 5 (LM-5) (also called epiligrin, nicein, kalinin), secreted b
epithelial cells, mediates stable attachment of epidermal cells to the BM in intact epithelium. %87
However, LM-5 also appears to play a significant role during keratinocyte migration by inter-
acting with type VII collagen to link the epidermis to the dermis.”!””> Immunohistochemical
and in situ h;rbridization studies have shown increased LM-5 expression in migrating
keratinocytes’®8! and LM-5 deposition by keratinocytes is associated with persistent,



118 Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition

directional migration.”®”® Among other cell types involved in EMT-like events, LM-5 is also
expressed at high levels by squamous cell carcinomas.?>®? In these tumors, LM-5 is implicated
as a mediator of invasion. The role played by LM-5 may depend on the integrity of the mol-
ecule since it is deposited as a precursor into the provisional BM.3 In the mature BM, LM-5 is
proteolytically processed and degraded into active peptide fragments reported to promote
motility.®

Integrins

Keratinocytes interact with the ECM through cell surface receptors called integrins.
Integrins compose a large family of heterodimeric proteins that bind with varying affinity to
different ECM components. Integrins participate in EMT occurring during developmental
processes such as neural crest cells emergence (Chapter 3, Newgreen). The regulation of integrin
expression is complex and species-dependent. In the epidermis, integtins are expressed mainly
in basal keratinocytes; their expression is down-regulated during terminal differentiation. How-
ever, integrin expression can be detected in suprabasal keratinocytes in instances of benign
hyperproliferation such as that occurring during wound healing,> Basal keratinocytes express a
variety of integrins. The most abundant integrins in normal epidermis are a2f1 (a collagen
receptor),®’ a3B1 (predominantly a LM-5 receptor),”® and a684 (another laminin receptor).”’
The vitronectin receptor avf5 is also a normal epidermal integrin, but it is expressed at lower
levels.”? In their role as ECM receptors, integtins are directly involved in keratinocyte migra-
tion. However, as illustrated in Figure 3, they exhibit a surprisingly complex pattern of expres-
sion and regulation during wound healing.

Beginning eatly after wounding, several hours before reepithelialization begins, integrins
are redistributed on the keratinocyte surface and keratinocytes expand their integrin repertoire.
Hemidesmosomes detach from their laminin substrate and expression of integrins such as a5f81
(fibronectin receptor), avP6 (fibronectin and tenascin receptor), a981 (tenascin receptor),
and avB5 is activated.”*>* In addition, integrins a3B1 and 21 move from a lateral to a
basal location where they come into direct contact with the ECM. Integrin a6f4 is redistrib-
uted on the surface of migrating keratinocytes lacking hemidesmosomes.” In vitro, a6B4
localizes to the leading lamellae of migrating keratinocytes.”**® Antibodies against 64 in-
hibit the migration of carcinoma cells by blocking the formation of filopodia and lamellipodia.
Studies in knockout and transgenic mice demonstrate that a6f4 helps to maintain epithelial
integrity by mediating strong keratinocyte adhesion to LM-5 via hemidesmosomes.”*1%4

Other studies demonstrate the importance of the ubiquitous B1 integrin subunit in wound
healing. Loss of 1 integrin in keratinocytes causes a severe defect in wound healing in vivo. In
vitro, B1-null keratinocytes are characterized bly 5poor adhesion to various substrates, reduced
proliferation, and impaired migratory capacity.’ The integrin complex a2B1 has been shown
to be necessary for keratinocyte migration'® by mediaring induction of collagenase-1 through
its contact with native type I collagen'?” and by selecting LM-5 as its substrate once migration
has been initiated.'% The 0281 integrin has also been found to be necessary for growth factor
or collagen-induced EMT in carcinoma cells.'%

The role of a3f1 integrin complex in cell migration during wound healing has been scru-
tinized by several laboratories. Integrin a3f1-deficient mice display BM disorganization at the
junction between the epithelium and underlying connective tissue in skin,'®!!® kidney and
lung,'!? suggesting a fundamental role for this integrin in ECM assembly and integrity during
development. Integrin a3B1 is able to regulate LM-5 spatial organization within the ECM
mesh."2 Additionally, a3B1 integrin participates in the construction of hemidesmosomes by
establishing molecular complexes with CD151.1'* However, neither a3B1 nor a6p4 com-
plexes appear to be essential for epidermal morphogenesis during skin development.!'*

Xia et al have shown that @31 mediates initial attachment from epidermal cells to LM-5.
In a later phase, a6B4 integrin takes over in binding preferentially LM-5.11511¢ Some groups
have shown that a3B1 complex was involved into cell migration on laminin-5.8%%%116117 Thig
is in agreement with the high level of expression of integrin a3$1in keratinocytes during

86-88
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Figure 3. Keratinocyte EMT-like activation includes emergence of migratory and invasive potential. Cytokines
and growth factors induced by inflammatory response control keratinocyte activation: Keratinocytes reor-
ganize their cell-cell and cell-substrate adhesion structures, including integrin repertoire and localization,
and initiate migratory process. Reepithelialization also includes debridement and renewal of the substrate,
both by controlled proteolysis, facilitated by metalloproteinases (MMP) and plasminogen activator (PA),
and synthesis of new extracellular matrix (ECM) components, including laminin chains (LN), collagens
(coll), fibronectin (FN), vitronectin (VN) and tenascin (TN). In addition, the contraction, generated by
myofibroblasts differentiating from local fibroblasts under TGF-§ activation, participates in the early
wound healing response.

cutaneous wound healing’®'18 and in various metastatic carcinomas.'**12! Accordingly,
inhibition of the a3f1-mediated adhesion to LM-5 can prevent formation of stable
lamellipodia.'?

However, others studies suggest that 0381 complex actually controls negativelg keratinocyte
motility by providing enduring binding to newly synthesized LM-5 substrate.!% In vitro stud-
ies based on 03P 1 knockout keratinocytes suggest that @31 integrin may suppress fibronectin
or collagen IV receprors function.!!® In current models,'%11% it is suggested that after initial
redistribution of a2f1 and a3P1 integrins to basal aspects of activated keratinocytes, it is
predominantly 021 that initiates migration over dermal type I collagen'®” in link with MMP-1
activation. Accordingly, once migration has started, TGF-B stimulates LM-5 synthesis'*® and
down-regulates functionally a3p1 integrin, allowing 281 to play a preferential role in bind-
ing LM-5 and support migration until the stationary phase. At this stage, when the basement
membrane is partially reconstituted, a3p1 is functionally upregulated and supplants 221 in
mediating LM-5 binding.

Additionally, a potential role for the B5 integrin subunit in keratinocyte motility was sug-
gested by the reduced migrarory activity of 35-null keratinocytes; however 85 knockout mice
have no reported skin phenotype.'”

During wound healing, keratinocyte integrins are dynamically regulated by numerous growth
factors. For example, 221 is regulated through the EGF receptor pathway,'?> and B4 integrin
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subunit regulated through phosphorylation by EGF receptor,!2® MSP'? or Fyn kinase!*® in-
ducing hemidesmosome disruption. Members of the TGF-f family also regulate integrin ex-
pression, as detailed below. On the other hand, growth factor receptor phosphorylation and
signaling pathway activation can, in some cases, be stimulated through integrins, even in the
absence of specific ligand. This form of indirect activation appears to involve extracellular
matrix molecules such as fibronectin.'?

Proteases

Metalloproteinases (MMPs) cleave ECM components that impede keratinocyte migra-
tion.'>*13! MMPs contribute to keratinocyte migration and wound debridement by opening a
path in the surrounding matrix. In addition, they also generate new ligands able to activate
keratinocyte migration. For example, LM-5 digestion by MMP generate fragments that can
directly stimulate cell motility.'*?"'3> MMP activity is controlled by physiological regularors,
the tissue inhibitors of metalloproteinases (TIMPs).*137 The net proteolytic activity at any
site depends on the local balance between MMPs and TIMPs. Growth factors such as KGF,
EGE TNF-o and TGF-B also regulate MMP production and activity, as discussed below.'*®!%

Expression of fibrinolytic MMPs and plasmin is increased in migrating keratinocytes,'*°
prominently in migrating basal keratinocytes,'#!42 and during epidermal remodeling,'® In
human cutaneous wounds, MMP1 activity is increased about 100 fold. The highest level of
expression is seen in dermal fibroblasts.''® MMP1 expression is upregulated following integrin
@21 activation by collagen 1'%

Another member of the family, MMP-9, is expressed by basal keratinocytes' ** and activated
during two stages: early after wound and later during maturation of newly formed epider-
mis.#>1%5 Proteolysis appears to be essential for normal wound healing since pharmacological
MMP inhibition delays epidermal regeneration in vivo.!¥¢147 Inhibition of MMP-2 activity
drastically impairs keratinocyte migration, whereas inhibition of MMP-9 has no effect.!*® Im-
pairment of wound healing is also observed in plasminogen-deficient mice,'*® indicating a
crucial role for plasmin as well. Moreover, synergistic interactions between these two families of
proteases are indicated by the complete lack of keratinocyte migration observed in
plasminogen-deficient mice treated with MMP inhibitors.'?

Protease expression by activated keratinocytes at wound margins is reminiscent of protease
expression during developmental EMT, for instance during heart morphogenesis and neural
crest cell migration (see Chapter 3, Newgreen; Chapter 4, Runyan et al; Chapter 20, Gilles et
al). In vitro, MMP activation can induce EMT in mammary epithelial cells.'® Moreover,
proteomic studies have demonstrated increased MMP-2 and MMP-9 activity during renal
fibrosis, a pathologic form of EMT.! %1% These two MMPs are also highly expressed in inva-
sive cancer cells and have been shown by cDNA microarray to be elevated in aggressive mela-
nomas compared to nonaggressive forms 115 (see also Chapter 20, Gilles et al). The similarity
in MMP expression between keratinocytes at wound margins and epithelial cells undergoing
tumor-associated EMT is particularly interesting. Neither cell population usually expresses
MMP, but both go through an activation process resulting in MMP expression.

Contribution of the Inflammatory Response to Reepithelialization

Role of Immune Cells

During migration, keratinocytes move over an inflammatory environment containing neu-
trophils and monocytes recruited from the circulating blood. Neutrophils are recruited within
few minutes of wounding and remain activated for several days. They represent a source of
pro-inﬂammator?' cytokines (IL-1, IL-6, TNF-a) that, in turn, activate fibroblasts and
keratinocytes.'>!"">? Macrophages are essential for wound healing, since preventing macroph-
age infiltration severely impairs the process.’>® They pha§ocytc cell and matrix debris and
recruit other inflammatory cells and local fibroblasts.”* The role of macrophages in
reepithelialization is indirect, mediated by numerous factors secreted locally. Overall,
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macrophages facilitate wound repair in the early stages of the process by the expression of
embryonic fibronectin,%? which is later supplied by fibroblasts.

Prostaglandins are lipidic signaling mediators that also play a major role in inflammation.
Their synthesis from arachidonic acid is catalyzed by cyclooxygenases (COX-1, -2 or -3). Fol-
lowing an excisional injury in rat skin, COX-2 is induced in basal keratinocytes within 12h and
remains elevated for 3 days. A COX-2 inhibitor delays reepithelialization in the early phase of
wound healing and also inhibits angiogenesis.'> In the same way, IL-6 knockout mice reveal a
delayed wound healing and a decrease in inflammation and granulation tissue formation!>
that could be reverted by providing IL-6 locally. These studies based on COX-1, COX-2 as
well as 11-6 knockout mice emphasize their importance in the wound healing process. How-
ever, they do not appear to involve keratinocyte phenotype and migration directly.

More generally, although no embryonic immune response can be involved in the EMT
occurring during early development, immune cells are incriminated in pathological EMT pro-
cesses such as cancer progression and kidney inflammation, mostly through the secretion of
cytokines and growth factors.

Role of Growth Factors

Growth factors are released by keratinocytes, fibroblasts and inflammartory cells within and
adjacent to the wound. The ECM limits diffusion of these growth factors, confining them to
the local area. Growth factors are key regulators of keratinocyte migration and proliferation
and also help restore the mature keratinocyte phenotype when wound healing has been achieved.
EGF/TGF-a, KGE FGF-2, TGF-f and IL-1 all promote cell movement in vitro and are there-
fore termed motogenic. Many growth factors have both mitogenic and motogenic effects on
keratinocytes and other cell types. Growth factors play important roles in most EMT processes
in vivo, as described in other chapters in this book. Growth factors contribute to EMT occur-
ring during gastrulation (Chapter 2, Morali et al), neural crest cell migration (Chapter 3,
Newgreen), and heart development (Chapter 4, Runyan et al). They are also incriminated in
the pathologic EMT occutring during cancer progression (see Chapters 13-16) and kidney
chronic degenerative pathologies.

Epidermal Growth Factor and Transforming Growth Factor-o

Epidermal growth factor (EGF) released by platelets and transforming growth factor a
(TGF-a) produced by macrophages and keratinocytes are high-affinity polypeptide ligands for
the EGF receptor.’” The EGF receptor is transiently upregulated in wounded epidermis and
activation of this receptor contributes significantly to the migratory and invasive potential of
keratinocytes.'*® Application of EGF or TGF-a. enhances reepithelialization in various animal
models.’>1%0 Moreover, overexpression of a human epidermal growth factor gene induces
20% acceleration of the healing process in vivo.

TGEF-o knockout mice exhibit normal cutaneous wound healing,162 but this could reflect
the presence of other autocrine or exogenous EGF receptor ligands in the environment,'%3163

Expression of TGF-o under the control of cytokeratin 14 promoter doubles the prolifera-
tion rate of keratinocytes.'®*1” Overexpression of TGF-a. in transgenic keratinocytes is also
associated with enhanced migratory capacity.!®*%® Furthermore, genetic or pharmacological
ablation of EGF receptor activity decreased reepithelialization and keratinocyte migration in
vivo,'® further illustrating the role of this protein in wound repair.

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF) is a fibroblast-derived protein that modulates the prolif-
eration, motility, and differentiation of epithelial cells, including epidermal keratinocytes (see
also Chaprer 13, Day et al). HGF enhances cutaneous wound healing processes including
reepithelialization by multiple mechanisms including stimulation of keratinocyte proliferation
and migration, neovascularization, and expansion of granulation tissue.”%"”? Expression of
both HGF and its receptor (c-Met) are transiently increased in wounded skin,!”® and
overexpression of HGF in human keratinocytes leads to hyperproliferation.'”4
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Fibroblast Growth Factors

Fibroblast growth factors (FGF), an ever growing family of gegtides includes several mem-
bers directly involved in EMT situations in vitro!”> and in vivo!”®(see Chapter 2, Morali) and
also during wound healing and more specifically reepithelialization. FGFs induce mitogenesis
and cell migration'”” underlying granulation tissue formation, and the production of MMPs.!78
FGF-1, FGF-2 and FGF-7 / KGF (keratinocyte growth factor) have been the most intensely
studied. The role of FGF-2 has been confirmed in the FGF-2 null mouse which shows not only
retarded epithelialization but also reduced collagen production.'”” In contrast, FGF1 null mouse
does not show significant effect on wound healing. Compensation by FGF1 does not account
for the mild phenotypic defects observed in FGF2 null mice.'® KGF appears as the most
specific FGF to be directly involved in wound healing process. Within 24 h after wounding, a
160-fold increase in KGF mRNA is observed in fibroblasts located at the wound edge in nor-
mal mice.'®! Wound healing studies in KGF knockout mice do not indicate a requirement for
KGF during skin healing. "> However, targeted expression of a dominant negative KGF recep-
tor in basal keratinocytes in the mouse delays wound reepithelialization, leads to epidermal
atrophz, and suppresses keratinocyte proliferation, indicating a role for KGF in wound re-
pair.'® Transgenic mice that express KGF in basal keratinocytes under control of the CK14
promoter have a thickened hyperproliferative epidermis.’®® In addition to having a mitogenic
effect on keratinocytes, KGF also stimulates migration and plasminogen activator activity in
human epidermal keratinocytes'®*18> and promotes wound repair in vivo through its impact
on keratinocyte growth, motility, production of hyaluronan and inhibition of differentia-
tion. 72185188 [y erestingly, KGF plays a similar role in EMT in human stomach cancer cells.'®

Transforming Growth Factor-§

TGEF-B is released from platelets early in wound healing. TGF-8 plays a dual role in cutane-
ous wound healing: it both induces keratinocyte migration and blocks cell proliferation. It also
contributes to the wound healing process in a variety of other ways. At early stages of wound
healing, TGF-B modulates ECM formation and remodeling by enhancing the exzpression of
proteinases including MMPs,'?*!*! urokinase type-plasminogen activator (uPA)'** and colla-
genase.'">1%% At later stages, TGF-B stimulates formation of connective tissue by regulating
other peptide growth factors'®* and modulating collagen synthesis by fibroblasts.!® Finally,
TGEF-B can also accelerate wound healing in skin and increase the strength of repaired tissue by
stimulating an increased influx of mononuclear cells and fibroblasts into the wound area.'

TGEF- signals are transduced by the Smad transcription factors, which play distinctive
roles in different cell types. In HaCaT keratinocytes, the growth inhibitory effect of TGF-f1 is
predominantly mediated by Smad3.'*” Overall, studies in transgenic mice suggest that inhibi-
tion of TGF-f signaling pathways accelerates cutaneous wound healing. Transgenic mice that
express a dominant negative type II TGF-B receptor in keratinocytes'”® and Smad3
null-mice'®®?% have enhanced wound repair, characterized by an increased rate of
reepithelialization. This increase probably results from increased epidermal proliferation and
decreased apoptosis of keratinocytes bordering the wound rather than from a direct effect on
keratinocyte motility. Furthermore, infiltration of monocytes into the wound area is signifi-
cantly reduced in these mice, indicating another potential mechanism by which the effects of
TGEF-$ on wound healing may be mediated.

TGE-B also decreases keratinocyte adhesion to the ECM and promotes keratinocyte migra-
tion by modulating the expression of integrin subunits and modifying their interaction with
LM-5.8% In vitro, TGF-B1 enhances the expression of a5, av and B5 integrin subunits, !
down-regulates @3 and a6 integrin subunit mRNA and protein production, and decreases
expression of a3B1 and a6B4 integrins on the cell surface.*® Downregulation of 231 integrins
by TGF-B favors LM-5:02B1 integrin interactions, thus supporting migration across newly
synthesized LM-5.!% Enhancement of motility also reflects the strong expression of integrins
a581 and avB52? in link with TGF-B1 coexpression during reepithelialization.”®2%
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Activation of TGF-f§ pathways has been demonstrated in virtually all instances of develop-
mental and pathologic EMT occurring in vivo (see Chapter 15, Vignais et al), notably during
heart morphogenesis {see Chapter 4: Runyan et al) and kidney inflammation.

Growth factors mediate many of the events occurring during reepithelialization in vivo.
However these growth factors are multifunctional and may have synergistic or mutually an-
tagonistic effects. Thus coordinated EMT-like behavior in keratinocytes during reepithelialization
is probably centrally controlled at the level of the transcriptional response to these growth
factors rather than at the level of growth factor production per se.

Transcriptional Control of Keratinocyte Migration

Through the wide variety of pathways described in Chapters 13 to 19, including the MAPK,
Src, Ras, GTPases pathways, specific patterns of gene transcription are activated in keratinocytes
during wound reepithelialization. These patterns of gene expression are coordinated by widely
expressed transcription factors such as the AP-1 Jun complex and by more specifically ex-
pressed families of transcription factors such as the Snail and ETS families.

AP-1

The AP-1 transcription factor is a heterodimeric complex consisting of Fos and Jun pro-
teins encoded by early stress response genes. The fos and jun gene families both include mul-
tiple members that can be variously combined to form distinct AP-1 heterodimers. Many
signaling pathways, including some that control proliferation and migration, act by modulat-
ing AP-1 activity. AP-1 activity can be controlled both transcriptionally, by altering the amount
or composition of the AP-1 subunits, or post-transcriptionally by phosphorylation or through
combined mechanisms. Phosphorylation regulates DNA binding and transcriptional activity
of these proteins. Wound-induced activation of the MAP kinase signalin§ pathways lead to
AP-1 activation and upregulation of fos and jun in response to wounding.”**?> Many genes
identified as crucial to wound repair are AP-1 responsive genes.” AP-1 activity in keratinocytes
is modulated both spatially and temporally. 2%

During reepithelialization, c-Jun is necessary for the organization of the keratinocytes at the
wound margin.?”” AP-1 regulates many aspects of wound repair including the expression of
genes involved in migration (TGF-B1, collagenase, stromelysin, gelatinase B, o2, a6, B4 integrins
and laminin 03A) and keratinocyte differentiation,?®® by regulating promoters of the cytokeratins
1, 5, 14, filaggrin, loricrin, involucrin, and transglutaminase 1 genes.”®® Genetic ablation of
c-jun impairs wound healing in vivo with a dominant impact on keratinocyte migration in
vitro and reepithelialization in vivo.2”” This phenotype involved loss of HB-EGF production
and EGF receptor activation in response to wounding and was rescued by exogenous HB-EGE2”
Similarly, ERK and p38 are required for keratinocyte migration in vitro and epithelial out-
growth ex vivo.2521%213 1y addition to wound healing, AP-1 activation occurs during other
EMT events. Further evidence for the crucial role of AP-1 in epithelial sheet movements is
based on studies of development and morphogenesis.*! Another linkage between MAP kinase
cascades and EMT-like events is based on the observation that Snail and Slug (see below) are
both AP-1 regulated genes.?'* As discussed below, the Snail family of transcription factors is
regulator of EMT during development and Slug expression is elevated at the margins of
reepithelialization.?

Snail Family
The first member of the Snail family of transcription factors, Snail, was discovered twenty
years ago in Drosophila. Since then, Snail homologs such as Slug have been identified in many
animal groups, including diblastic organisms, nematodes, amphibians, fish and mammals.??217
Analysis of forkhead and snail expression reveals epithelial-mesenchymal transitions during
embryonic and larval development of Nematostella vectensis.”'® During embryonic devel-
opment, Snail family transcription factors are involved in mesoderm differentiation, neural
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crest formation, specification of left-right asymmetry, neural development, apoptosis, cell divi-
sion, and endoreduplication.?’® In mammals, Snail and Slug genes are expressed in the primi-
tive streak, mesoderm, decondensing somites, neural plate, neural crest cells and mesenchymal
tissues.?>2?2% In the chicken, Slug seems to be required for gastrulation and neural crest migra-
tion.?!” However, in mice, it is Snail that is essential for early embryogenesis. Snail null mu-
tants die at gastrulation,””! whereas Slug null mice are viable and fertile despite a variety of
abnormalities.”? Because Snail and Slug play important roles in most developmental EMT
processes, they are good candidates for master genes controlling EMT. Surprisingly, however,
Snail transcription factors have been recently shown to be involved in a variety of functions
unrelated to EMT including cell cycle regulation and anti-apoptotic activity in C. elegans and
mammals, 223226

Several lines of evidence point to specific involvement of Slug in wound healing. Slug is
expressed in keratinocytes at the wound edge in vivo and its expression coincides with
keratinocyte activation and migration. In addition, stable or transient overexpression of Slug in
keratinocytes causes desmosomal disruption and increased migratory activity but does not en-
hance 2rnitogenesis. Finally, Slug null mutants exhibit deficient reepithelialization in ex vivo
assays.

In contrast to Slug, the other well studied member of the family, Snail was expressed at very
low levels in immortalized and transformed keratinocyte cell lines. Moreover, Snail expression
was not modulated at wound margins®® making it a lesser candidate for involvement within
wound healing process.

Snail factors act primarily as transcriptional repressors. They contain four to six C2H2
zinc-fingers that specifically bind the E-box sequence CAGGTG. This motif is also recognized
by basic helix-loop-helix transcription factors and therefore is not specific to the Snail family.
In mammalian cells, repression by Snail requires both the zinc finger region of the protein and
a SNAG domain located in the N-terminal region. Although the SNAG domain is found in
many members of the Snail family,?!” some members of the family, such as Drosophila Snail,
lack this domain. In such cases, transcriptional repression results from interaction of Snail with
the corepressor CtBR?? Recently, GSK-3B was found to mediate snail phosphorylation.??®
Snail phospho?’lation appears to be critical for the stability of the protein®*® and for its subcel-
lular location,®*” thus regulating activity of the transcriptional repressor Snail.

Only a few direct transcriptional targets of the Snail transcription factors have been identi-
fied. They include the transmembrane adhesion molecule E-cadherin,?>*?3 aromatase,?’
aggrecan, collagen 11,238 Na/K-ATPase ﬁl-subunit,z39 claudin and occludin.2* Clearly, ex-
pression levels of target genes depend on other factors since several primary and transformed
cell lines or population can simultaneously express Slug and E-cadherin at significant levels
(Savagner et al, unpublished observations). This obsetvation is in agreement with studies showing
that, E-cadherin levels do not appear to be modulated by Stug during wound healing. Slugand
Snail transcriptional repression may be mediated by histone deacetylases (HDACs).**! Peinado
and colleagues®®? found that E-caherin downregulation by Snail is due to chromatin modifica-
tion. The transcription factor uses its SNAG domain to form a molecular complex with the
effectors HDAC1, HDAC2 and mSin3A.

ETS Family

Several studies suggest that the Ets transcription factor family is involved in cell motility
and invasion. Ets1 is involved in early organogenesis in the chick embryo in vivo and during
the EMT-like scattering of MDCK epithelial cells in vitro.?® A role for Ets1 in cell migration
during mammary morphogenesis is suggested by studies using mutant forms in two or three
dimensional culture systems.?**?% In addition, there is a J:)ositive correlation between c-ets-1
expression and the invasive phenotype in carcinoma cells.*#¢

At the present time, there is no direct evidence that Ets factors play a role in cutaneous
wound healing. However, Ets factors are important in ECM remodeling,?¥” and Ets targets
genes such as tenascin-C?*® and collagen I are reexpressed during wound healing. Another
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possible role for Ets] in wound healing is transcriptional control of uPA, a proteinase that,
when activated, degrades extracellular matrix (ECM).242%> Moreover, binding sites for the
ETS domain family of transcription factors are found in the promoters of several MMPs, 24925
Finally, the localization of ESE-1 and ESE-2, two other members of the Ets family to the most
differentiated layer of the epidermis indicates a role for the family in terminal differentiation of
keratinocytes. ESE-1 and ESE-2 specifically control the transcription of the SPRR2A gene, a
proline-rich protein linked with terminal differentiation of keratinocytes.”>"**

Conclusion

Wound healing involves a complex and transient molecular reprogramming of keratinocytes
involved in wound reepithelialization. This reprogramming is regulated by cytokines and growth
factors that stimulate activation of keratinocytes. Keratinocyte activation results in phenotypic
changes including enhanced migration, initiation of proteolytic cascades, profound alterations
in the cytoskeleton and associated intercellular adhesion structures, reorganization of integrins
on the keratinocyte surface, and substantial ECM remodeling. These changes recapitulate many
aspects of developmental and pathologic EMT as described in other chapters of this book.
However, keratinocytes at wound margins maintain some cell-cell cohesion, a situation not
observed during typical developmental EMT. Like activated keratinocytes, carcinoma cells may
also retain some intercellular junctions during EMT associated with tumor progression. Main-
tenance of a partially dissociated phenotype like that seen during wound healing may allow
invading carcinoma cells to migrate as cords and clusters of cells, a behavior reminiscent of
early organ morphogenesis. Because activated keratinocytes at wound margins and carcinoma
cells both undergo partial phenotypic conversion to a more mesenchymal phenotype, wound
healing is likely to be a relevant model of carcinoma progression. Understanding the molecular
events that initiate and terminate keratinocyte activation during wound healing may provide
important insights into mechanisms of tumor progression and ways to control the process.
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CHAPTER 9

Epithelial-Mesenchymal Transitions
in Human Cancer

Veerle L. Van Marck and Marc E. Bracke

Abstract

pithelial-mesenchymal transition (EMT) is a type of epithelial plasticity that is charac-
Eterizcd by long-lasting morphological and molecular changes in epithelial cells as a

resule of transdifferentiation towards a mesenchymal cell type. To detect possible phe-
notypic transitions in human cancer, surgical pathology is a useful medical discipline, examin-
ing surgical or biopsy material at the microscopic and ultrastructural level. The expression in a
particular tumor of epithelial and mesenchymal markers is evaluated by means of immunohis-
tochemistry or in situ hybridization, and this could, besides directing to a correct diagnosis,
substantiate a possible transdifferentiation. Whereas EMT occurs in several stages of embry-
onic development and can be readily induced in (cancer) cell lines in vitro, in human cancer
the phenomenon is rarely encountered. Carcinosarcoma is the tumor best studied, in which
monoclonality of both epithelial and mesenchymal cell components strongly favors an EMT. A
challenging hypothesis considers EMT as a more general event, providing an additional sur-
vival advantage in all types of carcinoma. By means of EMT the epithelial tumor cells would
transdifferentiate into myofibroblasts that lose their malignant phenotype but constitute the
desmoplastic stroma which is essential for tumor growth, invasion and metastasis.

Introduction

Studying cancer cells in vitro or human tumors in the surgical pathology practice one can
be confronted with morphological changes or an atypical appearance of cancer cells, which can
be attributed to an epithelial-mesenchymal transition (EMT). In a broad sense, EMT encom-
passes all changes in cell morphology from epithelioid to mesenchymal/fibroblastoid/
spindle-shaped. A more strict definition, that we will support, is formulated by Janda et al.' It
considers EMT as a type of epithelial plasticity leading to morphological changes accompanied
by ‘drastic molecular changes’ that ‘persist’. Merely epithelial towards spindle cell transition is
termed ‘scattering’. “Transdifferentiation’ is a term used in the context of EMT to refer to the
irreversible change in differentiation of one cell type to another.? In their clinical pratice pa-
thologists use, rather than EMT, the terms ‘sarcomatous/sarcomatoid dedifferentiation’ (‘re-
sembling a sarcoma’, a malignant mesenchymal tumor) or ‘anaplasia’ (literally meaning ‘to
form backward’).? Instead of “transdifferentiation’ the term ‘metaplasia’ is generally used.? This
implies that the distinction between both is not made in pathology practice, namely that
‘transdifferentiation’ is restricted to ‘differentiated’ cells, and ‘metaplasia’ includes both
transdifferentiation and switches in stem cells.>’

In this chapter we briefly review phenotypic cell transitions during embryonic development
and the molecular basis of EMT in tumor biology. We then focus on the different features of

Rise and Fall of Epithelial Phenotype: Concepts of Epithelial-Mesenchymal Transition,
edited by Pierre Savagner. ©2005 Eurekah.com and Kluwer Academic / Plenum Publishers.



136 Rise and Fall of Epithelial Phenotype: Conceprs of Epithelial-Mesenchymal Transition

EMT in experimental and surgical pathology, with emphasis on the significance of differentia-
tion markers. Examples of tumor types in which EMT presumably occurs are given and we
conclude with recent insights into stromal-tumor interactions which might widen up the con-
cept of EMT in the future.

The Molecular Basis of EMT

From a developmental point of view, EMT and other phenotypic transitions are important
processes that ultimately lead to a complex organism with its different organs and tissue types.
The precisely regulated switches between epithelial and mesenchymal differentiation programs
serve the creation of specific migratory cells and the formation of the mesodermal cell layer and
its differentiation into specific tissue types such as muscle, skin and kidney® (see also Chapters
1-4). In human embryo’s after the second week of development, a mesodermal germ layer is
formed by invagination and migration of altered epiblast cells at the primitive streak. Later on,
several transitions occur in these mesodermal cells. They transiently retransform into epithelial
structures, the somites, out of which migrating mesenchymal cell populations are formed again:
the derma-, sclero- and myotome. Neural crest cells originate from the ectoderm and give rise
to, amongst others, melanocytes, which spread over the whole body surface (see Chapter 3,
Newgreen and McKeown). Other examples of EMT are the contribution of the epicardial cells
to the formation of the coronary wall”® (see also Chapter 4, Runyan et al) and the cytotropho-
blast cells at the implantation site of the placenta which become spindle-shaped and get the
capacity to infiltrate.” The best-studied example of the opposite, the mesenchymal-to-epithelial
transition (MET), is the formation of the nephrons, the functional units in the kidney, from
the metanephric mesenchyme.!®!! Similarly, the cells arranged in an epithelium that secrete
the dentin layer of a tooth, the odontoblasts, originate from neural crest-derived mesenchymal
cells.'? Together, these examples show that increased motility and changes in differentiation are
two important consequences of EMT and that both EMT and MET may occur transiently.

Phenotypic plasticity has been observed in different cell lines in vitro. Some cell lines
transdifferentiate simply through passaging. The chemically induced rat mammary carcinoma
cells RANI for instance, undergo a polygonal-to-fusiform transition, accompanied by loss of
some epithelial (keratin) and gain of some mesenchymal markers (Thy-1, vimentin,
fibronectin).'® Ovarian surface epithelial cells produce collagen type I and II when cultured in
vitro and progressively lose cytokeratin expression with passaging.'® The formation of net-
works and channels, together with the expression of endothelial markers is described in ovarian
carcinoma cells grown in Matrigel or collagen type I, reminiscent of the ‘vasculogenic mimicry’
in melanomas.’>'® When explanted in vitro, retinal pigment epithelium cells become fibro-
blastic.!”"8 In definitive embryonic avian lens epithelium a similar phenotypic conversion is
observed, triggered by a collagen type I matrix through de novo expression of integrin-1."”
There are also reports on transdifferentiation from gancreas to liver cells,2° from myoblasts to
lipocytes®! and from mesothelial cells to myoblasts.*?

The cell-cell adhesion molecule E-cadherin plays a central role in the epithelial differentia-
tion of cells. Counteracting E-cadherin expression is in most cells enough to direct them to-
wards a mesenchymal differentiation program,?® whereas E-cadherin transfection in some fi-
broblastic cells makes them epithelioid.”*** Much literature supports the idea that, besides
promoting differentiation, E-cadherin also acts as an invasion suppressor molecule (see Chap-
ter 11, Berx and Van Roy). Thus, from a clinical point of view, the significance of an E~
cadherin downregulation and eventually EMT in tumors, is the associated increase in invasive-
ness and metastatic potential and the concomitantly decreased patient survival. Alterations in
E-cadherin expression or functioning, either observed in tumors or induced in cell lines in
vitro, occur at different levels (reviewed by Van Aken et al%). We will focus here on those
modulations that, because of their persistent nature, could fit in the EMT concept. They are at
the genomic and transcriptional level. First, the E-cadherin gene CDH 1 can be inactivated by
mutations as has been described in lobular breast carcinoma, 28 diffuse gastric carcinoma,?>30
endometrial,>! and thyroid carcinoma.?? Some of these are germline mutations. Second, loss of
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heterozygosity could be an alternative way to lose CDHI transcription.””?® A third level of
regulation that is important in EMT, is the promoter level. Hypermethylation of the E-cadherin
promoter is a well-described mechanism in tumors.**36 Time- and tissue-specific expression of
different sets of transcriptional activators and repressors mediates the above mentioned pheno-
typic changes during embryogenesis. The Snail family of transcriptional repressors,?” including
Snail and Slug, together with SIP-1, another zinc-finger protein, play a key role in EMT dur-
ing embryonic development,®® and are often re-expressed in tumor conditions. By acting on
the E-boxes of the E-cadherin promoter,?>4? they downregulate E-cadherin expression, impos-
ing an invasive and mesenchymal phenotype to the cells* (see also Chapter 11, Berx and Van
Roy). Studies on tumor material demonstrated that Snail expression in invasive ductal breast
carcinomas is inversely related to grade and correlates with lymph node metastasis, ™ whereas a
role for SIP-1 has been shown in E-cadherin downregulation in the intestinal type of gastric
carcinoma.®> On the other hand, the transcription factor WT-1 (Wilms' tumor-1) which play
a role in MET in the embryonic kidney,'® induces epithelial differentiation and E-cadherin
expression. %

An important issue regarding E-cadherin modulation is the counteracting role of another
classical cadherin, the neural-type or N-cadherin. Aberrant de novo expression of N-cadherin
has been noted in carcinomas from the breast,® prostaté:,49 bladder’® and the head and neck
region,’! where it parallels a downregulation of E-cadherin and a decrease in tumor differentia-
tion. In breast carcinoma cell lines N-cadherin expression is associated with an increased inva-
sion potential,sz‘55 exerting a dominant influence on the cell’s motility when co-expressed with
E-cadherin.’**® An increased fibroblast growth factor 2 (FGF2) signaling through
N-cadherin-mediated FGF receptor 1 (FGFR1) stabilization, results in an elevated matrix
metalloproteinase-9 production, which could account for the invasive phenotype induced by
N-cadherin.”® Another proposed mechanism is the interaction of the tumor cells with
N-cadherin-positive fibroblasts of the surrounding stroma.’* Although the observed decrease
in differentiation does not equal per se an EMT, further study of the putative active role of
N-cadherin in EMT seems relevant since N-cadherin is mentioned in several studies as a marker
coming up in the mesenchymal state.!>5%8

In their list of operational criteria of EMT, Janda et al! included the requirement for coop-
eration of transforming growth factor-§ (TGF-) and a hyperactive MAPkinase pathway. In
Ha-Ras transformed mammary epithelial cells, they demonstrated that this pathway and not
the PI3kinase pathway is responsible for the irreversible conversion.' An active integrin-B1
signaling through interaction with the extracellular matrix is required for the EMT induced by
TGF-[S/MAPK.59 Others, however, found that the PI3K pathway is implicated in
TGF-B-induced EMT.%! According to the cell system and criteria applied, i.e., if reversibility
is tolerated or not, other growth factors could be involved as well. The hepatocyte growth
factor/c-met pathway,®? but also the signaling pathways from other tyrosine kinase receptors,
such as FGFR,% epidermal growth factor receptor (EGFR)***® and insulin-like growth factor
1 receptor® have been studied in this context. Since discussing these would be beyond the
scope of this chapter, we refer to recent reviews.®

Features of EMT in Pathology

To diagnose malignant tumors, surgical pathologists apply morphological criteria that are
based on properties that these tumors share with their putative tissue of origin. Besides being
classified, roughly spoken into an epithelial or mesenchymal type, the tumors are graded in a
two- or three-tiered scheme, according to the extent of resemblance to their tissue of origin.”
There is a high resemblance in so-called well-differentiated (grade I) tumors. As for well-differ-
entiated carcinomas, which are malignant epithelial tumors, the tumor cells tend to be orga-
nized in epithelial structures (show tubular differentiation and an apical-basal polarity in the
case of adenocarcinomas) and the nature of their cytoplasm refers to a presumed cell of origin
(containing e.g., mucus, keratin, glycogen). In poorly differentiated /undifferentiated carcino-
mas, the tumor cells lose their epithelial properties. In some cases this is accompanied by the
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Table 1. Features of EMT in vitro and in tumor pathology

In Vitro In Vivo
Tumor Pathology Tools for Observation in Pathology
Changes in Cell shape; organization cells in Microscopy: routine H&E staining
morphology epithelial/ mesenchymal context;
Differentiation IHC, ISH: differentiation markers,
TEM: intercellular junctions,
intermediate filaments
Synthesis of ECM Increased extracellular matrix: IHC: ECM typing, TEM

collagenous or specialized
(e.g., chondroid)

Degradation of ECM  Fragmentation of collagen fibers TEM

Motility Displaced cells: IHC:
- Discontinued/absent basement - Laminin staining
membrane (invasion)
- Ectopic presence of - Tumor-specific markers to

cells in tissue (invasion, metastasis)  visualize displaced cells

ECM= extracellular matrix; H&E= hematoxylin/eosin; IHC= immunohistochemistry; ISH= in situ
hybridization; TEM= transmission electron microscopy

acquisition of mesenchymal characteristics in a morphological and molecular sense, thereby
fulfilling the criteria of EMT. Malignant transformation also involves variation in size and
shape, so-called pleomorphism of cells and their nuclei, hyperchromasia of nuclei due to hy-
perploidy, and an increased mitotic activity. These changes reflect the differentiation status of a
tumor as well and thus are also taken into account for grading.

Table 1 summarizes the most important features of EMT in vitro, their reflection in tumor
tissue and the tools that are applied to study them. In the surgical pathology practice, tumors
are examined macroscopically ex vivo and after fixation at the microscopic, ultrastructural (by
transmission electron microscopy) or molecular level (by immunohistochemistry/ in situ hy-
bridization). As a result of the inherently ‘static’ nature of these pracrices, the observations
made, i.e., in the case of EMT, can only be a reflection of the mechanisms described in vitro.
Nevertheless, pathology can provide an important contribution to the study of EMT. By exam-
ining a particular tumor series or experimentally induced tumors in laboratory animals, obser-
vations in vitro can be extrapolated to the situation in vivo. Changes in morphology are readily
appreciated microscopically at a routine hematoxylin/eosin (H&E) staining. Within a tumor
exhibiting EMT, at least part of the tumor cells have lost their typical epithelial morphology.
They lack epithelial organization in tubules, as for adenocarcinomas, or the typical organiza-
tion of cells in squamous sheets, in the case of squamous cell carcinoma. Instead, the cells
display either an undifferentiated mesenchymal phenotype, resembling spindle-shaped fibro-
blasts (hence ‘fibroblastoid®) and are then haphazardly oriented in a nondescript extracellular
matrix, or they acquire characteristics of specialized mesenchymal tissue, like muscle, bone or
cartilage. In the latter cases, cells tend to be organized in bundles or are surrounded by a
specialized matrix. At the molecular level, tumor cells and stroma can be examined by immu-
nohistochemistry or in situ hybridization for the presence/absence of proteins or their mRNA,
that serve as markers of the epithelial or mesenchymal phenotype (see Table 2). In some cases



Epithelial-Mesenchymal Transitions in Human Cancer 139

Table 2. Markers of the epithelial and mesenchymal phenotype

Type of Marker Phenotype
Epithelial Mesenchymal

Intermediate filaments ~ Cytokeratin’® Vimentin”884

Cell-cell adhesion E-cadherin2® N-cadherin®>20!

molecules desmoglein, desmocollin'2!240 cadherin-11113-115

Integrins abp4, (02P1), (@3p1)241-243 a5p1, avB3, (a2f1) and
(0351 )19,123—125,242

ECM molecules Laminins, collagen type IV2** Collagen type I, tlI, V212
fibronectin?*

tenascin-C128139

Miscellaneous Epithelial membrane antigen'*? FSP1145
E1a'® stromelysin-1, -3, gelatinase A
matrilysin>*® and MT1-MMPS5.138,151-153,247

additional electron microscopic analysis is needed.®®”" As is listed in Table 3, the examination
focuses on the presence of cell junctions, the type of cytoplasmic intermediate filaments and
the production of basement membrane or collagenous material. The latter feature brings us to
the second aspect of EMT: cells that underwent EMT, synthesize a different set of extracellular
matrix (ECM) molecules, such as different types of collagen, proteoglycans and hyaluronic
acid. Although in general a routine staining suffices to appreciate the presence and extent of
ECM in a tumor, immunohistochemistry is needed to identify the different types of matrix
molecules. For instance, a chondroid matrix is rich in hyaluronic acid and shows
immunospecificity for the matrix-associated proteins $100 and bone morphogenic protein.”?
Finally, an important feature of EMT is the increased cell motility. In a pathology perspective,

Table 3. Ultrastructural markers of the epithelial and mesenchymal phenotype

Structures Phenotype
Epithelial Mesenchymal
Intermediate filaments Tonofilaments (keratin) Non-keratinous filaments
Granules Glycogen, mucin
Organelles Well-developed, dilated rough

endoplasmic reticulum

Cell junctions Tight junctions, desmosomes,
adherens junctions, gap junctions

Extracellular matrix (ECM) Basement membrane ECM Interstitial ECM: collagen fibres,
mucin, calcification
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this implies the abnormal presence of epithelium-derived cells in the connective tissue after
crossing the basement membrane boundary (invasion), or in an organ at distance of the pri-
mary tumor mass (metastasis). Again, immunohistochemical markers can be of help. For in-
stance, a laminin staining can show discontinuities of the basement membrane and metastatic
tumor cells are better distinguished from their surrounding tissue when a tumor-specific panel
of antibodies is applied. Carcinosarcomas, that very likely exemplify an EMT as we will discuss
below, are in general highly infiltrative and metastasizing. The fact that these tumors usually
behave similarly to poorly differentiated carcinomas, indicates once more that tumor grade
rather than the EMT in se determines the tumor’s potential to invade and merastasize and
eventually the patient’s survival. As extensively studied in breast carcinoma, some markers of
mesenchymal differentiation such as vimentin, tenascin-C and stromelysin-3 may be predic-
tive for an adverse outcome.”>”>

Morphological Markers of Cell Differentiation

Table 2 gives an overview of the most common markers applied in the study of EMT and
epithelial plasticity in general. Neither marker on itself has, when present in a cell, an absolute
predictive value as to its reflection of an epithelial or mesenchymal phenotype.”®”” Intermedi-
ate filaments, intracellular cytoskeleton proteins, have classically been used to distinguish be-
tween these phenotypes.”8 The cytokeratin subgroup is almost exclusively expressed in epithe-
lia and consists of at least 20 different proteins varying in molecular weight (from 40 to 70kD)
and showing some epithelium-, organ-, or tumor-specificity.”>8? For routine immunohistochem-
istry purposes ‘cocktails’ of antibodies, such as AE1/AE3 covering most keratin subtypes, have
been commercialized. On the other hand, CAMS5.2 reactivity is restricted to ‘simple’ or ductal
epithelia (as in adenocarcinomas).®? Cytokeratins are relatively stable in vivo, as they remain
expressed in most high-grade carcinomas and traces of it can even be detected in the sarcoma-
tous component of a mixed tumor. Decreased differentiation however, is in some epithelial cell
types like in breast epithelium, accompanied by the emergence of vimentin, a mesenchymal
type of intermediate filaments.?*® In vitro studies indicated a link between vimentin and
increased motility or invasion in e.g., breast,”*? prostate™ and cervical”>? cancer cell lines.
Sommers et al”” suggested that vimentin is 2 marker but not an inducer of the fibroblastic
phenotype in vitro, as transfection of MCF-7 mammary cancer cells did not alter their epithe-
lial morphology, neither the expression of epithelial markers. In line with this is the study of
Hendrix et al”’* showing that vimentin expression alone does not suffice for metastasis forma-
tion. Many reports discuss the prognostic significance of vimentin expression in carcinomas in
vivo. In breast cancer, some groups found a correlation with a lower post-operative sur-
vival.7398100 Other studies however, could not confirm this.8%101:102 Remarkably, Thomas et
al'% suggested that a keratin/vimentin expression ratio is more predictive for a worse prognosis
than vimentin expression alone; the tumors with a high keratin level in addition to vimentin
were associated with the poorest survival. In cervical cancer, vimentin expression was noted in
invasive carcinomas and in their lymph node metastases, but not in the intra-epithelial neopla-
sia precursor lesions.'® That intermediate filament markers are in a sense ‘promiscuous’ is best
illustrated by vimentin immunostaining. Vimentin/keratin co-expression is found in some car-
cinoma types without evidence of dedifferentiation or EMT, and even in normal epithelium.
This is particularly true for epithelia that have evolved from mesenchymal precursors like the
urogenital organs. %1% In a way, these epithelial cells seem to recall their mesenchymal roots.
Ovarian surface epithelial cells for instance, consistently express vimentin.'*!%”” Normal en-
dometrial glands, like the ovary derived from the mesodermal celomic epithelium, also express
vimentin, though mainly in their proliferative phase.!® In series of renal cell carcinomas up to
half of the tumors expressed vimentin.!%!1% Although a spindled morphology correlated with
the vimentin expression, 32% of the well-differentiated carcinomas showed immunoreactivity
as well.1%? Aberrant expression of keratins also occurs, e.g., in soft tissue tumors, though to a
lesser extent than aberrant vimentin expression in carcinomas.'''-'1?
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Another class of differentially expressed markers is the cadherins. The switch from E- to
N-cadherin has been discussed above. Another cadherin of interest is OB-cadherin or
cadherin-11, belonging to the atypical class II cadherin family.!*> During embryonic develop-
ment cadherin-11 is exclusively ex?ressed in mesenchymal cells, in which it assists together
with other cadherins in cell sorting. "% In adult tissue, cadherin-11 is a quite specific marker
for mesenchymal cells, with the exception of the endometrial epithelium and the trophoblast.
Aberrant expression of cadherin-11 and its splice variant in breast carcinomas seems restricted
to the more aggressive, invasive cell lines such as MDA-MB-231.16 Transfection experiments
with MCF-7'" or BT-20°* mammary carcinoma cells indicated an invasion promoter role,
while in SKBR3 mammary carcinoma cells the induced epithelial morphology upon transfec-
tion would suggest a role in cell differentiation.’’” Of interest in the EMT context is the find-
ing that decidualization of endometrial stromal cells coincides with upregulation of cadherin-11
expression.!!® Decidualization is the process of morphological changes in endometrial stromal
cells towards an epithelioid cell type that occurs in normal women at the late secretory phase of
the menstrual cycle, when progesteron levels are high. In the placenta, cadherin-11 is switched
on in certain types of trophoblasts, that is, in the syncytiotrophoblasts (after cell fusion) and in
the terminally differentiated cytotrophoblasts (after transdifferentiation towards stromal infil-
trative cells).''12° The latter interact with the {)regnancy-induced decidual stromal cells of the
endometrium, possibly through cadherin-11.""

Changes in the expression level or pattern of desmosomal cadherins'?! and of other compo-
nents of intercellular junctions, such as occludin®1%2 or ZO-1% are looked at to substantiate
EMT-related loss of polarity. Desmosome dissociation in the NBT-II rat bladder carcinoma
cell line is an initial step of the EMT induced by the zinc-finger protein Slug.'!

An important role in EMT is played by integrins, as mentioned above. Switches have been
described towards fibronectin- or collagen type I-interacting integrins.!?>1%

The type of extracellular proteins produced changes also during EMT. A decrease in the
production of laminin and collagen type IV, components of the basement membrane, parallels
an increase in collagen type I, III, and 'V, fibronectin and/or tenascin-C (TN-C). The latter
molecule is a hexameric glycoprotein,'?¢1%” that is produced by (myo)fibroblasts at the
stroma-epithelium interface.'**'*! During wound healing and in neoplasia an elevated TN-C
expression is noted.’*’'?> In these pathological conditions TN-C expression is also switched
on in a small amount of the epithelial cells, particularly those bordering the stroma,131-133:1¢-139
This expression pattern may relate to its known interference with (tumor) cell-matrix interac-
tions. In a panel of mouse mammary epithelial cells TN-C expression was inversely correlated
with the degree of epithelial differentiation, i.e., polarization, and could be induced by TGF-B.1%°
An inverse correlation with survival was found in human breast tumors,'*! and TN-C expres-
sion in the tumor stroma at the invasive border was predictive for tumor recurrence, metastasis
and decreased survival.”*

The epithelial membrane antigen (EMA) is the mixture of antigenic glycoproteins from
human mammary epithelial cells present in milk through reverse pinocytosis. Antibodies raised
against these antigens are reactive in most epithelia and carcinomas and thus are routinely used
in pathology rogether with keratin antibodies.'%?

The tumor suppressor gene adenovirus Ela induces an epithelial phenotype in mesenchy-
mal tumor cell lines and fibroblasts, probably by globally reprogramming transcription. 144

Fibroblast-specific protein-1 (FSP1) is a calcium-binding protein belonging to the S100
family, isolated by comparative transcript analysis from mouse renal interstitial fibroblasts and
is characterized as highly specific for fibroblasts.!#> FSP1 is used as a marker for EMT in the
mouse model of kidney fibrogenesis, which we will describe below.

Finally, ‘stromal type’ MMPs can be produced by tumor cells undergoing an EMT, ie.,
stromelysin-1 (Str-1, MMP-3),146:147 stromelysin-3 (Ser-3, MMP-11), 48-150 gelatinase A
(MMP-2),” and membrane type 1 (MT1)-MMP'*! That these MMPs play an active role in
EMT was demonstrated in the normal mouse mammary cell line SCp2, in which Str-1 expres-
sion was sufficient to trigger an EMT.1? In transgenic mice, Str-1 promoted the development
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Table 4. Examples of EMT in tumor pathology

Tumor Type Localization Tissue of Origin (Embryonic Source)  Ref.

Carcinosarcoma/ Uterus, breast, lung, Epithelium anywhere in the 167

sarcomatoid carcinoma  gastro-intestinal tract... body (endo-, meso-, ectoderm)

Malignant mesothelioma Serosal surface of Mesothelium (mesoderm) 176

peritoneal/pleural cavity

Sex cord-stromal tumors  Ovary Ovarian surface epithelium 105
(mesoderm)

Ameloblastoma Oral cavity, maxilla Stellate reticulum cells are derived 179,
from ameloblastic epithelium 180
(endoderm)

of mammary tumors with a mesenchymal phenotype.'>® Str-1 expression in mouse skin carci-
nomas was observed in association with a squamous to spindle cell conversion.!* As for Str-3,
protein and mRNA were demonstrated in both the epithelial and mesenchymal compartment
of metaplastic mammary carcinomas, which are examples of EMT,'*® but occasionally also in
the tumor cells of common mammary ductal carcinomas.'*® The Str-3 level, either stromal”>1%8
or epithelial,'? is a prognostic parameter in breast cancer since a strong correlation has been
shown with decreased postoperative (disease-free) survival.

We can conclude that assessing the expression of a panel of differentiation markers on
tumor cells enables one in most cases to discriminate between the epithelial and mesenchymal
phenotype. In the diagnostic pathology practice, mesenchymal differentiation of a tumor is
rather documented by a loss of epithelial markers (keratins and EMA) or a gain of specific
mesenchymal differentiation matkers, e.g., a-smooth muscle actin (@-SMA), desmin, $100
and CD31 for smooth muscle, skeletal muscle, neuroid/chondroid and vascular differentiation
respectively.

Examples of EMT

Carcinosarcoma/Sarcomatoid Carcinoma

First of all, it should be stressed that in the great majority of human tumors no EMT seems
to occur. This is unlike the situation in vitro, in which phenotypic plasticity is common. One
can argue that EMT is an artefact of in vitro culturing.'*® Alternatively, it may be that patholo-
gists only detected the tip of the iceberg so far. The tumor stroma being an integral part of a
malignant tumor could imply that virtually every carcinoma underwent an EMT while creat-
ing its own stroma. We will discuss this hypothesis further on. Yet, for the moment, the most
convincing examples of EMT in tumor pathology are those neoplasms exhibiting both an
epithelial and mesenchymal component (Table 4) (for a review see ref. 157). Together, they
represent less than one percent of the total number of cancers.

Carcinosarcomas make up a rare group of malignant mixed tumors that can occur in the
vicinity of all kinds of epithelium anywhere in the body.!>81%* The epithelial component is
usually an adenocarcinoma. The mesenchymal component consists either of nondescript, un-
differentiated spindle cells, or of pleomorphic cells featuring a particular line of differentiation
such as rhabdoid (skeletal muscle),'®® osteoid (bone)!%%'%6 or chondroid”? (cartilage) differen-
tiation (Figs. 1, 2). The terminology of this group of tumors is diverse. When such a specific
mesenchymal cell differentiation is present (in a large extent) the tumors are usually termed
‘carcinosarcoma’. On the other hand, if transitions between the two cell populations are
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Figure 1. Malignant mixed Miillerian tumor (carcinosarcoma) of the ovary. The cells of the carcinomatous
(arrows) and sarcomatous (arrowheads) component show malignant features: their nuclei are enlarged,
pleomorphic and hyperchromatic. Formaldehyde fixed, paraffin embedded section. H&E staining. (Scale
bar: 20 um)

obvious, i.e., if there is a hybrid epithelial-mesenchymal cell type, the term ‘sarcomaroid carci-
noma is often preferred. However, merely referring to the anatomical site, mixed tumors in the
breast are usually termed ‘spindle’ or ‘metaplastic’ cell carcinoma, in the esophagus
‘pseudosarcoma’, and in the lining of the female genital tract ‘malignant mixed Miillerian tu-
mor’. Different opinions on the histogenesis of mixed tumors, which are nicely reviewed by
Wick and Swanson,'% to some extent account for this quite inconsistent classification. The
debate focuses on two hypotheses. Thete is the convergence, polyclonal hypothesis in which
mixed tumors consist of two separate, concurrent populations, hence the old term ‘collision
tumors’, Alternatively, the divergence, monoclonal hypothesis assumes that both epithelial and
mesenchymal components are derived from a single uncommitted, totipotent cell which, after
transformation, has proliferated towards separate differentiation lineages. Although rare cases
of polyclonal mixed neoplasms might exist, most evidence in literature is favoring the diver-
gence hypothesis.

First, at the light microscopic level, the epithelial and mesenchymal components are often
not well demarcated. The tumor mass rather consists of a mixture of cells with smooth transi-
tions in between the different cell types. Second, spindle cells frequently exhibit (at least mi-
nor) epithelial features, as is shown by immunohistochemical positivity for keratin and EMA, or
by electron microscopy. Also, in some reports on the (lymph node) metastases of carcinosarcomas,
the epithelial component predominates or is the only component,'®17° which would not be
expected in a true polyclonal neoplasm. In line with this is the fact that the clinical pro7%nosis of
mixed tumors in general equals that of poorly differentiated epithelial neoplasms.'” Strong
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Figure 2. Carcinosarcoma of the bladder. A) area in which the mesenchymal (sarcomatous) component
predominates. It is composed of disorganized spindle cells surrounded by a nondescript matrix, with an area
of chondroid differentiation (arrowheads). Adjacent, the epithelial (carcinoma) component consists of
tubules (single arrows) and squamous sheets (double arrows). B) area of carcinoma predominance. Form-
aldehyde fixed, paraffin embedded section. H&E staining,. (Scale bar: 50 pm)

evidence of monoclonality is provided by the anal%sis of commonly mutated p53 exons,'”*'7?
allelic polymorphisms,'”* loss of heterozygosity!”® or the level of homology in chromosomal
aberrations by comparative genomic hybridization.'”> These studies demonstrated identical
genotypic changes in both components.
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Figure 3. Biphasic malignant mesothelioma. Both the epithelial (upper right field) and mesenchymal
(lower left field, arrowheads) component show intracytoplasmic immunoreactivity with the pan-cytokeratin
AE1/AE3 antibody. Hematoxylin counterstaining. (Scale bar: 20 um)

EMT in Other Human Tumors

Table 4 lists other examples of EMT in tumors. The most prevalent tumor is the malignant
mesothelioma, a locally aggressive tumor that is related to asbestos exposure. It originates from
the mesothelium which lines the pleural and peritoneal cavities. The tumor cells display either
an epithelial or a mesenchymal phenotype and often, in so-called ‘biphasic mesothelioma,
both cell types are present (Fig, 3), probably representing cell plasticity.'7¢178

Sex cord-stromal tumors represent a group of rare ovarian stromal tumors probably derived
from the ovarian surface epithelium.!% This is a monolayered cuboidal epithelium, showing
epithelial characteristics such as cytokeratin expression, desmosomes, and the production of
the basement membrane molecules collagen type IV and laminin. However, concurrent vimentin
and N-cadherin rather than E-cadherin expression suggests a dual epithelial-mesenchymal dif-
ferentiation capacity,'®® which is also reflected by the plasticity of the ovarian surface epithelial
cells in vitro, as mentioned above. This dual differentiation capacity might explain why as
diverse tumor types as ovarian surface carcinomas and sex cord-stromal tumors could originate
from them.

The last example of EMT illustrates that tumors might recapitulate embryonic develop-
ment by showing differentiation along the same lineages. In the ameloblastoma, a tumor usu-
ally arising from remnants of the dental lamina or the enamel organ in the jaw, the so-called
‘stellate reticulum’ constitutes the tumor stroma adjacent to the ameloblastic tumor epithe-
lium. These stromal cells share epithelial features with the ameloblastoma cells, as has been
demonstrated ultrastructurally,'”? immunohistochemically and by in situ hybridization.'®® Both
cell types are encountered in a similar context in the developing dental root.'®! In the more rare
mixed odontogenic tumors, there is evidence for an EMT as well. 182
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Finally, Putz et al'®? investigated the marker profiles of cell lines that were established from
bone marrow aspirates of stage MO cancer patients and found that they were consistent with
cancer cells that underwent an EMT, thereby underscoring the hypothesis that
(micro)metastasized carcinoma cells have gone through an EMT.

EMT in Non-Tumoral Pathologies

Besides during embryogenesis and in tumors, EMT also occurs in certain non-tumoral pa-
thologies, namely in some chronic inflammatory processes (see Table 5). Best studied is the tran-
sition in kidney fibrogenesis. Iwano et al induced a chronic inflammatory response in the kidney
interstitium of transgenic mice by imposing a unilateral ureteral obstruction.'® They demon-
strated that a substantial number of the fibroblasts appearing in the induced fibrotic tissue were
detived from the proximal tubular epithelium, which had been specifically LacZ-labeled through
cell type specific gene targeting. Other reports focused on the underlying mechanisms; TGF-8,
EGF and FGF2 secreted by inflammatory stromal cells, appeared inducers of this type of
EMT.%318%186 [ renal biopsies from patients suffering from tubulointerstitial fibrosis a switch
was observed in the morphological markers, compatible with EMT.'#7188

Another example of chronic inflammation is the peritoneal fibrosis that occurs during
long-standing continuous ambulatory peritoneal dialysis of patients with renal failure. A recent
study showed that in peritoneal biopsies of such patients the normal mesothelium and
submesothelial connective tissue was replaced by fibrotic tissue and embedded in it, a popula-
tion of elongated, fibroblast-like though still cytokeratin-positive cells.® In cultures of the
mesothelial cells that were shedded into the dialysis fluid, a comparable phenotypic switch was
found to be paralleled by an increase in vimentin expression and a downregulation of cytokeratin
and E-cadherin. Similar cellular changes could be induced in vitro by treating normal me-
sothelium with TGF-B and IL1-B. Although in these cell cultures the transitions were revers-
ible, so rather an example of scattering according to our definition, the persistent scar tissue
observed in vivo could be attributed to an EMT.

A comparable transient phenocy?ic switch is described in repair mechanisms of human
respiratory epithelial cells in vitro.”>® Motile, elongated cells emerging at the wound edge
co-expressed cytokeratins and vimentin. The transition is possibly related to Str-3 (MMP-11)
production in neighboring epithelial cells.

As mentioned above, retinal pigment epithelial cells show phenotypic plasticity in vitro.
This cell type can be the key player in the ‘proliferative vitreoretinal disorders’, which are char-
acterized by proliferation of scar-like tissue in response to inflammatory stimuli.'”’

Other Transitions

Examples of cell plasticity in adult tissue other than the epithelial-to-mesenchymal transi-
tion are listed in Table 5 and 6. Concerning the non-tumoral pathologies, Barrett esophagus,
caused by chronic gastro-esophageal reflux, is clinically the most important example, since it
imposes a high risk for developing adenocarcinoma.'?"1%?

Blood vessels, when activated during inflammation, could become lined by an epithelioid
instead of the normal flattened endothelium. An epithelioid morphology is also adapted by the
macrophages in epithelioid granulomas, representing a type of chronic inflammation charac-
terized by aggregates of activated macrophages. An electron microscopy study revealed that
each epithelioid granuloma, irrespective of the underlying disease, consists of a heterogeneous
population of macrophages. The cells have a large amount of eosinophilic cytoplasm due to the
accumulation of different types of lysosomes and vesicles and the prominence of the rough
endoplasmic reticulum and Golgi apparatus.'®® The cadherin expression detected in such e{)i—
thelioid macrophages by immunohistochemistry, favors a process of true transdifferentiation. ¢

In contrast to the active changes in EMT, alterations in the epithelial cell shape can be the
result of an accumulation of foreign material in the cytoplasm or the cytopathic effect of a viral
infection. Besides nuclear alterations, cytoplasmic vacuolization and accumulation of keratohyaline
granules are seen in Papilloma virus infections (cervix condylomata or warts of the skin), whereas
epithelial cells transform to large, multinucleated cells in Herpes virus infections.
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Table 5. Transitions in physiology and non-tumoral pathology

Physiologic Process / Disease Transition Refs.
EtoM
- wound healing®* - epithelial cells adapt a motile, 150
spindle-shaped phenotype
— chronic interstitial nephritis — epithelium of renal tubules to 184
myofibroblasts
- chronic ambulatory peritoneal dialysis — mesothelial cells to fibroblastoid cells 189
— brain injury - ependymal cells to astrocytes 248
— proliferative vitreoretinal disorders - retinal pigment epithelial cells to 190
myofibroblastoid cells
MtoE
- decidual reaction endometrium* — fibroblasts become epithelioid by 118,
gestagens during secretory phase 249
of menstrual cycle
— post-operative scar: e.g. post-operative - spindle cells become epithelioid 250
spindle cell nodule of vaginal wall and cytokeratin-reactive
E to other
— viral infections: - cytopathic effect on epithelium:
— human Papilloma virus cervix, - cytoplasmic vacuolization,
skin (wart); keratohyaline granules;
— cytomegalovirus, Herpes simplex virus - multinucleated, syncitial cells
~ metaplasia: e.g., Barrett esophagus - squamous to intestinal type of columnar 192
epithelium
~ endosalpingiosis - Miillerian differentiation of ovarian 251
surface epithelium
Other
— placenta development* - cytotrophoblast to infiltrative spindle 119,
cells, cyto- to syncytiotrophoblast 120
(cell fusion)
~ wound healing — fibroblasts to myofibroblasts 230
— inflammation — activated endothelium of small blood
vessels becomes epithelioid
- granuloma — macrophages to epithelioid cells 193
~ hepatic fibrogenesis — activation of stellate cells 252

# physiologic process; * note that in this case the transition is reversible, so rather ‘scattering’

Concerning examples of cell plasticity in tumors (Table 6), epithelioid sarcoma is a clear
example of a soft tissue tumor with a mixed marker expression pattern (EMA-, keratin- and
vimentin-positive) but with an epithelioid cell morphology.!*>'* Synovial sarcoma is a ‘biphasic’
soft tissue tumor with a spindle-shaped and a variable epithelioid cell component.!”"*%® Wilms
tumors are aggtessive tumors of infancy and childhood exhibiting epithelial and stromal ele-
ments that are genetically related and that mimick immature renal structures.’®?*® Unlike
low-grade lymphomas, anaplastic large cell lymphomas (ALCL) are characterized by large,
apparently cohesive cells with abundant cytoplasm which are sometimes mistaken for carci-
noma cells. Interestingly, strong pan-cadherin immunoreactivity was found in a series of ALCL,
probably accounting for the epithelioid phenotype of the lymphoma cells.!*
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Table 6. Transitions in tumor pathology

Tumor Transition Refs.
MtoE
— epithelioid sarcoma — fibroblastoid to epithelioid 195,196
~ synovial sarcoma - mixed fibroblastoid, epithelioid 197,198
— gastro-intestinal stromal tumor (GIST) — myoid to epithelioid 253
— anaplastic large cell lymphoma - lymphoid (round cells) to epithelioid 194
— epithelioid hemangioma/hemangiosarcoma - flattened endothelium to epithelioid 254
— Wilms’ tumor - mixed mesenchymal, epithelial 199
E to other
- carcinoma with neuro-endocrine features - epithelial cells acquire neuro-
endocrine secretory phenotype
- carcinoma with clear cell, sebaceous cell - epithelial cells varies in cell shape
differentiation; granular cell carcinoma through changes in cytoplasmic content
— mixed tumors with melanoma component - epithelial cells transdifferentiate 255

into melanoma cells

Other
— gliosarcoma — neural to fibroblastoid
- metatypical basal cell carcinoma - basaloid epithelial to squamous
epithelial cells
— desmoplastic melanoma — melanoma cells to fibroblastoid cells 256

Epithelium-Stroma Interactions

EMT in tumors should be considered as a possible phenotypic event occurring in a context
of epithelial-mesenchymal interactions, which lead to homeostasis sustaining tumor progres-
sion. An important manifestation of these interactions in tumor pathology is the so-called
‘desmoplastic stroma’. This is the reactive connective tissue found in most malignant tumors
that surrounds to a variable extent the infiltrating tumor cells (Fig. 4). It mainly consists of
activated myofibroblastic cells and an altered extracellular matrix (ECM). The stromal changes
are the result of interactions during tumor progression between malignant cells, ECM, and the
fibroblasts that normally populate the connective tissue, and involve also inflammatory cells
and blood vessels.?*"24 In breast carcinoma, paracrine factors such as platelet derived growth
factor® and TGF-B2%277 secreted by the tumor cells, could account for the initiation of the
desmoplastic response. Fibroblasts are converted to a-SMA-reactive myofibroblastic cells,?%
and groduce a different set of ECM proteins, such as tenascin-C,*’ fibronectin,*'® hyaluronic
acid, 2! as well as increased amounts of collagen type I, I1I and V.2'%%'% The myofibroblastic
cells also overexpress matrix metalloproteinases like MMP-9, MMP-3, MMP-2 and/or
MMP-11,214216 and secrete growth factors such as FGF2, vascular endothelial growth factor-D
and HGE?'72!® which act on their turn on the tumor cells. Tumor-derived (myo)fibroblasts
exerted a differential tumorigenic influence on breast?" and prostate™® cancer cells as com-
pared to stromal cells from non-tumoral tissue. Benign stromal cells induced a differentiated,
less tumorigenic phenotype in the rat Dunning prostatic adenocarcinoma cells.”?! A domi-
nance of the stromal phenotype over the cancer cells’ genotype was suggested in a mouse pros-
tate model of ras+myc-induced carcinogenesis?? and in the HMT-3522 breast cancer cell line,
in which integrin-blocking antibodies were able to revert its malignant phenotype.*® Serial
analysis of gene expression (SAGE) and in situ hybridization studies described panels of genes
thar are differentially expressed in the desmoplastic stroma of breast and pancreas carcinoma,
some of which appear to be organ-specific or restricted to specific regions within the tumors, 22422
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Figure 4. Desmoplasticstromain an invasive ductal adenocarcinoma of the breast. It contains a high number
of ‘non-tumoral’ myofibroblasts (arrowheads), of which the elongated nudlei are regular in size and shape
compared to the pleomorphic nuclei of the sarcoma cells in Figure 1. Tumor cells are organized in tubules
and solid cords or they seem to infiltrate individually (arrows). H&E staining. (Scale bar: 20 pm)

The interactions of the desmoplastic stroma with the tumor cells are reminiscent to the crosstalk
observed in wound healing, in which the different components of the granulation tissue induce
epithelial cell proliferation and migration necessary for wound closure.2%#?26 Parallels can also
be drawn with the epithelium-stroma interactions during the embryogenesis of e.g., breast or
prostate.”?-#28

As for the myofibroblastic cells of the desmoplastic stroma, they most probably derive from
quiescent stromal fibroblasts in response to TGE-8.22%2*> Concerning human prostate carci-
noma however, Hayward et al suggests that the smooth muscle cells which make up the normal
prostatic stroma are the cells of origin.”** Since this transition would be accompanied by a loss
of the smooth muscle markers myosin and desmin, it represents a type of dedifferentiation. In
recent literature, the alternative hypothesis is brought up that the myofibroblasts in the desmo-
plastic stroma of a classical carcinoma, originate from the carcinoma cells themselves through a
process of EMT. 2 A recent study by Petersen at al?>® addresses this subject indirectly. They
examined two cell lines, established from the epithelial and mesenchymal component of a
metaplastic breast carcinoma. Besides evidence for an EMT and for the clonality of both com-
ponents, they showed that the fibroblastoid cell line behaved on itself in an indolent way.
Although the cells were immortal, they were not tumorigenic in vivo and resembled normal
fibroblasts in responding to TGF-B by de novo expression of a-SMA. The authors conclude
that EMT-derived mesenchymal cells may differentiate into non-malignant myofibroblast-like
cells. In a sense these results subscribe to a third theory concerning the origin of mixed tumors
(besides the poly- and monoclonal theory discussed above): the stromal induction/metaplasia
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theory. According to this theory the stromal component of a mixed tumor is a non-malignant
response to the growth of the epithelial malignant component. This particular case of a mixed
breast carcinoma could also exemplify a tumor mechanism of carcinomas in general. One
could hypothesize that in order to progress, the transformed epithelial cells of a carcinoma need
the inductive signals of a surrounding stroma that they create themselves by undergoing a
mesenchymal transition towards non-tumorigenic myofibroblastic cells (Fig. 4). In breast car-
cinomas, this could occur via an intermediate myoepithelial cell type. The fact that similar loci
of loss of heterozygozity could be found in both mammary carcinoma and desmoplastic stro-
mal cells from the same tumor, points to a similar genetic background, possibly indicating that
both cell types derive from the same progenitor cell.?37-2%

Summary

In summary, epithelial-mesenchymal transitions are precisely regulated events. Reflected by
changes in morphology (differentiation), cells exhibit altered funcrional properties in terms of
motility, extracellular matrix remodeling and interactions with other cell types. In embryonic
life, by means of EMT, the cells obtain the potential to create a wide range of different tissues,
whereas in adult life, it helps maintaining a homeostasis, e.g., in adequate wound healing. In
non-physiological conditions, EMT can also occur. Besides its suggested role in human chronic
inflammatory disorders, EMT is described in malignant tumors. Much less numerous than the
observations in vitro are the examples of EMT in human tumor pathology. In addition to the
rare cases of mixed epithelial/mesenchymal tumors, we discussed the tempting hypothesis that
EMT is a common event in carcinomas in general. By means of EMT the epithelial tumor cells
would obtain the ability to transdifferentiate into myofibroblasts that lose their malignant
phenotype but constitute the desmoplastic stroma which is essential for tumor growth, inva-
sion and metastasis. Thus, by creating their own stroma, carcinoma cells would obtain an
additional survival advantage.
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CHAPTER 10

Structural and Functional Regulation

of Desmosomes
Spiro Getsios, Lisa M. Godsel and Kathleen J. Green

Introduction

ntercellular adhesion and communication in mammalian epithelial cells occurs via special
I ized junctional complexes, which include tight junctions, adherens junctions, desmosomes,

and gap junctions (Fig. 1).! Desmosomes are unique among these junctions, as they are
coupled to the intermediate filament (IF)-based cytoskeleton. These form stable complexes
that facilitated the ultrastructural and biochemical characterization of desmosomes but also
made progress in the molecular organization of these junctions more challenging.>> Although
the individual components that make up a desmosome are now fairly well established, we are
just beginning to appreciate how desmosomes are assembled into highly regulated and dy-
namic adhesive units.

Desmosomes have been best studied in epithelial cells and are most prevalent in tissues that
undergo extensive mechanical stress, such as the skin.® However, these junctions are also present
in myocardial and Purkinje fiber cells of the heart, follicular dendritic cells of lymph nodes, and
the arachnoid plexus of the brain meninges.” An expanding list of autoimmune and genetic
diseases that rarget the different junctional proteins indicates that desmosomes are key media-
tors of epidermal integrity but also play important in these other organs (Table 1).

Molecular Components of the Desmosome

The basic structure of desmosomes is determined by proteins from three independent gene
families (Fig. 2). The transmembrane component of desmosomes includes members of the
gene superfamily of calcium-dependent cell adhesion molecules (CAMs), known as the
cadherins.® Structurally-related proteins of the armadillo (arm) family, including plakoglobin
(Pg; also known as y-catenin) and the plakophilins (PKP), interact directly with the desmosomal
cadherin cytoplasmic domains.” Finally, plakin family proteins and, in particular desmoplakin
(DP), provide a structural link berween the desmosomes and IFs.'? Several other proteins have
been localized to desmosomes but whose functions are not as well characterized in these junc-
tional complexes.

The Desmosomal Cadhberins

Sequence comparison of the desmosomal cadherins has further subdivided these into the
desmogleins (Dsg) and desmocollins (Dsc). To date, four Dsg and three Dsc isoforms have
been identified in humans that are the products of separate but closely linked genes.®!1?
Differential splicing of the DSC genes results in two distinct isoforms: an @’ and a ‘b’ form that
contains a shorter cyroplasmic domain with unique sequences.’>'4 Rcccntlz', two genes related
to Dsgl, and thus termed Dsgl-B and Dsgl—y have been identified in mice.'>!'® Whether these
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Figure 1. Two epithelial cells are represented (top panel) along with the major adhesive and communicating
junctions. Tight junctions and adherens junctions are connected to microfilaments, whereas desmosomes
interact with intermediate filaments. Gap junctions serve to directly connect the cytoplasm of adjacent cells
by forming intrercellular channels. The bottom panel shows an electron micrograph of a single bovine
tongue desmosome.!® Distinct desmosomal regions have been identified, including a plasma
membrane-associated core region that contains an extracellular electron dense midline as well as a cytoplas-
mic region that contains an outer and inner dense plaque.
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Table 1. Genetic diseases involving desmosomal proteins

Mutated Gene/Protein

Disease/Phenotype

DSG1 (Desmoglein 1)
N-terminal deletion, possible
haploinsufficiency®253.169

DS$G4 (Desmoglein 4)
Homozygous deletion in
extracellular domain''

CDSN (Corneodesmosin)
Nonsense mutation, prematurely

Striate Palmoplantar Keratoderma
Epidermal thickening inpalms and soles of feet

Localized Autosomal Recessive Hypotrichosis
Hair loss restricted to scalp, chest, arms, and legs

Hypotrichosis Simplex of the Scalp
Scalp-specific hair loss with childhood onset

truncated protein®’

Naxos Disease
Arrythmogenic right cardiomyopathy with
palmoplantar keratoderma and woolly hair

JUP (Plakoglobin)

Autosomal recessive frameshift
mutation, C-terminal domain
truncation”®

PKP1 (Plakophilin 1) Ectodermal Dysplasia/Skin Fragility Syndrome
Autosomal recessive null mutation®%7° with hair and nail defects
DSP (Desmoplakin) Striate Palmoplantar Keratoderma

N-terminal deletion, haploinsufficiency'06'97

Autosomal recessive frameshift
mutation, C-terminal truncation'%®

Compound heterozygosity of nonsense
(C-terminal deletion) and missense
(N-terminal) mutations'”?

Autosomal dominant N-terminal
missense mutation'%?

Autosomal recessive C-terminal Arrhythmogenic Right Ventricular Dysplasia
missense mutation'”? with woolly hair and skin blisters

Striate Palmoplantar Keratoderma

with left ventricular cardiomyopathy and woolly hair
Striate Palmoplantar Keratoderma

with hair defects

Arrhythmogenic Right Ventricular Cardiomyopathy

additional murine DSG genes have been lost in the human as a result of functional redundancy
between desmosomal cadherins remains to be established.

E-cadherin (E-cad) is the best-studied member of the classical cadherins and localizes to
adherens junctions in epithelial cells. In general, the classical and desmosomal cadherins pos-
sess several common structural characteristics (Fig. 3). For example, the mature extracellular
region of these cadherins is composed of five ectodomains with conserved calcium binding
sites: four cadherin repeats (EC1-EC4) and a more divergent membrane proximal subdomain
(EA). Short peptides generated against a cell adhesion recognition (CAR) sequence present in
the EC1 subdomain of the classical cadherins disrupt cadherin-mediated homophilic adhe-
sion.””!® In contrast, interfering with desmosomal adhesion requires the presence of CAR
peptides specific for both Dsg and Dsc isoforms, suggesting that these CAMs interact in a
heterophilic manner.'®* Dsg/Dsc heterophilic complexes have been identified in cultured
cells and using recombinant EC1-2 subdomains of the desmosomal cadherins in vitro.2!"?
Collectively, these studies emphasize important differences between the organization of classi-
cal and desmosomal cadherin-based junctions.
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Figure 2. A molecular model of the desmosome. The desmosomal cadherins interact with one another and
via their cytoplasmic domains with members of the armadillo family of proteins. Plakins are capable of
linking these membrane complexes to the intermediate filament based cytoskeleton.

*
E-cad [filHecr [eca [ecs Jece Ten [y

oss BT T T <

Figure 3. Comparison of the cadherin molecular domain structure. Classical and desmosomal cadherins are
synthesized as precursor proteins containing a signal and pro-peptide region (S/P), five extracellular do-
mains (EC1-4 and EA), a transmembrane domain (M), and an intracellular anchor domain (IA). The EC1
subdomain harbors a subtype-specific cell adhesion recognition sequence (indicated by an asterisk). The
only cadherin subtypes that lack an intracellular catenin sequence (ICS) are the alternatively spliced Dsc ‘b’
isoforms. The Dsg isoforms further possess a proline-rich linker region (PL), a repeating unit domain
(RUD), and a desmoglein terminal domain (DTD).

The desmosomal cadherin cytoplasmic domains are extensively divergent compared to the
classical cadherins and between the Dsg and Dsc subfamilies. All cadherins possess an intrac-
ellular anchor (IA) subdomain that is proximal to the plasma membrane and is known to
modulate classical cadherin-based adhesion but whose function is less clear for the desmosomal
cadherins.?*?® The intracellular catenin segment (ICS) of classical cadherins is capable of
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interacting with the highly related arm proteins, Pg and B-catenin, in a mutually exclusive
manner.?%% In contrast, the ICS of desmosomal cadherins primarily mediates binding to Pg
and contributes to its junction localization.?®3# The shorter Dsc ‘b’ isoforms lack an ICS and
subsequently fail to bind Pg but Dsc3b has recently been shown to interact with another
desmosomal arm protein, PKP3.% The PKPs are equally likely to contribute to Dsg incorpora-
tion into junctions, although different Dsg cytoplasmic subdomains are responsible for these
interactions.>>3¢

The Dsg isoforms also distinguish themselves from other cadherins by an extended region
beyond the ICS which has been further subdivided into an intracellular proline-rich linker
region (PL), a variable number of repeated unit domains (RUD), and a Dsg terminal domain
(DTD). Although rotary shadowed preparations of recombinant RUD peptides suggest that
these might serve as homodimerization domains, the functions or cellular proteins that interact
with these repeats remain completely unknown.*”

Changes in the expression of the classical cadherins provide the molecular basis for cell
segregation and sorting events critical for embryonic development and the same principle ap-
pears to hold true for the desmosomal cadherins. For example, CAR peptides specific for the
desmosomal cadhetins can inhibit alveolar morphogenesis in a 3-dimensional model for mam-
mary gland lumen formation.? In the stratified squamous epithelium of the epidermis, Dsg2/
Dsc2 and Dsg3/Dsc3 are expressed in the basal keratinocytes.?® In contrast, Dsg1/Dscl and
Dsg4 are increased in the upper, more differentiated keratinocyte layers of the skin.!!*#3? The
extent of overlap between these desmosomal cadherin isoforms varies in different squamous
epithelial tissues, such as the oral mucosa and hair follicle, and distinct desmosomal cadherin
isoforms can even be detected within the same epidermal desmosome.?>*¢ Nevertheless,
transgenic mice containing an extracellular domain-deleted Dsg3 mutant in the basal
keratinocytes or aberrantly overexpressing wild-type Dsg3 throughout the cellular layers of the
epidermis exhibit defects in epidermal differentiation or barrier formation, suggestiné that the
ratio of different Dsg isoforms is an important determinant in skin morphogenesis. %

Evidence that individual desmosomal cadherins maintain the integrity of the epidermis
comes from two related autoimmune diseases that result in skin blistering. In pemphigus
vulgaris (PV) and pemphigus foliaceus (PF), autoantibodies that target Dsg3 and Dsgl, re-
spectively, promote acantholysis in these patients.*® The epidermal layers that form blisters
correlate with the cellular localization of the Dsg subtype targeted in these disease; PV blisters
form in the deeper layers of the skin whereas PF blistets are present in the more superficial
epidermal layers. In addition, the extracellular domain of Dsgl, but not Dsg3, is cleaved by the
exfoliative toxins produced by Staphylococcus aureus and promote blister formation in the up-
per layers of skin in bullous impetigo and staphylococcal scalded skin syndrome.>>! Finally,
genetic mutations in the human DSG/ gene cause an epidermal thickening disease, known as
striate palmoplantar keratoderma (SPPK), whereas DSG4 mutations are involved in defective
hair follicle differentiation.!**>® These studies emphasize important differences in the mor-
phogenetic roles of the distinct Dsg isoforms.

Although the desmosomal cadherins appear to be the predominant transmembrane com-
ponents of desmosomes, other glycoproteins have been localized to these junctional complexes
in epithelial cells. For example, corneodesmosin is a secreted glycoprotein that can promote
homophilic adhesion and associates with the cross-linked desmosomal complexes found in the
upper layers of the skin, termed corneodesmosomes.>*® Nonsense mutations in the gene that
encodes for corneodesmosin have been identified in patients with a scalp-specific hair loss
disease.”’” In addition, polycystin-1 is implicated in polycystic kidney disease and has been
reported in the desmosomes of Madine Darby canine kidney (MDCK) epithelial cells.’® How-
ever, the importance of these proteins in desmosome function remains to be firmly established.

The Armadillo Proteins

The arm proteins serve as the primary binding partners for the desmosomal cadherins.
Members of this family share a series of structural motifs, known as arm repeats, that are

9
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Figure 4. Comparison of the desmosomal armadillo molecular domain structure. These proteins comprise
a variable number of central armadillo repeat motifs and more divergent N- and C-terminal dornains.
Plakoglobin contains 12 armadillo repeats wheteas the plakophilins and p0071 contain only 10 of these
motifs. p0071 also harbors a PDZ binding motif within its C-terminus, indicated by the asterisk.

flanked by more divergent N- and C-terminal domains (Fig. 4). Although the Armadillo pro-
tein was initially identified as a target of the Wi signaling cascade during Drosophila develop-
ment, the vertebrate homologue turned out to be the adherens junction protein, B-catenin (see
also Chapter 12, Conacci-Sorrell and Ben-Ze'ev).?®? The desmosomal subset of arm proteins
are thought to play an important role in clustering these junctional complexes at the plasma
membrane and providing an indirect link to the IF-based cytoskeleton, but may also be in-
volved in intracellular signaling pathways.

Plakoglobin

Based on high-resolution crystallography studies of B-catenin, Pg is thought to possess 12
central @rm repeats that are likely organized into a single superhelical structure containing a
positively charged groove.®! The arm repeats of Pg are capable of binding desmosomal and
classical cadherins and are thus responsible for its localization to both desmosomes and adherens
junctions (see also Chapter 12, Conacci-Sorrell and Ben-Ze'ev).52%* Pg is further able to link
the desmosomal cadherins to the IFs by interacting with DP as well as other zrm proteins, like
PKP2 and 3.3%3%% The flanking domains of Pg also contribute to junction assembly. For
example, the N-terminal domain of Pg is involved in binding a-catenin, an actin-associated
protein present in adherens junctions, but not desmosomal cadherins.®*®’ In contrast, the
deletion of the Pg C-terminus alters the length of these junctions in the human epidermoid
A431 cell line.5’

Desmosome formation is influenced by the earlier assembly of classical cadherin complexes
and Pg is a good candidate for regulating cross-talk between these two junctions. For example,
carcinoma cells that lack endogenous Pg are capable of forming desmosomes when this arm
protein is reintroduced, but only if classical cadherins are present.®® Pg may only facilitate
desmosome assembly, as these junctions can form in the epidermis of null mutant mice.”%"*
Although these animals exhibit skin defects, many embryos die of cardiac failure. -catenin
probably compensates for some Pg adhesive functions in the skin of these mutant mice, as this
catenin subtype is mislocalized to desmosomes in Pg null keratinocytes.”> Nevertheless,
keratinocytes lacking Pg fail to respond to PV sera, not only implicating this catenin subtype in
the pathogenesis of blistering diseases but also in functions beyond junction cross-talk.” Alter-
ations in cellular proliferation were observed when an N-terminal deletion of Pg was
overexpressed in the epidermis of transgenic mice, providing further evidence for its role in
signaling.”4

Recently, a homozygous mutation in the gene that encodes for Pg was identified in patients
with Naxos disease.”” This frameshift mutation results in a premature truncation of Pg in the
C-terminus and is implicated in the autosomal recessive arrhythmic right ventricular cardi-
omyopathy (ARVC), SPPK, and woolly hair phenotypes observed in these patients. The fact
that the truncation of Pg in these patients occurs within a region that is important for its
transactivation activity raises the possibility that defects in Pg signaling may contribute to this
disease.
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Plakophilins and P0071

The three PKPs (PKP1-3) and p0071 (also known as PKP4) are members of the p120°*
subfamily of proteins that are characterized by 10 central arm repeats.” In contrast to P_/%, the
N-terminus of the PKPs is critical for interacting with desmosomal proteins.®>66767% For
example, PKP1 is capable of binding Dsgl, DP, IFs, but not Pg, although these two arm
members are coordinated to promote efficient clustering of desmosomal complexes. Similarly,
PKP2 and 3 associate with the desmosomal cadherins and DP but can be further detected in a
complex with Pg.

The ability of PKP1 to interact with desmosomal proteins might explain its role in main-
taining the integrity of skin. PKP1 is present in the desmosomes of the suprabasal epidermis
and genetic defects are involved in a skin fragility disease that affects newborns.5*8! Alterations
in the desmosomes present in the epidermis and keratinocytes isolated from these patients
disrupted adhesion but also increased cell motility.3? Interestingly, DP is redistributed to the
cytoplasm of PKP1 affected patients and the expression of several desmosomal proteins is re-
duced in PKP1 null keratinocytes. A role for the PKPs in recruiting DP to desmosomes and
increasing desmosomal protein expression has since been demonstrated in cells transfected
with this 2rm protein.”’-/88283

PKP1 increases the expression of desmosomal proteins primarily from the post-translational
stabilization of desmosomal complexes.82 Nevertheless, all three PKP isoforms have also been
localized to the nucleus and might be involved in intracellular signaling. Recently, the phos-
phorylation of PKP2 by C-TAK-1 has been shown to regulate its nuclear localization but the
functional consequences of this remain unknown.®* PKP2 has also been found in a complex
with the RNA polymerase III holoenzyme and modulates B-catenin signaling activity in a
colon cancer cell line.>%

p0071 is more closely related to p120“" compared to the other PKPs and localizes to both
adherens and desmosomal junctions.?¢%7 Similar to 8120,cm the central arm domains of p0071
mediate its interaction with the classical cadherins.*”®® In contrast, the p0071 N-terminus is
capable of interacting with Dsc3a, Pg, and DE. The C-terminal domain of p0071 harbors a
PDZ binding motif that is absent in p120°" and the other PKPs and this protein can be further
found in complexes with the PDZ-motif containing proteins, papin and Erbin.#*! As these
proteins have been implicated in the establishment of epithelial polarity, it would seem likely
that p0071 serves as a molecular scaffold for recruiting signaling molecules to junctional com-
plexes.

The Plakins

The molecular mediators of IF-binding in desmosomes include members of an emerging
family of cytolinker proteins, known as the plakins.!*? The plakin family is defined by the
presence of a plakin domain (PD) and/or plakin repeat domain (PRD) that are implicated in
junction targeting and IF-binding, respectively (Fig. 5). Several other subdomains, including
an actin-binding domain, a coiled-coil rod domain, a spectrin-repeat-containing rod, and a
microtubule-binding domain, are present in some members but not in others. As such, these
proteins are well suited for linking junctional complexes to the cytoskeleton.

Desmoplakin

DP exists as two distinct isoforms derived from the alternative splicing of a single gene and
is thought to be the most abundant component of desmosomes.>” Biochemical and rotary
shadow studies suggest that DP forms homodimers which comprise a central a-helical coiled-coil
rod domain with two globular ends.” The parallel orientation of these DP dimers adopt higher
ordered oligomeric structures with the N-terminus being more proximal to the plasma mem-
brane compared to the C-terminal domain, and this topology corresponds nicely to the de-
fined functions for these respective ends of DP'®® For example, the N-terminus of DP har-
bors the PD that interacts with the desmosomal #rm proteins but can also directly bind the
desmosomal cadherins at the cell surface.?%3>3565767887.88 15 contrast, the DP C-terminus
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Figure 5. Comparison of the desmosomal plakin molecular domain structure. The two isoforms of
desmoplakin, plectin, envoplakin, and periplakin all harbor an N-terminal plakin domain (PD) and a
central coiled-coil rod domain (ROD). Plectin contains an additional actin-binding domain (ABD) at its
N-terminal end. A variable number of plakin repeat domains, termed A, B, and C, are present in all the
desmosomal plakin members except for periplakin and have been implicated in intermediate filament
binding. The linker subdomain (L) sequence present in the C-terminus also mediates interactions with
intermedjiate filaments. Desmoplakin and plectin further possess a glycine-serine-arginine (GSR) domain
at the C-terminal end that is not present in either envoplakin or periplakin.

contributes to IF binding; the molecular basis of these interactions has been the focus of several
studies.

The C-terminal domain of DP is comprised of three interspersed PRDs, termed A, B, and
C, followed by downstream sequences and a specialized linker sequence (L) found between the
last two repeats. High resolution crystallography of the DP PRDs has demonstrated that the B
and C subdomains adopt a globular structure, consisting of a short f8-hairpin followed by two
anti-parallel a-helices, and contains a basic groove that might be involved in IF interactions.”
Although this study showed that the individual PRDs interact directly with IFs, a combination
of the B and C subdomains did so with higher efficiency. Other work suggests that the L
subdomain and amino acid sequences downstream of the PRDs are sufficient for these
cytoskeletal interactions.”’ Collectively, these results suggest that multiple, low-affinity in-
teractions are involved in regulating the strength of DP-IF interactions.

The relationship of IF attachment to desmosome function has been examined by introduc-
ing a C-terminal truncated DP construct into A431 cells.'%!%! This dominant negative con-
struct not only inhibited the ability of IFs to couple with the desmosomal cadherins at the cell
surface but also reduced the adhesive strength of these cells. DP is critical for maintaining the
mechanical integrity of tissues in vivo. Targeted deletion of the DP gene in mice resulted in
early embryonic lethality.!% Rescuing the extraembryonic tissue defects in these animals fur-
ther revealed cardiac, epidermal, and neuroepithelial abnormalities at later stages of develop-
ment, but these animals eventually succumbed to a failure in microvasculature development.'®
This latter finding emphasized a less a;)&reciated role of DP in endothelial cell junctions, where
it complexes with classical cadherins."™ Finally, the targeted deletion of DP in the epidermis
resulted in neonatal lethality as a consequence of severe adhesive defects in the skin.!% Al-
though desmosomes were capable of forming in the epidermis of these animals, the incorpora-
tion of IFs into these structures was severely compromised. A lack of DP was also associated
with adherens junction abnormalities, suggesting that the processes regulated by DP in the
desmosome have a direct influence on the maturation of other junctional complexes.

Several human diseases have been identified that target the DP gene. For example, autoso-
mal dominant mutations in the DP gene cause epidermal defects in a form of SPPK.!¢1%7
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Similarly, autosomal recessive mutations that result in the premature deletion of the CPRD in
DP cause SPPK, woolly hair, and left ventricular cardiomyopathy.'% A point mutation ina DP
N-terminal serine residue implicated in binding Pg has been identified in patients with cardi-
omyopathy, leading the authors to speculate that the disruption of desmosomal protein inter-
actions might contribute to this disease.'®

Plectin

Plectin is a versatile member of the plakin family that is able to interact with all three
components of the cytoskeleton and comprises an N-terminal actin-binding domain, a PD, a
coiled-coil rod domain, and six C-terminal PRDs (five B and one C subdomain), followed by
a microtubule-binding domain.''®!!? The L sequence between the fifth and sixth PRD is
capable of binding IFs.”” As this plakin family member directly interacts with DB it can be
localized to desmosomes but appears to play a more primary role within the context of
integrin-containing hemidesmosomes that mediate interactions between epithelial cells and
the basement membrane.!!3!'4 In particular, targeted deletion of the plectin gene in mice
results in decreased hemidesmosomes in the basal epidermis.'’> Furthermore, homozygous
mutations in the human gene cause skin blisters in epidermolysis bullosa simplex with late-onset
muscular dystrophy.''¢

Envoplakin and Periplakin

EVPL and PPL serve as substrates for the transglutaminase enzyme responsible for
cross-linking protein complexes in the cornified envelope of the skin.!”"!' Both of these plakins
contain an N-terminal PD and a coiled-coil rod domain but EVPL contains a single C PRD
downstream of an L sequence and PPL contains only the L sequence. As with DP and plectin,
the L sequence has been implicated in regulating the interaction with IFs.”®!% Both EVPL and
PPL localize to epidermal desmosomes, probably as a heterodimeric complex. However, a role
for these plakins in directly linking desmosomes to IFs has not been firmly established. Instead,
a supportive role for EVPL in maintaining the barrier function of skin has recently been dem-
onstrated, suggesting that these plakins might regulate the assembly of the epidermal cornified
envelope.!?!

Other Molecular Components of Desmosomes

Several other proteins have been localized to desmosomes but their roles in this junctional
complex remain poorly resolved. For example, pinin is a ghosaphoprotein present in the nucleus
but also in regions surrounding epithelial desmosomes.'**!1%> Overexpression of pinin inhibits
corneal epithelial cell migration and binds directly to IFs, suggesting a structural role in desmo-
somes.'?*12> On the other hand, pinin mediates alternative splicing in COS cells.'?® Much less
is know about the desmosomal role of the microtubule-binding cytoplasmic linker protein
(CLIP)-170, beyond its localization to the desmosomal plaque in MDCK cells.!?” Similarly, an
IF-binding protein, known as desmocalmin, and a calmodulin-binding protein, known as
keratocalmin, have been localized to epidermal desmosomes.'*®!? Finally, the AHNAK gene
encodes for a protein that was originally localized to desmosomes and termed desmoyokin, but
was independently identified as a nuclear phosphoprotein in several cancer cell lines.!>®!3!
Desmoyokin/AHNAK is also present in nondesmosomal regions at the cell surface, where it
might be involved in membrane repair and expansion processes.'*>!??

Functional Regulation of Desmosome Assembly

The expanding repertoire of desmosomal proteins suggests that intricate cellular processes
coordinate the integration of these components into highly ordered complexes. Alterations in
cell adhesion that occur during embryonic development, tissue remodeling, and wound heal-
ing require these junctional complexes be dynamic and under tight regulation. Recent studies
have provided important insight into the molecular and cellular mechanisms that control des-
mosome dynamics.
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One approach to understanding desmosome assembly has been to functionally reconstitute
these junctions in cells that are not normally adhesive, namely fibroblastic L cells. The intro-
duction of a single classical cadherin subtype into these cells promotes calcium-dependent
homophilic adhesion.!?* In contrast, several desmosomal components, including Dsg, Dsc,
and Pg, are required for pronounced adhesion in this culture system.!”1*7138 Although the
overexpression of Dsgl, Dsc2a, and Pg failed to promote aggregation in one study, subsequent
work in which Dsc2a was introduced under the control of an inducible promoter, along with
Dsgl and Pg, resulted in strong calcium-dependent adhesion.'?”13® Furthermore, the coordi-
nate expression of Dscla, Dsclb, Dsgl, and Pg not only enhanced L cell aggregation but also
inhibited the invasive capacity of these cells.'® These studies support the idea that desmosomes
require multiple components to be coordinated at the cell surface in order to regulate adhesion.

Desmosomal-adhesion might not require DP in fibroblasts but this plakin is a key struc-
tural component of all desmosomes in vivo. The primary importance of DP is highlighted in a
series of studies attempting to reconstitute ultrastructural plaques in cultured cells. Fibroblas-
tic L cells transfected with Pg and a chimeric construct containing the extracellular domains of
E-cad and the cytoplasmic domains of Dsgl only assemble electron dense plaques when the
N-terminal domain of DP is also present.”® In COS cells expressing the same E-cad/Dsgl
chimera, the further addition of DB, Pg, and PKP1 is needed for efficient desmosomal plaque
formation.”” Similarly, endogenous Dsg?2 clustering into the desmosomes of a fibrosarcoma-
derived cell line was dependent on DB, Pg, and PKP2.83 PKP2 was capable of promoting
desmosome-like plaques in these cells even in the presence of a DP mutant construct lacking
the C-terminal IF binding domain. Thus, the PKPs appear to play a key role in clustering
desmosomal complexes at the cell surface but our understanding of the signals that mediate
this assembly process remains limited.

Switching cultured epithelial cells from low (< 0.1mM) to high (> 1.2mM) calcium con-
taining media allows for desmosome formation, as assessed by an increase in the stabili?r and
insolubility of desmosomal proteins, recruitment to cell borders, and attachment of TFs. 39-152
Although desmosomal proteins are still synthesized in low calcium media, their organization
within the cytoplasm is complex. For example, cytoplasmic clusters of DP in association with
IFs have been proposed as precursors for desmosome assembly triggered by an increase in
extracellular calcium.'! This is consistent with the biochemical and spatial dissociation of
desmosomal cadherins and DP during a calcium switch in MDCK cells.'>® In contrast,
membrane-associated half-desmosomes that are constantly endocytosed have been described
in keratinocytes cultured in low calcium for extended periods of time, but these are only stabi-
lized to form intact desmosomes once cell-cell contacts are initiated.!#®>2 The tracking of
fluorescently-tagged desmosomal proteins in living cells should help sort out how these dis-
tinct precursors are assembled and transported to the cell surface during junction formation.

Calcium directly influences classical and desmosomal cadherin extracellular interactions
but might also trigger intracellular signaling pathways in cultured epithelial cells.?>?>1>% For
example, the activation of protein kinase C (PKC) by calcium has been described in human
keratinocyte cultures.’”® PKC activation is capable of promoting desmosome assembly even in
low calcium conditions and influences the desmosomes present in confluent epithelial sheets,
where these junctions become calcium-independent.!4%1%%157 Afier wounding, the desmo-
somes in confluent MDCK cultures revert to a calcium-dependent state but this transition
could be blocked by the inhibition of PKC.!*® Identifying the desmosomal targets that are
influenced by these intracellular signaling pathways remains an active area of investigation.

The posttranslational regulation of desmosomal proteins can reorganize desmosomes and
alter the adhesive characteristics of epithelial cells. For example, the phosphorylation of a spe-
cific serine residue present in the C-terminal domain of DP disrupts the ability of this plakin to
interact with cytoplasmic IFs and promotes the incorporation of DP into desmosomes (Godsel
and Green, manuscript in preparation).’® Okadaic acid is an inhibitor of serine phosphatases
that is capable of interfering with desmosome assembly in MDCK cells, providing fur-
ther support for the hypothesis that desmosomal protein phosphorylation regulates the
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organization of these junctions.'®® Desmosomal proteins also interact directly with signaling
molecules and this might negatively regulate desmosome assembly. For example, Pg has been
found in a complex with the epidermal growth factor (EGF)-receptor and the protein tyrosine
phosphatases, LAR and PTPk.'%!"1% Stimulation of A431 cells with EGF not only resulted in
the tyrosine phosphorylation of Pg but this arm protein was no longer detectable in a complex
with DR!¢¢

Understanding how desmosomes are disassembled is likely to yield important information
regarding the maintenance of these junctions. Although most studies have focused on the
posttranslational regulation of desmosome dynamics, transcription factors have also been iden-
tified as candidates for disrupting these complexes. For example, Slug is a zinc-finger protein
capable of inducing cell separation in a rat bladder cancer cell line, at least in part, through a
loss of desmosomal proteins.'®® Desmosomal proteins are also targeted for cleavage by caspases
and matrix metalloproteinases as cells undergo apoptosis (Dusek and Green, unpublished ob-
servations). %167 A similar role for proteases in regulating desmosomal organization might
accompany cellular processes that require alterations in cell adhesion, such as tumor invasion,
wound healing, and differentiation.

Conclusions

Desmosomes have classically been defined as adhesive units that are critical for maintaining
tissue integrity and genetic studies of desmosomal proteins in humans and mice has borne out
this hypothesis. Recent work has emphasized that these junctions are not merely static struc-
tures that bind cells together but are highly dynamic complexes that vary in composition and
activity in different cell types. The further characterization of novel proteins within desmo-
somes, some of which act as components or downstream targets of intracellular signaling path-
ways, will not only help us understand how these junctions are regulated at the cell surface but
also provides insight into their ability to instruct cells to respond to the extracellular environ-
ment in developmental and diseased states.
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CHAPTER 11

Epithelial Cell Plasticity by Dynamic
Transcriptional Regulation of E-Cadherin

Geert Berx and Frans Van Roy

Abstract

pithelial cell plasticity is associated with coordinated changes in cell adhesion and
E migratory behavior. The cell-cell adhesion protein E-cadherin regulates the functional

integrity of epithelia by mediating specific intercellular adhesion. E-cadherin is a
well-established invasion/tumor suppressor. Dynamic transcriptional regulation is a major
mechanism of controlling E-cadherin expression during embryogenesis and malignant pro-
gression of various epithelial tumors. A variety of transcription regulators implicated in both
embryonic development and tumorigenesis have been described to regulate E-cadherin expres-
sion in a reversible way.

Introduction

Epithelial-mesenchymal transition (EMT) is a normal developmental process in which epi-
thelial cells, attached to the underlying extracellular matrix, lose apical-basal polarity and mi-
grate as separate cells into the matrix. The transition from an epithelial to a mesenchymal
phenotype must be strictly controlled after embryonic development in order to avoid chaotic
cell behavior in the adult organism. It is also well documented that EMT occurs to a variable
degree during tumor progression in man, resulting in mesenchymal-like cells that invade and
metastasize (see Chapter 9, Van Marck and Bracke). Thus, the invasive behavior of these cells
can be largely explained by repression of the epithelial state. The calcium-dependent cell adhe-
sion molecule E-cadherin is most important in the formation and maintenance of epithelial
cell junctions. E-cadherin is a transmembrane protein consisting of an extracellular domain
containing five repeat domains and a cytoplasmic domain that interacts with catenins to estab-
lish functional cell-cell adhesion. In normal epithelia, the E-cadherin/catenin complex is typi-
cally present in the adherens junctions between adjacent cells. The human E-cadherin gene
(CDHI) is located on chromosome 16q22.1 and consists of 16 exons.! Recent research has
demonstrated that disturbance of E-cadherin functionality has a causative role in modulation
of the epithelial differentiation during both developmental processes and cancer progression.
In embryonic development there is a clear spatiotemporal regulation of E-cadherin expression,
which allows cell migration and morphogenesis. During gastrulation this dynamic regulation
is exemplified with a decreasing E-cadherin expression in eEiblast cells entering the primitive
streak to form mesoderm (see also Chaptcr 2, Morali et al).” This EMT is associated with loss
of epithelial differentiation and gain of migratory characteristics.> In a similar way, E-cadherin
is reversibly downregulatcd during epithelial tissue healmg, possibly allowing cells to migrate
over areas of ulceration.” Later mesoderm derivatives remain negative for E-cadherin, except
for those cells that undergo the reciprocal mesenchymal-epithelial transition (MET) where
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E-cadherin is reexpressed. Such a conversion with upregulation of
E-cadherin is taking place during for instance metanephric kidney
development.® There are multifactorial mechanisms by which the
expression and function of E-cadherin are regulated (for a review
see ref. 7). This review specifically focuses on the transcriptional
regulation of the E-cadherin gene and its aberrations during the
process of tumor progression.

E-Cadherin Transcriptional Regulation
E-Cadbherin Promoter Regulation

Our actual understanding of E-cadherin transcriptional regula-
tion started with the identification of specific transcriptional regu-
latory elements in the E-cadherin promoter sequences of different
species.

Transcription regulation of the gene encoding L-CAM (the
chicken homologue of E-cadherin) has been studied first. The
intergenic region between the K-CAM and L-CAM genes was
proven to have low transcriptional activity without clear tissue speci-
ficity.® So far, no further detailed characterization of this promoter
has been reached to explain the particular expression activity. Later,
the upstream regulatory sequences of the mouse, dog and human
E-cadherin genes have been identified.”!! These promoters show a
high degree of sequence homology (Fig. 1). Detailed analysis of the
mouse E-cadherin promoter revealed a2 modular structure with dif-
ferent critical transcription factor binding regions, which determine -
the regulation of the E-cadherin promoter.”' ! The positive regu- 8
latory elements within the 5' proximal E-cadherin promoter in- u
clude a CCAAT box and a GC box. Mutational inactivation of
these factor-binding sequences drastically reduced the transcriptional
activity of the E-cadherin promoter.’?

An important regulatory element determining the epithelial
specificity was confined to the E-pal element. This 12-bp long,
tandemly duplicated palindromic E-box (-86,-81/-80,-75) was origi-
nally identified in the mouse E-cadherin gene.” Only the 3' E-box
(-80,-75) from this mouse E-pal element is conserved in both the
human and the canine promoter (Fig. 1).1911 1 addition, a third
(-30,-25) and the fourth E-box (+22, +27),'4'® both located more
downstream, are highly conserved across species and were shown to
be functional in the human E-cadherin promoter. The most down-
stream fourth E-box is, however, absent from the mouse promoter.9
Mutational inactivation of these different sequence elements results
in upregulation of the E-cadherin promoter in mesenchymal cells
and dedifferentiated tumor cell lines, whereas the wild-type pro-
moter shows low activity in such cells.” %16 In this context it
should be noted that the divergent importance in epithelial specific
expression, assigned in different studies to particular E-boxes, is
most likely a reflection of difference in species and promoter se-
quence context. &

In vivo footprinting analysis of the human E-cadherin promoter 3
identified a second, more downstream GC box, which is involved §
in transcription factor binding although so far no function has been 2
assigned to this element.!?

Erfeccan:

gulatory elements are

A CTGC ARIC CACCTGIG AG|

calcccefeTeasTeGCETCaRA
Roficereadreciy

GC-box

CCAAT

E:box2 Ebox1
E2-boxes 1, and 3, CCAAT box, and GC box. The E2-box 2 has been described as part of a palindromic E-pal sequence in the mouse E-cadherin promoter, but

is conserved neither in canine nor in human sequences. E2-box 4 is conserved in the dog and human CDHI promoter but not in the mouse sequence.

dog

Figure 1. E-cadherin promoter homology across species. Alignment of the E-cadherin promoter sequences of dog, man and mouse. Conserved re

indicated
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Enbancer Regulation of the E-Cadherin Gene

Despite the detailed knowledge of the E-cadherin promoter and its epithelial specificity, it
is doubtful that the complex expression regulation of the E-cadherin gene during embryonic
development can be fully explained by the different elements identified so far in the CDHI
promoter. Little is known about the role of transcriptional enhancer and silencer elements in
the dynamic modulation of E-cadherin expression. The first evidence for the involvement of
such transregulatory elements was the identification of an enhancer sequence in intron 2 of the
L-CAM gene.'” This enhancer element harbors putative binding sites for the transcription
factors SP1, E2A and AP2, as well as a consensus binding site for hepatocyte nuclear factor-1
(HNF-1), which is a liver-enriched POU (Pit-Oct-Unc) homeodomain transcription factor.>'®
In vitro analysis of the L-CAM promoter in combination with the intron-2 enhancer clearly
showed that HNF-1 and HOXD9 can stimulate transcriptional activity in E-cadherin-negative
fibroblasts through binding with the HNF-1 regulatory sequence in this enhancer sequence.
This HNF-1 consensus binding site was also proven to be bound by transcription factors in
vivo.'® In conclusion, the low nonspecific promoter activity of the L-CAM gene was found to
gain elevated specific expression during epithelial liver differentiation when combined with an
intronic enhancer.

The existence of such intronically located regulatory elements in the large mouse E-cadherin
gene appeared from the localization of hypersensitive sites in introns 1 and 2.1 Indeed, in
intron 1 a 149-bp long enhancer element was proven to be active. As this element exclusively
activates transcription in epithelial cells, it was designated ESE (epithelial specific enhancer). It
consists of three GC-rich subregions (EI, EII and EIIl), which show differential factor binding
in function of both the E-cadherin expression status and the cell context.'® Importantly, the
integrity of the whole ESE is necessary to confer enhancer activity. The enhancer regions EII
and EIII contin consensus sequences for AP-2. Although the involvement of AP-2-related
factors was demonstrated by footprint analysis, this cannot explain the epithelial specific ex-
pression of the ESE. So far, no further evidence is available on regulatory sequences in intron 2
of the mouse gene. On the other hand, we identified an enhancer-like element in the large
intron 2 (65 kbp) of the human E-cadherin gene (G. Berx, P Vermassen and E Van Roy,
manuscript in preparation).

Transcriptional Up-Regulation of E-Cadherin

The GC region in the mouse E-cadherin promoter contains two AP-2 consensus-binding
sites and binds recombinant AP-2 (or an AP-2-like factor) in a tandem arrangement (Figs. 1
and 2).!> Dominant-negative AP-2 lacking the transactivation domain was found to inhibit
CDH 1 promoter activity in E-cadherin-positive cells.' Interestingly, the retinoblastoma pro-
tein (Rb) and c-Myc seem to act as coactivators for AP-2 binding to the E-cadherin promoter,
and activate the E-cadherin expression exclusively in epithelial cells (Table 1 and Fig. 2)."”
Conversely, inactivation of Rb in MDCK cells causes downregulation of the proto-oncogene
c-mye and induces EMT and invasiveness associated with loss of epithelial markers, including
E-cadherin.? In conflict with an important role of AP2 in E-cadherin transcriptional regula-
tion is the finding that only one AP-2 consensus sequence is present in the minimal human
E-cadherin promoter and that this binding site is apparently not essential for high transcrip-
tional activity.?! Moreover, AP2 expression is not able to induce E-cadherin promoter activity
in E-cadherin-negative breast cancer cells.”! The latter phenomenon could be explained, since
the breast cancer cell lines mentioned show a high coexpression of different transrepressors,
which have the potential to overrule the activating effect of AP-2.!1

Another candidate transcription factor interacting with the GC box of the E-cadherin pro-
moter is the zinc finger protein WT1, encoded by the tumor suppressor gene W2/ affected in
Wilms’ tumor of the kidney. GC box binding by WT1 has been shown to activate the E-cadherin
promoter (Table 1 and Fig. 2) and to induce epithelial differentiation of fibroblasts upon ec-
topic expression.”? CP-2 and C/EBP-related nuclear factors seem to be responsible for the
specific binding of the CCAAT box of the E-cadherin promoter.”
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Table 1. Factors known to repress or to activate E-cadherin transcription

E-Cadherin Activators Refs. E-Cadherin Repressors Refs.
AP2 13 COX-2 65
CP2 23 E12/E47 29
C/EBP 23 SEF1 40
E1A 13,40,41 ErbB2 61
HNF4 24 c-Fos 28
LIF1 27 1K 50,53,109
c-Myc 19 SiP1 11
PAX2 26 Slug 15
Rb 19,20 Snail 14,16
WT1 22 TGF-B 48,49

TNF-a 67

The transcription factor hepatocyte nuclear factor 4 (HNF4), member of the steroid hor-
mone receptor superfamily, has been demonstrated to be an epithelial morphogen inducing
E-cadherin gene expression.?* Moreover, transforming growth factor (TGF)-f has been shown
to upregulate Snail (see also below) and to downregulate HNF4 expression in murine hepato-
cytes.?> During the formation of the urogeniral system, epithelia arise from mesenchymal cells
(MET). PAX2, an important factor for MET of kidney mesenchyme, induces an increase in
WT-1 and E-cadherin expression in HEK293 human fetal kidney epithelial cells.?® Finally,
stimulation with leukemia inhibitory factor (LIF) induces epithelialization and tubulogenesis
in metanephric mesenchymes, also coinciding with WT'1 and E-cadherin mRNA expression.”

Transcriptional Down-Regulation of E-Cadherin

Transcriptional Repressors

The different E-boxes in the mouse and human E-cadherin promoter sequences were dem-
onstrated to play a crucial role in determining the epithelial specific expression of the E-cadherin
gene.”!® The most potent repressor effect of the E-boxes was found in fibroblasts and dediffer-
entiated cancer cells. Mutation of these sequence elements resulted in upregulation of the
E-cadherin promoter in such cells. This epithelial discriminative role of the E-boxes suggested
the existence of transcription factors able to downregulate E-cadherin and possibly playing an
important role in epithelial cumor progression.

Fos oncogene activation in the mouse mammary epithelial cell line EP-FosER induces EMT
and invasive