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The physical separation of the embryonic regions that give
rise to the tissues and organs of multicellular organisms is a
fundamental aspect of morphogenesis. Pioneer experiments
by Holtfreter had shown that embryonic cells can sort based
on “tissue affinities,” which have long been considered to rely
on differences in cell-cell adhesion. However, vertebrate
embryonic tissues also express a variety of cell surface cues,
in particular ephrins and Eph receptors, and there is now firm
evidence that these molecules are systematically used to
induce local repulsion at contacts between different cell
types, efficiently preventing mixing of adjacent cell
populations.

Introduction

The transformation of the embryo from an unstructured ball
of cells into a well-organized, multilayered structure proceeds by
successive patterning events that dictate specific fates to progres-
sively smaller regions. This increasingly refined pattern of subdi-
visions is stabilized by boundaries which delimit the various cell
populations and restrict cell movements by division or migra-
tion."™ Such boundaries are essential for the development and
functioning of the animal organism and are therefore ubiquitous
in metazoans.

Two basic types of boundaries can be distinguished already in
the simple cnidarians, Hydra: the ectoderm layer and the endo-
dermal sheet are separated by an extracellular matrix-filled space,
and morphologically less conspicuous transversal boundaries par-
tition the plane of each cell layer and divide the body into head
and foot regions.” We will refer to the latter type as sorting
boundaries, and the former as cleft-like boundaries which start as
dynamic gaps between cell populations and often develop into
ECM-filled spaces that ensure permanent tissue separation.’
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At sorting boundaries, cells of adjacent populations are in
seamless contact, yet movement across the interface is prevented.
Often, this kind of boundary becomes obvious only in experi-
ments which show, for example, the restriction of cell dispersal.
A putative mechanism depends on the remarkable property of
embryonic cells to recognize and associate preferentially with cells
of the same type in a homotypic interaction. The concept goes
back to seminal work by Holtfreter. He showed that when cells
dissociated from amphibian embryonic tissues were mixed, they
formed a single aggregate, but then sorted into separate popula-
tions and eventually differentiated into structures that closely
resembled the organs formed during normal development. This
indicated that all cells could adhere to each other, yet associated
with different affinities.®®

In the absence of molecular data, the first mechanistic expla-
nation of this behavior was inspired by the observation that cell
populations sorted into configurations resembling those of
immiscible liquids. By analogy, Steinberg”'® proposed in his
“differential adhesion hypothesis” (DAH) that differences in
adhesive strengths could account for the sorting of cell popula-
tions, and that adhesive strenght was in turn proportional to
adhesion molecule density on the cell surface 1 (Fig. 1A). Cells
would tend to maximize adhesive contacts, which generates tissue
surface tension and causes the rounding up of cell aggregates. It
leads to the preferential association of similarly adhesive cells and
hence boundary formation, and places more adhesive cell popula-
tions inside less adhesive ones (Fig. 1B).

The discovery of a variety of cell-cell adhesion molecules
(CAMs), most of which were expressed in tissue specific patterns,
and the notion that most CAMs preferred homophilic binding,
provided a different explanation for boundary formation: Differ-
ential CAM expression would promote cohesion within each tis-
sue, but not between tissues endowed with different CAMs'>'?
(Fig. 1A). This model, which provided a molecular basis for
Holtfreter’s “affinities,” was intuitively obvious and became rap-
idly popular. However, experimental evidence in its favor
remained scarce, and the selectivity of homophilic CAM binding
came under questioning, at least for classical cadherins (e.g. E-
cadherin, or cadherin 1, and N-cadherin, or cadherin 2.'%'°
Quantitative measurements of cadherin-cadherin interactions
showed surprisingly minor differences between homo- and heter-
ophilic binding, and respective cells failed to sort.'® Even more
disturbing was the finding that the binding energy of cadherins is
generally too low to quantitatively account for the strength of
cell-cell adhesion.'”"'® This shifted attention to the role of a cell’s
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Figure 1. Models for boundary formation. (A) Classical models for cell sorting and tissue separation based on differences in cell-cell adhesion and cortical
contractility. Sorting may be achieved (A) by cell-type specific expression of different cell adhesion molecules (CAMs) with stronger affinity for homotypic
binding than for heterotypic interaction, or (A’) by differences in adhesive strength between cell types (differential adhesion hypothesis, or DAH), result-
ing for instance from different levels of adhesion molecules. (A”) Difference in cell cortex contractility can also lead to cell sorting. Recently, adhesion
and contractility have been integrated into a single description of adhesive cell interactions, but for simplicity of depiction they are shown in separate
panels here. B. Cell sorting/tissue separation may also be produced by the complementary expression of repellent cell surface cues, which would trigger
local cortex contraction and cell repulsion at heterotypic contacts, a process termed contact inhibition.

cortical cytoskeleton in adhesion. Previously invoked by Harris'’

to explain cell sorting, cortical tension was integrated into the
DAH in the Differential Interfacial Tension Hypothesis (DITH)
to explain cell sorting®*>? to clarify the relationship between tis-
sue surface tension and cell adhesion (Fig. 1A).

This extended concept of differential adhesion was success-
fully applied to cell sorting in the Zebrafish embryo.*> However,
when adhesion is experimentally manipulated to generate highly
adhesive cell populations with high surface tension, and low
adhesion, low surface tension populations, sorting occurs in vitro
but boundaries are fuzzy''***> and in the intact embryo sorting
can even be completely absent.”> Apparently, the DAH in its var-
ious forms is not generally sufficient for the establishment of
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distinct sorting boundaries, and other factors may be required in
addition or instead.

In fact, compartment boundaries in insect embryos provide an
example of a mechanism that prevents the mixing of cells which
are in intimate contact. Here, tension in the cortical actomyosin
cytoskeleton is increased locally at the interface between cells on
one side of the boundary and directly adjacent cells on the other
side. This elevated tension tends to straighten the boundary and
thus prevents cells from moving across.>*® The presence of a row
of specialized boundary cells is consistent with both mechanisms
of sorting boundary formation.

Sorting boundaries can keep cells of different fate from inter-
mixing until tissues become actually separated by more distinct
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boundaries, characterized by a histologically defined cleft
between cell populations. Cell contact across the cleft may be
maintained, but then it has to be dynamic, with cells fluctuating
between adhesion and detachment. In contrast to sorting bound-
aries where cells are firmly attached, cleft-like boundaries permit
the movement of tissue primordia past each other, for example
during massive cell migrations such as in vertebrate gastrula-

tion.>”

Eventually, the gaps between cell populations may
become filled with an extracellular matrix, e.g., in the form of a
basal lamina, to separate tissues permanently.’ Tt appears that
these cleft-like boundaries form initially by a localized process
directly at the boundary, the mutual repulsion of cells on either
side.

Studies on somite and rhombomere segmentation in various
vertebrates implicated ephrins and Eph receptors in the forma-
tion of these tissue separation boundaries.”® The membrane-
bound ephrin ligand-Eph receptor pairs are prototypic examples
of repulsive cues. They were initially mainly characterized for
their function in guiding neurons during the complex organiza-
tion of the nervous system,”” but they are widely expressed
beyond the nervous system in embryos and adult organisms.*’
Their requirement for somite and hindbrain segmentation sug-
gested a completely different mechanism for separation, based on
active repulsion at “heterotypic” contacts.”**?** We recently
demonstrated that ephrins and Eph receptors are also essential
for separation of the mesoderm from the ectoderm, and the noto-
chord from the paraxial mesoderm.>>>® At later stages, they are
also involved in the individualization of the eye field within the
anterior neuroderm.”” It appears that these repulsive cues control
virtually all tissue separation events so far investigated in verte-
brate embryos, and it is tempting to speculate that these finding
reflect a general mechanism of tssue separation based on
“negative affinities” that trigger contact inhibition at heterotypic
contacts.

In the following sections we have compiled expression and
functional data on ephrins and Ephs pertinent to embryonic
boundaries in vertebrates. We then discuss aspects of ephrin-Eph
signaling that add complexity to these systems, in particular the
dual role in repulsion and adhesion, as well as the presence of
multiple ephrins and Ephs in embryonic dssues, and how these
features may be integrated in what seems to constitute a tissue
“identity-code” dictating the response to contact with different
neighboring cells. We will also review evidence supporting the
existence of additional mechanisms that probably function in
parallel to ephrin-Eph signaling to create tissue boundaries.

Expression of Ephrins and Ephs in Early Embryos

Ephrins and Eph receptors were initially characterized in the
nervous system, but it was soon realized that their expression is
much more widespread, and includes the early embryos of all ver-
tebrates examined so far. The number of different forms
expressed in surprisingly high. For instance, in Xenopus gastrula
embryos we have detected expression of 7 out of the 8 ephrins
and 11 out of the 14 Eph receptors (Fig. 2). Although data for
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other stages and other species remain incomplete and essentially
qualitative, they nevertheless give us an idea of the types of
expression patterns present in vertebrate embryos. We present in
Figure 3 simplified maps relevant for the 6 boundaries that have
been functionally studied: dorsal and ventral ectoderm-meso-
derm boundaries,”>*® notochord-presomitic mesoderm,>® hind-
33:3949 somites,>>*1%? and eye field.>” We have selected in
each case the pattern from the species where most functional
studies were performed. Available data for the hindbrain and
somitic mesoderm indicate that these patterns are largely con-

brain,

served across vertebrates, with some variations though. Unfortu-
nately, the different modes of gastrulation between non-amniotes
and amniotes and the insufficient annotation of available expres-
sion data make a comparison of the early germ layer expression
pattern difficult, and we thus limited the present description to
Xenopus. The midbrain-hindbrain boundary, another interesting
boundary for which functional? analyses have been published,*
has still not been explored for a role of ephrin/Eph signaling, and
available annotation of in situ hybridization images is generally
not sufficiently precise to present the relevant pattern of
expressions.

Note that we still do not know precisely the timing of ephrin-
Eph activity as related to the initial implementation versus main-
tenance of tissue separation. In Xenopus, the action of ephrins
and Ephs in ectoderm-mesoderm separation appears to be also
required throughout most of gastrulation. Similarly, the noto-
chord boundary remains permeable to experimentally induced
cell sorting for several hours,” O44 suggesting a long-lasting role
for Eph-ephrin signaling in boundary maintenance. In the case
of the somites, however, segmentation is coupled to a profound
reorganization of tissue organization at the segment bound-

4546 3nd it remains unclear whether cells would still be able

aries,
to mix at later stages even if Eph-ephrin function would be inhib-
ited. Consistent with a transient role of ephrins and Ephs in the
actual process of somite segmentation, some of the expression
patterns seem to be specific to the nascent somites, and fade rap-
idly as somites mature. The timing of hindbrain segment forma-
tion and maintenance is also not known. One should note that
in situ hybridization images tend to yield variable contrasts,
sometimes exaggerating differences between tissues. Thus, an
apparently complementary pattern of Ephs and ephrin ligands
could mask a lower yet significant expression of components in
the adjacent tissue. Keeping these caveats in mind, we have tried
to extract from the available data (published articles and zebra-
fish/mouse expression databases) those patterns that most closely
coincide with the stage where each boundary appears.

Ephrin-Eph expression in the gastrula

We have systematically screened all ephrins and Ephs by RT-
qPCR on dissected tissues of Xenopus embryos at 4 stages, from
late blastula to early neurula. Figure 2 presents the entire collec-
tion of patterns, while Figure 3A-C focuses on the dorsal and
ventral ectoderm-mesoderm boundaries and the notochord
boundary, and shows only the set of molecules which were func-
tionally tested.*>*3%47 These studies revealed an astonishing
diversity of refined patterns, consistent with a notion that each of
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Figure 2. Ephrin and Eph receptor expression in the early Xenopus embryo. Transcripts of 7 ephrins and 11 Eph receptors are detected in the early Xeno-
pus stages. The color code symbolizes relative mRNA levels, determined by real-time RT-PCR using tissues dissected from late blastula (stage 9.5), early
gastrula (stage 10.5) mid gastrula (stage 11.5) and early neurula (stage 14). Gray color indicates that levels were too low and variable to be quantified.

the 18 genes detected at these stages is precisely regulated by a
complex developmental program. Most show highly dynamic
expression, sometimes increasing and/or decreasing dramatically
between subsequent stages. Besides germ layer-specific changes,
global dorsal or ventral-specific activations or repressions are also
apparent, such as the boost of EphA2 on the dorsal side of the
early neurula, which transcends germ layers (Fig. 2). None of the
components appeared exclusively restricted to a single tissue,
although several of them are significantly enriched in one or the
other. EphrinB3 is particularly remarkable by its ectoderm
enrichment throughout the gastrula and neurula stages (Fig. 2).
Beside ectodermal ephrinB3, the dorsal ectoderm-mesoderm
boundary, which is the earliest to appear, and the later ventral
boundary also share a complementary distribution of EphA4 in
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the mesoderm and of EphB receptors in the ectoderm, but they
differ in ephrin expression (Fig. 3A, B).The patterns correspond-
ing to the separation of axial notochord and paraxial presomitic
mesoderm at the end of gastrulation are also interesting
(Fig. 3C): The notochord largely maintains the typical pattern of
the earlier dorsal mesoderm, including a strong enrichment of
EphA4 and low levels of ephrinB3 and EphB4. In contrast, the
presomitic mesoderm acquires partially complementary features
reminiscent of the earlier “ectoderm-specific” pattern.

Available information for other species is currently too frag-
mentary to reveal generalities of ephrin/Eph expression during
gastrulation. However, patterns are in all cases very dynamic. For
instance, several ephrins and Ephs (e.g., EphB3 and EphA4) are
specifically up-regulated in the primitive streak of the chicken
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tion circuit determines this process,
and segmental expression of several
genes prefigures the position of the anterior and posterior
extremities of the future somite before physical separa-
tion.*®* Among these the receptor, EphA4, and 2 ephrins,
A1l and B2, have been detected in all 4 vertebrate models, in
the anterior and posterior halves of somites, respectively
(Fig. 3D). The detailed patterns are not fully established: in
some in situ hybridization images, ephrins and EphA4 appear
roughly complementary, while in others they seem to form 2
opposite gradients. These differences may explain the modali-
ties of ephrin-Eph signaling on segmentation (see below).
Some of the components are expressed specifically during
actual segmentation, for instance EphA4 (see e.g.,*®). Others
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are maintained, to be joined by additional receptors and
ligands mostly expressed in specific sub-patterns in more
mature somites, where they regulate other processes, such as
migrationof neural crest cells and formation of intersomitic
veins.’”’! A striking example of a dynamic pattern concerns
chicken EphA3, which first accumulates posteriorly in the
segmenting somite, then rapidly shifts to an anterior posi-
tion.*® Note also that in zebrafish, a second ephrinB2, termed
B2b, is specifically expressed in the anterior part of the form-
ing somites, in addition to B2a, which is posterior.52
Whether the combined expressions of the 2 forms results in a
graded activity remains to be determined.
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Hindbrain

Ephrin-Eph expression in the hindbrain has been studied in all 4
vertebrate models, and most features appear highly conserved
(Fig. 3E). Of the 7 segments, or thombomeres, the central 3 seg-
ments r3-5 show a clear complementary pattern, with r4 expressing
high levels of all 3 ephrinB ligands, and r3 and 5 high levels of Eph
receptors. This complementarity is absent from the outer segments:
the outmost segments rl and r7 are rich in ephrins, but r2 and r6
express a mixture of the ephrins and Eph receptors which are
expressed in adjacent segments. Note that even in r3-5 the comple-
mentarity is not absolute, e.g. lower levels of ephrinB2 are also
detected in r3. This complex distribution reflects the upstream regu-
lation of hindbrain segmentation by Hox genes. For instance,
EphA4 expression in r3 and r5 depends on Krox20, EphA2 in r4
onHoxA1 and HoxB1,” while the continuous expression of EphA7
in most thombomeres, but with a sharp r6/7 boundary, is due to
repression by HoxB4/D4 in the more anterior segments.54 Thus the
overall pattern may be explained by the conjunction of activations
and repressions controlled by the multple HOX genes expressed in
overlapping domains.

Evidence for A Role of Ephrins/Eph
in Tissue Separation

There is strong evidence for an essential role of ephrin and
Eph molecules at all vertebrate boundaries examined so far, with
the possible exception of the mouse embryo. We review here the
key experimental data gathered in each system (summarized in
Table 1). The adopted sequence is historical, starting with the
hindbrain and the somites, where a function for ephrins and
Ephs was first discovered.

Hindbrain segmentation

The suggestive alternate expression of EphA4 in odd num-
bered rhombomeres led Xu et al” to test its role in hindbrain
segmentation. They expressed, both in Xenopus and in zebrafish
embryos, a truncated version lacking the cytoplasmic tail
(EphA4AC), with the rationale that it would sequester endoge-
nous ligands and interfere with normal EphA4 activation. They
observed strong disruption of the segmental pattern, providing
the first experimental evidence for a role of Eph receptors in
boundary formation. Subsequent experiments used mosaic zebra-
fish embryos produced by cell transplantation to examine the
effect of juxtaposing groups of cells with different ephrin/Eph
activities. Efficient sorting of cells ectopically expressing ephrins
or Ephs was observed. Expression of EphAC constructs gave sim-
ilar results, but here the effect was not interpreted as interference
with Eph forward signaling as in the original study,’® but rather
as activation of ephrin reverse signaling.”> We comment below
on the ambiguity in interpreting the effect of these truncated
forms. The zebrafish Valentino mutant (homolog to the mouse
kreizler gene) provided a proxy to Eph loss-of-function, since this
mutation caused loss of EphA4 and EphB4a (and ectopic eph-
rinB2a expression) specifically in rhombomeres r5 and 16, con-

comitant with their fusion with adjacent rhombomeres.>**°
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Eventually antisense morpholino oligonucleotides, which had
just been validated in Xenopus,”” were used to deplete ephrins
B2a, ephrin B3 and EphA4.>*%*>® These studies focused largely
on r3-5, where thanks to the strong complementarity, the inter-
pretation of the phenotypes was more straightforward.

These series of experiments can be summarized as follows
(Table 1): Global EphA4 depletion caused partial segmentation
defects. By itself, ephrinB2a depletion gave no detectable pheno-
type, but segmentation was completely disrupted in double eph-
rinB2/EphA4  depletions.”” In mosaic experiments, forced
expression of EphrinB2a, EphA4 or EphB4, caused cells to sort
out from those segments where these molecules are normally not
expressed and to integrate into the adjacent segments where they
are érx[)ressed.33’54‘56 These results were mirror-imaged in loss-of-
function experiments: depleted cells sorted from those rhombo-
meres that expressed this particular component (3 and r5 for
EphA4MO, r4 for ephrinB2a), but integrated the adjacent rhom-
bomeres where it was naturally absent.

Altogether these data clearly established a role for ephrins and
Ephs in cell sorting during hindbrain segmentation. However,
these results, despite their apparent coherence, revealed an unex-
pected puzzle: a simple model based on repulsion between eph-
rin-expressing and Eph-expressing cells could not explain the
observed sorting of the EphA4-depleted cells from the EphA4-
expressing rhombomeres. On the contrary, it predicted that
EphA4-depleted cells should mix with both populations, creating
a continuum between the even and odd segments. To account
for this sorting phenotype, the authors postulated a role of
EphA4 in intra-segmental cell-cell adhesion,’ 940 see below).

Somite segmentation

The role of ephrins and Eph receptors in somitogenes has
been mostly studied in zebrafish. Durbin et al®* first showed that
widespread ectopic expression of any of the 3 complementarily
expressed factors, ephrinAl, ephrinB2 or EphA4, produced a
variety of defects ranging from mild deformation of the segments
to their almost complete absence. The same effect was observed
when expressing soluble secreted forms of these factors, which
were considered to act as inhibitors of the endogenous partners.
Durbin et al®” went on to show that ephrinB2 and EphA4
expression were under the control of the transcription factor fss,
which itself was required for somite segmentation. This mutant
was used here similarly as Valentino was in the analysis of hind-
brain segmentation: Mosaic embryos were created by grafting
groups of fss-/- cells into wild- type embryos or vice versa.
EphA4 re-expression in fss-/- cells was sufficient to induce an
ectopic boundary, which precisely segregated EphA4-expressing
cells, indicating that the process was cell autonomous. A bound-
ary could also be formed between fss-/- cells expressing EphAAC
and wild type cells, or between fss-/- cells expressing full length
EphA and wild type cells expressing ephrinB2AC.*" Since these
2 truncated variants should not be able to transmit a signal into
the expressing cell, but could serve as ligands to activate a cognate
partner in the adjacent cells, these data indicated that either
EphA4 forward signaling or ephrinB2 reverse signaling were suf-
ficient to induce separation. Similar truncated constructs were
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Table 1. Summary of functional results implicating ephrin-Eph signaling in formation of vertebrate boundaries

Boundary Species Experimental manipulations Phenotype Ref
Rhombomeres Xenopus  A4AC Disruption, low penetrance (15%) s
Zebrafish  A4AC Disruption, higher penetrance (~30-50%) 53
Cells sorted from wild type tissues
GOF eB2+A4 Increased coherence 109
Mosaic GOF eB2 Sort (within r3,r5), dispersed in r2,4,6 3
Mosaic eB2AC Idem
Mosaic A4AC Sort (r2,4,6), dispersed in r3,5
Mosaic A4AC, live Demonstration of sorting
GOF B4 Ectopic segregation 36
Val- r5/6 fused to r4 and r7, loss of EphA4 and B4a, widespread eB2a
mosaic Val- Excluded from r5/6
Mosaic Val- + GOF B4a Rescue, can integrate r5/6 (but still compaction)
Mosaic Val- inhibitory soluble eB2a  Rescue, can integrate r5/6
MO A4 Defects r2/3 and 5/6 39
MO eB2 No effect on boundaries
MO A4-+eB2 Complete loss of all segments
Mosaic MO A4 Sort from A4+ r3 and r5
Mosaic MO A4,eB2, eB3 Sort from A4+ r3 and r5
Mosaic MO eB2 Sort from r4 1o
Mosaic MO eB2 + eB2 rescue Rescued
Mosaic MO eB2+-A4 Sort from r3,r4,r5
Mosaic MO eB2+A4 in MO eB2+A4  Homogenous distribution in all rhombomeres
eB2AC Sort -> reverse not required
MO A4 Mixing r2/3 and 5/6 38
MO A4 + Calyculin Rescue
Mouse KO eB1-3 Normal 77
KO A4 Normal 78
Somites Zebrafish  GOF eA1,eB2,A4 Mild to strong disruption of segmentation 32
AC and soluble forms Idem
MO eB2 or MO A4 No effect
Fss- Loss of segmentation, loss of eB2+A4 segmental expression 59
Mosaic A4 in fss- Clusters, rescue of boundary
Fss- A4mRNA Rescue boundaries “
A4AC Ectopic boundary - reverse
A4 in fss-eB2AC Ectopic boundary —forward
Chicken GOF eB2 Ectopic P-eB2 and segmentation 42
GOF A4 Ectopic P-eB2 and segmentation
AeB2 No effect
AA4 Ectopic P-eB2 and segmentation
Mouse KO eB1-3 Normal 77
KO A4 Normal 78
Dorsal ectoderm- mesoderm ~ Xenopus MO single or combined eB1,2,3 Mixing 35,47
MO eA1 Mixing 38
MO A4,B4 Mixing 3538
AC eB2,B4 Mixing 35,47
MO eB2 Cohesion incr. in meso, decr. in ecto
GOF eB2,A4 Ectopic ecto-ecto separation
Soluble eB2-Fc, A4-Fc Ectopic ecto-ecto separation
Soluble eB3-Fc Ectopic meso-meso separation
MO eB1,2,3 + eB1,2,3-Fc Rescue by forward signaling
MO A4 + A4-Fc Rescue by reverse signaling
MO eB2,B4, GOF eB2, live Demonstration of role in repulsion
Mouse KO eB1-3 Normal 77
KO A4 Normal 78
Ventral ectoderm-mesoderm  Xenopus MO eB1,2,3 Mixing 47
Notochord Xenopus MO eB3,A4,B4 Mixing 36,47
Mouse KO eB1-3 Normal 77
(Continued on next page)
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Table 1. Summary of functional results implicating ephrin-Eph signaling in formation of vertebrate boundaries (Continued)

Boundary Species Experimental manipulations Phenotype Ref
KO A4 Normal 78
Eye field Zebrafish MO single eB1-3/B4 No phenotype 3
MO eB1+eB2 Mild defects
MO eB1,eB2,B4 Mixing, loss of eye field segregation
Soluble eB2 Mixing, loss of eye field segregation
GOF B4 Strongest mixing
Mosaic GOF eB2/B4 Sorting

Ephrins are abbreviated as eA1,eB2, ... Eph receptors as A4,B4. . .. GOF: Gain-of-function = mRNA injection; KO: mouse knock out; MO: morpholinos (knock
down); AC: expression of variant with deleted cytoplasmic tail; when separated by comma: either or; when separated by +: combined; soluble eB: soluble
recombinant extracellular domains (monomeric = inhibitory); Calyculin: phosphatase inhibitor, used to inhibit myosin light chain phosphatase, thus stimu-
lating actomyosin contraction. Fc: soluble recombinant extracellular domains (preclustered = activating). Val- and fss-: Valentino and fss -/- mutants.

more recently tested in the chicken embryo.*? In this case, only
EphA4AC, but not ephrinB2AC, could induce a boundary, and
it was concluded that segmentation relied on ephrinB2 reverse
signaling (but see below for an alternative explanation).

Ectoderm-mesoderm separation

Ephrin/Eph expression in the Xenopus gastrula is particularly
complex and does not show any clear complementarity. Unravel-
ing this system turned out being a daunting task, which required
systematic evaluation of each of the ephrins and Ephs by single
and muldple depletions, and various combinations of res-
cues.”* Interference with ephrin-Eph signaling caused germ
layer fusion in whole embryos. To study their direct involvement
in tissue separation, we had to isolate this process from other
aspects of gastrulation, in particular mesoderm involution. We
thus used mostly an in vitro reconstitution of the ectoderm-
mesoderm boundary generated by the apposition of tissue
explants.®>®! In this assay, depletion of any of the tested ephrins
and Ephs (ephrinA1,B1-3, EphA4,BZ,B435’47) in any of the 2 tis-
sues partially inhibited separation, to a degree that correlated well
with the relative abundance of each of these molecules in the tar-
geted tissue. Single, but also multiple depletions in one of the 2
tissues maximally led to roughly 50% inhibition. Stronger inhibi-
tion was obtained by depleting Ephs in both tissues, suggesting
that signals on both sides of the boundary contributed to separa-
tion. Given the multitude of ephrin ligands and Eph receptors
expressed, redundancy was surprisingly low, and no case of
completely redundant roles was observed.

The use of soluble pre-clustered ephrin or Eph extracellular
domains fused to Fc fragments allowed us to directly activate
Eph receptors or ephrin ligands, respectively, at the surface of the
explants, thus controlling precisely the time and the target of the
stimulation. Using this approach, we showed that 2 ectoderm
explants could be induced to remain separated by ephrin/Eph
stimulation. Strongest separation was obtained with ephrin or
Eph isotypes normally enriched in the mesoderm (ephrinB2 and
EphA4, Fig. 3). Conversely, a fragment corresponding to eph-
rinB3, which is normally enriched in the ectoderm, could induce
separation of 2 mesoderm tissues. The same type of gain- and
loss-of-function experiments yielded similar results for the ventral
ectoderm-mesoderm boundary, demonstrating that despite some
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differences in the expression pattern, the logic of the system was
essentially the same in both cases.?”

These data indicated that asymmetrically expressed ephrins
and Ephs were interacting across the boundary, dominated by
Eph forward signaling in both directions. As mentioned in the
context of hindbrain segmentation, ephrins and Eph receptors
may also function within tissues, and could indirectly influence
separation, for instance by modulating tissue adhesion. To dem-
onstrate that the molecules were directly required to signal across
the boundary, we depleted an Eph receptor in one of the tissues,
and rescued separation by supplying the missing Eph as a soluble
fragment to the surface of the other tissue. This indicates that
Eph signaling is required immediately during boundary establish-
ment, and directly at the boundary.

Notochord boundary

The segregation of the notochord in the late Xenopus gastrula
also correlates with partial ephrin/Eph enrichments (ephrinB3 and
EphB4 in the notochord, ephrinB2 and EphA4 in the presomitic
mesoderm, Fig. 3C). The role of these components was addressed
by examining sorting of single cells in mosaic embryos. Separation
was strongly impaired by depletions of either ephrinB2, ephrinB3,
EphA4 or EphB4.°*"" Although cach of these molecules was
expressed in both tissues, tissue mixing was significant only when
the tissue expressing the highest levels was targeted.*®

Eye field

Ephrin/Eph depletion in zebrafish also led to eye defects,
apparently due to failure of cells of the prospective optic vesicle
to sort from the surrounding brain field.”” The process seems to
rely on redundant signals (Fig. 3F), since double ephrinB1 and
B2a depletion produced relatively mild phenotypes, which were
made more severe by simultaneous depletion of EphA4a.?”

Complications, Caveats, Ambiguities
and Discrepancies

In summary, a key role of ephrin-Eph signaling has been

firmly established for each of these boundaries. Yet the mecha-
nisms that effectively mediate separation are still not entirely
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elucidated. The problem is complicated by several factors, includ-
ing the widespread co-expression of multiple ephrins and Ephs,
and the likely existence of parallel, complementary or compensa-
tory mechanisms. A discussion of the unsolved issues necessitates
a short review of our current knowledge of some of the peculiari-
ties of ephrins and Eph receptors, in particular their partial selec-
tivity and their ability to promote adhesion under some
circumstances (Fig. 4).

Ephrin-Eph affinities and selectivities

Determining the affinity of ephrin-Eph interactions is a diffi-
cult task that has not yet been fully solved. Dealing with mem-
brane-bound proteins whose diffusion is restricted to a 2D layer,
and which form clusters is conceptually and technically extremely
complex. The affinity values published so far were obtained using
soluble recombinant proteins, cither as monomers or as preclus-
tered complexes.®®* Despite the problematic physiological
validity of these values, and a relatively large variability between
different studies, it can be concluded with good confidence that
interactions are far less promiscuous than generally assumed
(Table 2). For instance, of the 3 ephrinBs, ephrinB2 is the only
one which can bind all EphBs and EphA4. EphrinB1 only binds
a subset of EphBs and not EphA4, ephrinB3 only EphA4 and
EphB3.°%% In many but not all cases, pairs showing a high affin-
ity in vitro were also identified as interaction partners based on
biological functions.®>°® However, the biological relevance of
several high affinity ephrin-Eph pairs has yet to be determined.
EphrinB3 and EphB3 is one example.*>¢*%

In addition to selective pairing, there is also evidence that dif-
ferent Eph receptors can trigger downstream signaling responses
that are not only quantitatively but also qualitatively different.®®
In the case of ectoderm-mesoderm separation, however, the cyto-
plasmic tails of EphA4 and EphB4 can be swapped without influ-
encing activity.”’ Again, such studies are still rare and
incomplete, and a general perspective is currently missing.

Dual ephrin-Eph functions: Repulsion vs. adhesion

While ephrin-Eph signaling is typically considered to act as a
repellent, there is a body of evidence supporting an opposite role
in cell-cell adhesion, at least under certain circumstances.®” The
current explanation for this dual activity can be summarized as
follows: the interaction of large clusters of ephrins and Ephs,
binding with high affinity (estimated in the low nanomolar range
or below) creates a direct physical link between the membranes
of the 2 cells, which may represent a significant adhesive force.
For de-adhesion, ephrin-Eph bonds must in some way be dis-
rupted or disengaged. This can occur via 2 different mechanisms:
endocytosis of the entire ephrin-Eph clusters, into one of the 2
attached cells,”*”" or proteolytic cleavage of ephrins or Ephs by
ADAMs.”? Tt is not clear whether some ephrin-Eph interactions
are by nature adhesive, but it seems that the strength of the signal
plays an important role in determining whether the reaction will
be adhesive or repulsive, with adhesion generally requiring lower
signal intensity than repulsion. Consistent with this principle,
those mechanisms that down-regulate signaling usually favor
adhesion.®””*7% Several factors could in principle control the
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strength of the signal, in particular ligand and receptor cell sur-
face densities. As discussed below, this phenomenon may provide
an explanation for the observed adhesive activity of ephrins and
Ephs in embryonic tissues.

Evidence for an adhesive ephrin/Eph function in embryonic
tissues, and its contribution to separation

In a simple system where ephrins would only react with cog-
nate receptors across the boundary, depletion of either compo-
nent would be expected to create a situation where cells could
integrate into either tissue. The behavior of EphA4-depleted cells
in mosaic hindbrain was clearly inconsistent with this expecta-
tion.”” Depleted and wild type cells did mix well in even-num-
bered, ephrinB-expressing rhombomeres, but they robustly
sorted out from the odd, EphA4-expressing rhombomeres. The
authors concluded that EphA4 must play a role independent of
ephrinB2, and postulated that it strengthened adhesion between
EphA-expressing cells.’® Similar experiments were repeated
with ephrinB2- and double ephrinB2-EphA4  depletions.*’
Again, ephrinB2-depleted cells sorted from neighboring cells
expressing ephrinB2 (r4), and double depleted cells sorted from
both even and odd r3-r5 segments. Note that cell adhesion was
not directly examined in these studies, but the proposed model
appeared reasonable considering evidence in other systems for an
adhesive function of ephrins/Ephs.*

We did monitor the impact of ephrin/Eph loss- and gain-of-
function on adhesion for Xenopus gastrula cells using the classical
reaggregation assay, and observed that either depletion or overex-
pression decreased reaggregation of ectoderm cells.’””> Our data
are consistent with ephrin-Eph signaling within the ectoderm
being set to low levels that would correspond to a pro-adhesive
regime. Ephrin/Eph depletion would eliminate this adhesive
component, while their overexpression would boost the signal
above the threshold required to move into the repulsive mode.
Assuming that ephrin-Eph signals do indeed switch between
adhesive and repelling depending on expression levels, one may
expect that experimental depletion may also cause a transition to
the adhesive mode. This is a possibility that should be kept in
mind when interpreting loss-of-function experiments, including
those intriguing sorting phenotypes observed upon ephrin/Eph
depletion in zebrafish rhombomeres. Examples of situations that
may be determined by different ephrin-Eph systems are pre-
sented in Fig. 4. One may also postulate additional partners for
ephrins/Ephs, which may directly or indirectly control cell-cell
adhesion in these tissues.”” There are certainly precedents,
including interactions with tight junction proteins, integrins or
FGF receptors.”” A physiological role of Eph/ephrin signaling in
mediating adhesion and tissue fusion has been demonstrated for
example by Dravis et al.”®

Incomplete description of expression patterns

These considerations show the wide spectrum of effects that
may be produced by ephrins and Ephs, and emphasize the neces-
sity of a precise knowledge of the distribution and levels of
expression of each component to predict their activities and inter-
pret gain- and loss-of-function phenotypes. All embryonic tissues

Volume 8 Issue 4



seem to express more than one ephrin and/or Eph receptor, and
in many cases they co-express both ligands and receptors. Expres-
sion patterns have been quite extensive investigated (Fig. 3), yet
besides our systematic screen in the early Xenopus stages (Fig. 2),
none of the other inventories is exhaustive. Naturally, most atten-
tion has been paid to the components that showed remarkable
patterns, in particular those with strong complementary

expression such as ephrinBs in r4 and EphA4/B4 in r3 and r5 of
the hindbrain. While there is no doubt that these molecules have
a key role in segmentation at least in non-mammalian verte-
brates, one cannot exclude that other, less conspicuous contribu-
tions (including widespread EphA7 in most rhombomeres,
Fig. 3E’) may need to be taken into account to explain the
observed phenotypes. Lower levels of other ephrins/Ephs may for
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Figure 4. (For figure legend, see page 318)
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Table 2. Preferred ephrin-Eph pairs. A. Pairs formed by ephrinB ligands. B.
Pairs formed by ephrinA ligands. In vitro: Summary of measurements of
interactions between purified recombinant extracellular domains 5>6>67/111-
21 The symbolized strengths of the interactions are symbolized by ++
(strong, K4 < 2 nM), + (medium, K4 ~2-10 nM), weak (+/—, >10nm) and -
(not detected). Note that affinities varied significantly between reports.
+(—) and ++(—) indicate contradictory data. ND, not determined. *: Ephri-
nAs were reputed not to bind EphBs. Strong interaction was reported by®®
for ephrinA4 with EphB1-3 However, interaction for other ephrinAs was
only determined with EphB2. Embryo: Functional assays for ephrinB1-3 and
cognate receptors using stimulation of Xenopus tissues with soluble pre-
clustered ephrin/Eph fragments.*’

instance be responsible for residual ephrin-Eph signaling in eph-
rinB2 or EphA4-depleted cells, which could put these cells into
an adhesive regime, thus contributing to their artificial segrega-
tion (Fig. 4B).

Activity of interfering reagents

Ephrin and Eph deletion constructs lacking the cytoplasmic
tail have been used for 2 very different purposes: on one hand
they should compete with endogenous Eph receptors for ephrin
binding, and thus act as dominant negatives. The same con-
structs, however, are also expected to stimulate ephrin reverse sig-

A. EphrinBs A . .
naling. Interpreting their effect (or lack of effect) should take
ephrinB1 ephinB2 ephrinB3 into consideration these 2 activities. In addition, the specific
Invitto Embryo Invitro Embryo Invitro Embryo interactions of these reagents vary with the spectrum of potential
EohBl  ++ ND ++ ND o ND partners: for instance, Ep}'1A4AC could a.ctivate both .ephrinBZ
EphB2  ++ " 4t i v ) and B3, and at the same time compete with all potential recep-
EphB3  + ND 4 ND + ND tors, i.e. all EphBs for ephrinB2, EphA4 and B3 for ephrinB3.
EphB4  +/— - ++ ++ - - Interpretation may thus be straightforward sometimes (e.g., sug-
EphAT  ++ ND - ND - ND gesting dominant negative activity when the construct mimics
EphAd  +/— - + ot +- ++ depletion, as in all our manipulations at the ectoderm-mesoderm
B. EphrinAs 35 .
boundary “°), but other results may be more ambiguous. For
ephrinA1 ephrinA2 ephrinA3 ephrinA4 ephrinA5 instance, the failure of ephrinB2AC to induce ectopic separation
EphAT ~ + - += + - of chicken somites was interpreted as a requirement for reverse
EphA2  ++ +/— + + ++ . .42 .. . Dy . . .
EphA3  + — 4t i 4t signaling.”” This view is only valid if a single ephrin-Eph signal
EphAd  + +/— +/— ) ++ were involved. Yet, considering the likely scenario where separa-
EphA5  + + ++ + ++ tion requires the combined activity of several ephrins and Eph
EphA6  + + + ++ ++ receptors, activation of reverse signaling may be masked by the
EphA7 * S e A simultaneous inhibition of all receptors of ephrinB2 by the over-
EphA8  ++(-)  + + )+ ) :
EphB1* — - ) - expressed construct. Thus different levels of expression and the
EphB2* +(—) +=) +(=) )+ balance between multiple ligands and receptors may favor either
EphB3* — - - ++(-) - the activating or the inhibiting forward or reverse signals, which
EphB4 ND ND ND - ND probably accounts for reported discrepancies.*”** The broader

range of interference of AC constructs may also explain why these
reagents may be at times more effective than the equivalent

depletions (e.g., EphA4,%%).

Figure 4 (See previous page). Ephrin-Eph signaling in embryonic tissues. (A) Multiple activities and cross-talks. Ephrin-Eph receptor interactions typi-
cally activate an intracellular signal that induces reorganization of the actin cytoskeleton, including increased actomyosin contraction, leading to retrac-
tion. This repulsive activity is thought to be triggered only at high levels of signal. It requires disruption of the ephrin-Eph bonds which connect the 2
cells. This can occur either by endocytosis, or by shedding of the ephrin/Eph extracellular domains by ADAMs proteinases (not shown). It is believed
that, under certain condition, in particular under low ephrin-Eph signaling, ephrin-Eph interactions contribute on the contrary to cell-cell adhesion. Note
that the exact mechanisms that control adhesive versus repulsive modes are not well understood. Like many other ligand-receptor systems, ephrin-Eph
signaling influences other aspects of cell function, such as gene regulation or cell-matrix adhesion. Ephrins and Eph receptors have been found to
directly associate with other cell surface components, such as tight junctions. The effect of these interactions is still poorly understood. When co-
expressed in the same cell, ephrins and Eph receptors may also establish cross-talks, which are generally considered to lead to signal dampening. (B-E)
Examples of ephrin-Eph configurations (top 2 cell rows) and of predicted consequences of loss-of-function on signaling and adhesion within and
between tissues (lower rows). (B’-E’) Resulting effect on tissue cohesion/separation. Sorting/separation is symbolized by a gap between the cells. (B)
Embryonic tissues express multiple ephrins and Eph receptors. In the simplest cases, they are expressed in fully complementary patterns, such that sig-
naling is exclusively triggered at the tissue interface, where repulsion antagonizes cadherin cell adhesion, resulting in low effective adhesion. Lowering
ephrins or Ephs is predicted to decrease repulsion/increase adhesion at the tissue interface and cause their fusion, without major effect on intratissular
contacts. Note that the systematic expression of several ephrins and/or several Ephs observed in all systems creates partial - and sometimes even full -
redundancy. As a consequence, more than one of these components may need to be removed to inhibit separation. (C) In more complex cases, expres-
sion is only partially complementary. Here ephrins and Eph receptors can also interact in one or both tissues. These intracellular interactions can generate
repulsion, which may confer to the tissue different physical properties, e.g., lower rigidity and higher migration. (D) Under certain circumstances, Ephrin-
Eph intratissular signaling may generate a pro-adhesive activity, effectively increasing tissue cohesion. In this case, ephrin/Eph depletion is predicted to
decrease tissue cohesion, and could even in principle result in artificial sorting from the tissue of origin, while concomitant inhibition of repulsion across
the boundary could lead the depleted cells to join the opposite tissue. (E) In a situation where intratissular signaling is weakly repulsive (C), partial loss-
of-function may switch from repulsive to adhesive mode. Depleted cells may sort into a compact independent population.
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Redundancy

The effect of single gene depletions varies widely between sys-
tems: in the early Xenopus ectoderm-mesoderm boundary, each
component seemed to be required for complete separation, to a
degree roughly proportional to its relative expression level.?>#
Note however that none of the depletions was sufficient to
completely block separation. In the hindbrain, ephrinB2 deple-
tion alone gave no phenotypes, but it strongly cooperated with
EphA4, indicating that it does play an important role.® Neither
ephrinB2 nor EphA4 depletions appeared sufficient to inhibit
somite segmentation.”” Similarly, separation of the eye field
could only be inhibited by simultaneous depletion of all 3 eph-
rinB1-3.%” Altogether, these results support the notion that sepa-
ration depends in all cases on multple ephrins and Eph
receptors, which all contribute to some degree to a global repul-
sion signal. Apparent differences in requirement for single or
multiple components may be due to the sensitivity to disturban-
ces of each system: in the case of the ectoderm-mesoderm bound-
ary, repulsion seems to occur close to the threshold required to
overcome cell-cell adhesion across the boundary, and a relatively
small decrease in global repulsive input may be sufficient to cause
tissue fusion. For other boundaries, repulsion may be stronger,
and separation only be inhibited by more drastic inhibition. It
would be interesting to directly compare the 2 opposite forces
mediated by cell adhesion and ephrin-induced repulsion in the
different systems. Compensation by alternative pathways (see
below) could also explain that some boundaries may better resist

to ephrin/Eph depletion.

Lack of separation phenotype in the ephrin/Eph-null mice

This leads to the puzzle of mouse development, where tissue
separation appears largely unaffected by knock-outs of ephrins
and Ephs: In particular, all the above-mentioned boundaries
form perfectly even in mice lacking all 3 ephrinBs.77 Similarly,
knock out of EphA4, which stands as a major receptor in many
ephrin-mediated processes, did not lead to any overt defect in
morphogenesis.”® Several explanations can be put forward:
a) Boundary formation in mammals may be independent of eph-
rin/Eph signaling, and rely on a completely different mechanism,
which is possible yet perhaps unlikely; b) mammals may use the
same mechanisms as other vertebrates, but compensatory mecha-
nisms may be more active; ¢) The role of ephrins and Ephs in
mammalian tissue separation may be even more redundant, with
additional ephrins (ephrinAs) and additional receptors being
involved. d) Separation may generally use 2 or more independent
mechanisms, which would be active in all vertebrates, but with
different degrees of redundancy: they may be only partally
redundant in lower vertebrates but fully in mammals.

Additional or alternative separation mechanisms

Additional mechanisms can contribute to vertebrate tissue
separation besides ephrin-Eph signaling. Several non-ephrin/Eph
factors have been identified which control mesodermal separation
behavior in the Xenopus gastrula. A main player is protocadherin
8, also termed paraxial protocadherin (PAPC). This transmem-
brane protein begins to be expressed in the dorsal mesoderm of
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the early gastrula.”” Shortly afterwards, it becomes depleted from
the most dorsal portion of the mesoderm that forms the noto-
chord, but remains expressed in the adjacent paraxial meso-
derm.®®% As this tissue eventually segments into somites, PAPC
expression persists in the anterior half of somites, where it is
under the control of Mesol/Mesp2, the same transcription factor
that controls EphA4. However, it disappears from the posterior
half, generating a pattern of alternating stripes (3384 for Xenopus
+ fish;®® for mice). Thus, PAPC delimits all the main tissue sepa-
ration boundaries identified in the early embryo.

Interference with PAPC function inhibited ectoderm-meso-
derm separation.”” At this boundary, PAPC acts through its
downstream effector ankyrin repeat domain protein 5,%° and
together with a Fz7-dependent non-canonical Wnt pathway®” it
promotes separation behavior.”””*® Preliminary evidence suggests
that the Fz7/PAPC module acts in parallel to ephrin-Eph signal-
ing (Luu et al. in preparation). The transmembrane protein Ep-
CAM is also involved in the formation of the ectoderm-meso-
derm boundary®”; its relationship to the Fz7/PAPC pathway and
to ephrin-Eph signaling remains to be elucidated.

Interference with PAPC function also affects somitogenesis in
the Xenopus embryo.*> Morphogenesis of the notochord in the
late gastrula was likewise perturbed by truncated PAPC,®" and
we found that PAPC knockdown affected notochord-somite
boundary formation in Xenopus and zebrafish (unpublished
results). These findings suggest a widespread role for PAPC in tis-
sue separation. It must be noted however, that again, protocad-
herin 8 null mice are normal.** The mechanism through which
PAPC regulates tissue separation remains unclear. PAPC does
not appear to function as an adhesion molecule itsel”*”" but
rather as a modulator of the actin cytoskeleton and of cadherin-
mediated cell adhesion.”””” It could promote separation by
reinforcing cohesion at homotypic contacts, by locally decreasing
adhesion at the boundary, or by both mechanisms.

Combinatorial Ephrin-Eph Code
and Tissue Affinities

The classical description of ephrin-Eph-mediated repulsion
considers a cell expressing an ephrin ligand contacting a cell of a
different type expressing a cognate Eph receptor. When trans-
posed to cell populations, such a system has only 2 possible out-
puts: repulsion at heterotypic contacts, for example at the
boundary between 2 populations, and no signal at homotypic
contacts within each population. Figure 2 shows, however, that
embryonic tissues as a rule express multiple ephrins and Ephs.
This expands the range of outputs and makes predictions much
more difficult. Still, as long as ephrins are all in one cell type and
Eph receptors in the other, the problem can be reduced to the
combined contribution of several components, all acting in the
same direction. Separation of the eye anlage seems to follow this
simple scheme (Fig. 3F).>” Hindbrain separation constitutes a
similar case for 2 of its boundaries, r3/4 and r4/5 (Fig. 3E),
although the situation is more complex for the other segments
(see below).
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Figure 5. Ephrin-Eph code at embryonic boundaries. The same code, based on selective ephrin-Eph pairs, is used in different configurations. In each
case, repulsion results strongest at the tissue interface. (A-C) Simplified examples, taking into consideration a subset of ephrins and Eph receptors. A.
Full complementary ephrin/Eph expression accounts for separation of the eye field and of the central hindbrain segments. (B) In the early gastrula, signif-
icant intracellular signaling occurs in the mesoderm, but strongest repulsion is restricted to the ectoderm-mesoderm contacts. EphrinB3 and EphB4, both
enriched in the ectoderm, do not interact. (C) Hypothetical diagram of ephrin-Eph signaling in the somites. Segmentation may involve the combined
activation of EphA4 by ephrinB2 and ephrinA1. EphA4 may be expressed in a gradient, with highest levels coinciding with the boundary. The distribution
of ephrinB2 remains unclear, but may span the whole segment, thus activating some intratissular signal in the anterior half. (D) Complete description of
ephrinB-Eph signaling at the ectoderm-mesoderm boundary. Individual contributions of each functional pair are semi-quantitatively symbolized by red

On the other extreme of the spectrum, the Xenopus embry-
onic germ layers display a rich array of ephrins and Eph recep-
tors (Fig. 3A-C). Most strikingly, each tissue expresses both
ligands and receptors, which could potentially activate signals
indifferently at homo- and heterotypic contacts. Yet overt
repulsion is actually observed only at the tissue interface. The
key that explains this highly localized reaction despite the mul-
tiplicity of components resides in 2 simple properties of the
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system: 1) the abovementioned restricted selectivity of ephrin-
Eph interactions, which allows only a subset of pairs to engage
in functionally significant interactions, and which we have
functionally verified in embryonic tissues (Table 2),”” and 2)
the partially complementary expression of some of these pairs
(Fig. 5B and D).>>*

The overall picture can be then summarized as follows:
Within each tissue, only a few strong interactions take place, for
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example mostly ephrinB2-EphA4 in the mesoderm; for the
majority of components, the cognate partners are only expressed
at low levels (Fig. 5D). Thus some ephrins and Ephs can be co-
expressed at high levels without much impact, as they largely
“ignore” each other (e.g., ephrinB1 and EphA4, both ephrinB1
and B3 and EphB4). Across the boundary, however, the number
of strong interactions is significantly higher (Fig. 5D). Comput-
ing all possible interactions predicted repulsion signals to be
strongest at the boundary, intermediate within the mesoderm
and weakest within the ectoderm.”” This prediction was fully
consistent with a series of experimental data. For instance, 2 ecto-
derm or 2 mesoderm explants could be artificially separated by
supplying one of the explants with an interactor normally
enriched in the opposite tissue (e.g., mesoderm-enriched eph-
rinB2 for ectoderm **%). Furthermore, as already mentioned,
reaggregation assays showed that ephrin/Eph depletion in the
mesoderm increased cohesion, indicating the existence of intratis-
sular ephrin-Eph repulsion signals, while it decreased cohesion in
the ectoderm, consistent with very low signal intensity that would
put the ephrin-Eph system in an adhesive mode. The absence of
effective repulsion within the mesoderm could be explained by
sub-threshold signal levels insufficient to overcome cell-cell adhe-
sion. This was experimentally verified by decreasing cadherin lev-
els. Under these conditions, strong ephrin-Eph-dependent
repulsion within the mesoderm was observed.

Is the selectivity of ephrin-Eph trans-interactions sufficient to
account for separation? Different ephrins and Ephs may activate
qualitatively distinct signals, and co-expressed ligands and recep-
tors could establish complex antagonistic cross-talks.>"”>?¢ We
demonstrated, however, that the cytoplasmic tails of EphA4 and
EphB4 could be swapped without affecting the ability of these
receptors to mediate their function in the mesoderm and the
ectoderm, respectively.47 Furthermore, separation was still effi-
cient even when the ephrinB3-EphA4 pair was artificially recon-
stituted in the opposite direction (ephrinB3 in the mesoderm,
EphA4 in the ectoderm). We thus concluded that partial comple-
mentary expression of selective ephrin-Eph pairs was sufficient to
account for ectoderm-mesoderm separation.

This notion was extended to the ventral ectoderm-mesoderm
boundary, where some of the expression patterns are conserved,
others distinct from the dorsal boundary (Fig. 3B),* and to the
notochord boundary (Fig. 3C).>**” A complete functional
description of all these systems would require the additional anal-
ysis of ephrinAs and other EphA receptors. EphrinAl was impli-
cated at the dorsal boundary,”® but it seems that the A families
play a less important role, at least during gastrulation (35‘47, and
unpublished results).

In summary, cells of the early embryo appear to probe
contacts with their neighbors based on the array of ephrin-
Eph cues expressed at their surface. When this reaction
reaches the threshold required to undo adhesive bonds, cells
actively repel each other. In principle, the various cell popula-
tions may express different, overlapping sets of cues, which
could dictate the entire organization of the embryo. Such a
mechanism would account for the “tissue affinities” postu-
lated decades ago by Holtfreter.
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Why Such Complexity?

The multiplication of ephrins and Ephs and the divergence of
their binding selectivity have important implications for verte-
brate embryonic development: A system where separation could
only function based on the strictly complementary expression of
ligands and receptors would be essentially binary. Each boundary
would then need to be irreversibly stabilized, for instance by
secretion of extracellular matrix, before the next process could
take place. How much of early development could be reduced to
this binary logic is an interesting question that should be
addressed. A more complex set of surface cues may offer much
more flexibility, by creating multiple cell surface identities. A
new round of separation could then start without waiting for sta-
bilization of the older boundary. It will be interesting, for
instance, to determine whether in ephrin-Eph signaling is still
required to maintain ectoderm-mesoderm separation at the end
of gastrulation, when the dorsal mesoderm splits into notochord
and paraxial mesoderm. In principle, simultaneous separation of
3 or more cell populations could even occur.

Alternatively, or in addition, other functions (involution, cell-
matrix interactions, Fig. 4) may necessitate receptor and ligand
to be co-expressed within tissues. A network of ephrin-Eph pairs
would have then evolved that could accommodate both within-
tissue functions and repulsion at boundaries.

Revisiting Other Boundaries Based
on The Ephrin-Eph Code

Assuming that the striking selectivity of ephrin-Eph interac-
tions does not depend on the specific cellular context of the Xen-
opus gastrula, the same principles should be applicable to the
other boundaries where multiple ephrins and Ephs are expressed.
We comment here on the hindbrain and the somites, as they pro-
vide an interesting glimpse into possible variations on the same
theme that may all be compatible with tissue separation.

In the hindbrain, a truly complementary pattern is only
observed at boundaries r3-4 and r4-5, and published studies have
focused on these 2 simple cases. However, these may not repre-
sent typical examples: While r1 and r7 resemble r4 in being eph-
rin-rich, r2 and r6 have mixed expression, sharing ephrins with
rl and r7, and EphB receptors with r3 and r5 (Fig. 3E). Note
that 13 also expresses some ephrinB2, which could in principle
react with the multiple Ephs present within this segment. The
puzzling expression of EphBs in both even and odd rhombo-
meres had led Durbin et al to postulate that r2 and r6 would
express a ligand that would be specific for r3/5-enriched
EphA4.>® This ligand is almost certainly ephrinB3,”” but this
awaits experimental validation. The situation at the first and last
boundaries remains unclear, and their resolution may require
searching for additional components and/or revisiting the system
with more quantitative methods.

The organization of ephrin-Eph signaling in the somite is
also puzzling, despite the simple picture commonly presented,
which emphasizes the alternate expression of ephrinB2a in the
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posterior half and EphA4 in the anterior half of each somite.
This description poses at least 2 problems: a) It does not
explain why separation does not occur as well in the middle
of the somite, where ephrinB2a and EphA4 should also be in
contact (Fig. 3D). Two explanations have been proposed”®:
1) The 2 components seem to be distributed in graded man-
ners (Fig. 5C), and separation may then occur only at the
interface where levels of both ligand and receptor peak.
According to this hypothesis, signaling within the segment
would always remain below the threshold for effective repul-
sion, and/or a graded level of repulsive signals would not be
sufficient to drive cell sorting within the segment. 2) Addi-
tional mechanisms could strengthen cohesion in the middle
of the segment, perhaps involving N-cadherin and
N-CAM.”® b) In Zebrafish, which is partially tetraploid, there
are 2 ephrinB2 “pseudo-alleles.” Only ephrinB2a was studied,
which fitted with the classical view of ligand-receptor comple-
mentarity. Ephrin B2b, however, is specifically expressed in
the anterior half of the somites where it should interact with
EphA4 (Fig. 3). The fact that the single ephrinB2 gene of
birds and mammals is expressed in a posterior to anterior
gradient in the forming somites, similar to zebrafish eph-
rinB2a, suggests that the contribution of the second zebrafish
gene to somite segmentation may be minor and that total
ephrinB2 is indeed asymmetrically distributed. However, this
remains to be confirmed. In fact, ephrinB2 expression must
not determine the site of somite segmentation: EphA4 graded
distribution may in principle be sufficient to account for sep-
aration even in the presence of a more homogenous ephrinB2
expression. For instance, EphA4 levels could be limiting, and
the threshold required for repulsion may only be reached at
the peak of expression. Alternatively, ephrinB2 and EphA4
may antagonize each other when co-expressed in the same

cell.”” Moreover, posteriorly-enriched ephrinAl is an obvious

additional ligand for EphA4 that should be considered
(Fig. 3D).

The specific upregulation of ephrinB2b in the somite precisely
in the domain of its putative receptor EphA4 is surprising, but
probably not fortuitous. Indeed, the ephrinB2-EphA4 pair was
consistently found to be systematically co-expressed in the Xeno-
pus gastrula, first in the dorsal mesoderm, then in the ventral
mesoderm, and finally in the notochord (Fig. 3A-C). EphrinB2
and EphA4 are also co-expressed in rhombomeres 2 and 6
(Fig. 3E). This contrasts with the ephrinB3-EphA4 pair, which is
always complementarily expressed. We postulate that this tight
correlation reflects a specific intratissular function, perhaps inde-
pendent of the repulsive functions (Fig. 4A). In the Xenopus gas-
trula, ephrinB2-EphA4 control gene expression in the mesoderm
to regulate involution.”

Back to The Models: Global Differences in Tissue
Properties Versus Local Discontinuities
In the classical DAH and in its DITH version, the interface

generated by the juxtaposition of 2 cell types is typically predicted
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to display adhesive and contractile strengths intermediate
between those of the 2 tissues. In other words, given cell type A
with low adhesion and type B with high adhesion, the strength of
A-B adhesion should be intermediate between that of A-A and B-
B. Thus, the efficiency of sorting will depend on how large the
difference is between A-A and B-B adhesions. In a system based
on contact-dependent local repulsion, however, conditions at the
boundary are controlled by a signal that is specifically triggered at
heterotypic contacts (Fig. 1). Although intrinsic tissue properties
can certainly affect the degree of adhesion at the boundary, such
global differences between the tissues are not required. As long as
a sufficiently strong repulsion signal is generated at the interface,
separation can occur even between 2 tissues of identical adhesive
properties.

Global adhesive and contractile properties of embryonic tis-
sues have been studied in some detail, but whether the often sub-
stantial quantitative differences found are sufficient to drive
separation remains uncertain. Data on interfacial tension at the
boundary or adhesion across the boundary are still scarce
(e.g., 100.101y "Yer 2 number of observations argue that vertebrate
embryonic boundaries are sites of strong discontinuity in tissue
properties: they are characterized by intense activation of Eph
receptors (zebrafish somite boundary,'” Xenopus ectoderm-
mesoderm boundary,”” local RhoGTPase activation (ectoderm-
mesoderm,”> rhombomeres>®) and prominent accumulation of
actomyosin structures (ectoderm-mesoderm and notochord
boundaries,>®*” rhombomeresss). The effect on cell adhesion
seems to vary between boundaries, probably depending on the
intensity of repulsive reactions. At the ectoderm-mesoderm
boundary, ephrin-Eph signaling induces cyclic alternations
between cell repulsion/detachment and re-attachment.”® At the
notochord boundary, adhesion appears to be permanently low or
absent, probably due to an extremely high cortical tension that
prevents establishment of adhesive bonds.”®

In conclusion, the conditions at cleft-like boundaries clearly
do not correspond to an intermediate state of adhesive strength
as predicted by DAH/DITH. On the contrary they present
unique cell behaviors that entail an acute decrease in cell adhe-
sion. Obviously, embryonic development requires fast and perva-
sive mechanisms for cell segregation that allow for rapid tissue
rearrangements. Local cell surface cues such as ephrin and Ephs
are ideal to produce this effect.

Ephrins/Ephs in nvertebrates

While ephrins and Eph receptors are best known in mammals
for their role in neurogenesis and angiogenesis, this cannot be
their original function, since they exist in all metazoans, includ-
ing those without nervous and blood circulatory systems such as
sponges.''% Yet such simple organisms are subdivided by
boundaries which separate, in cnidarians for instance, the ecto-
derm from the endoderm and different morphological regions of
the organism.” Experiments on ephrins and Ephs in invertebrates
are still lacking, but it is tempting to speculate that ephrin-Eph
signaling underlies the very origin of the cell sorting processes
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that characterize the metazoan organization. Eph receptors can be
traced back to pre-metazoan taxa and are found already in
sponges,'® and cnidarians express multiple ephrins and Ephs
including, quite remarkably, the 3 classical ephrins B1-3, which
suggests that the ephrin-Eph code may be already functional in
these animals. Insects seem to have lost secondarily all but one
ephrin and one Eph receptor. A single pair could still be sufficient
for dichotomic separations, e.g. ectoderm-mesoderm separation,
but not for more complex processes such as the compartmentali-
zation of the imaginal disc along simultaneous dorso-ventral and
an anterior-posterior boundaries. These systems may have
exploited other types of repulsive cues, or completely different
mechanisms. Echinoid is an example of a surface protein that
may function in an analogous way to PAPC,'**'% although it
has not been implicated so far at classical compartment

Conclusion

Our understanding of tissue separation has evolved from a rel-
atively simple view based on differences in adhesion to a quite
different and incomparably more complex picture. Embryonic
cells display an astonishing wealth of surface cues that contribute
to identify neighboring cells and to activate instructive signals
that promote either adhesion or repulsion. Ephrins and Eph
receptors certainly play a key role in this process. We are starting
to grasp some of the logic of these systems, but considering the
multiplicity of these cues and the versatility of their cellular activ-
ities, it seems that there is still a whole world of cell-cell contact
dependent regulations to be explored.

boundaries.
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