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Abstract

In vertebrates, the Eph/ephrin family of signaling molecules is a large group of membrane-bound
proteins that signal through a myriad of mechanisms and effectors to play diverse roles in almost
every tissue and organ system. Though Eph/ephrin signaling has functions in diverse biological
processes, one core developmental function is in the regulation of cell position and tissue
morphology by regulating cell migration and guidance, cell segregation, and boundary formation.
Often, the role of Eph/ephrin signaling is to translate patterning information into physical
movement of cells and changes in morphology that define tissue and organ systems. In this review,
we focus on recent advances in the regulation of these processes, and our evolving understanding
of the /n vivo signaling mechanisms utilized in distinct developmental contexts.

1. Introduction

The Eph receptor tyrosine kinases were first identified based on their overexpression in
human carcinoma (Hirai et al., 1987), and were later found to be expressed on initial

outgrowths of neuronal axons, suggesting a role in axon guidance (Henkemeyer et al., 1994).

Though their role in these contexts has been studied in great depth, Ephs and ephrins are
also expressed in most tissues during embryonic development and are essential to a wide
variety of developmental processes (Batlle and Wilkinson, 2012; Bush and Soriano, 2012;
Egea and Klein, 2007; Kania and Klein, 2016; Klein and Kania, 2014; Kullander and Klein,
2002; Merlos-Suarez and Batlle, 2008; Pasquale, 2008; Wilkinson, 2001). This is perhaps

unsurprising, as the Eph receptors are the largest family of receptor tyrosine kinases found in

mammals (Gale et al., 1996; Henkemeyer et al., 1994; Kullander and Klein, 2002). In this
review, we focus primarily on how Eph/ephrin signaling regulates cell position and tissue
separation in development. Even so, it is not possible to comprehensively address all of the
studies that have made important contributions in this area, and we have instead provided
more extensive discussion of a subset of examples. In addition, roles for Eph/ephrin
signaling in cell proliferation, apoptosis, axon guidance, and a myriad of other processes are
documented, and are reviewed elsewhere (Bush and Soriano, 2012; Kania and Klein, 2016;
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Laussu et al., 2014; Merlos-Suérez and Batlle, 2008; Pasquale, 2008; Xu and Henkemeyer,
2012).

We will begin by reviewing the genetic support for our current understanding of /n vivo
signaling mechanisms. This area of research has been consistently active from the earliest
studies of Eph/ephrin signaling, but our understanding of the broadly-used genetic tools, as
well as the general principles derived from these studies, are continuing to evolve. From a
cellular perspective, Eph/ephrin signaling has been widely implicated in regulating cell
migration; the specific functions played in different developmental contexts differ
somewhat, and we will compare some representative examples. Finally, there have been
numerous recent advances in our understanding of the role of Eph/ephrin signaling in cell
segregation; we will discuss proposed modes of action and how they relate to distinct
conceptual models of this widely-occurring cellular process. In each of these areas,
outcomes of recent studies challenge long-accepted roles for Eph/ephrin signaling, leading
to interesting new questions concerning the complex ways in which these molecules impact
morphogenesis.

2. Signaling mechanisms

The signaling partners of the Eph receptors are the ephrins, membrane-bound molecules
separated into two classes: ephrin-As are membrane-bound through a GPI anchor, and
ephrin-Bs are transmembrane molecules with a cytoplasmic domain (Gale et al., 1996). Eph
receptors have also been separated into A and B classes based on sequence similarity and
whether they bind to ephrin-A or ephrin-B signaling partners (Gale et al., 1996), although
there is some overlap in binding affinity between the two classes (Himanen et al., 2004). Eph
receptor oligomerization is necessary for propagation of a forward signal, with the size of
the Eph receptor cluster determining the strength of the signal, such that trimers and
tetramers signal maximally (Himanen et al., 2010; Schaupp et al., 2014; Seiradake et al.,
2010). Biochemically, Eph/ephrin interactions have bidirectional signaling capacity
(Briickner et al., 1997; Holland et al., 1996; Lin et al., 1999; Torres et al., 1998). Upon
binding of an ephrin to an Eph receptor, signaling may be transduced into the receptor-
expressing cell; this classical forward signaling is mediated by Eph tyrosine phosphorylation
followed by binding of partners that mediate downstream signaling, though the /in vivo
utilization of these binding partners in distinct developmental contexts is largely unknown
(Bush and Soriano, 2012). An Eph/ephrin binding event can also result in transduction of a
signal into the ephrin-expressing cell, known as reverse signaling (Henkemeyer et al., 1996;
Holland et al., 1996). Therefore, in addition to Eph and ephrin expression levels and degree
of oligomerization, the extent to which forward, reverse, and bidirectional signaling modes
are utilized represents another layer of regulation that contributes to modulating downstream
signaling. The membrane-bound nature of Ephs and ephrins dictates that cell-cell contact is
an important part of their signal transduction (Davis et al., 1994; Henkemeyer et al., 1994),
and in many developmental contexts, Eph/ephrin signaling between adjacent cells is critical.
However, Eph/ephrin signaling via cellular protrusions may be capable of mediating
signaling between nonadjacent cells (Cayuso et al., 2016), and release of Ephs and ephrins
by exosomes also allows for the possibility of signaling at greater distances (Gong et al.,
2016). Whereas Eph and ephrin ectodomains can be proteolytically cleaved
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(Georgakopoulos et al., 2006; Hattori et al., 2000), the ectodomain alone is incapable of
initiating oligomerization and is therefore unlikely to activate forward signaling; indeed, the
unclustered ectodomain is often used as a competitive antagonist (Daar, 2012; Pegg et al.,
2017), suggesting that antagonistic modulation of signaling at a distance by soluble Eph/
ephrin ectodomains may be possible.

Adding an additional layer of complexity to the regulation of Eph/ephrin signaling, there is
evidence that expression of Eph receptors and ephrins in the same cell (in ¢/s) can negatively
regulate Eph receptor signaling through ephrins in an adjacent cell (/n trans) (Hornberger et
al., 1999). Eph receptors have been proposed to interact with ephrins /n cis using their
canonical ligand-binding domain (Yin et al., 2004) as well as their membrane-proximal
fibronectin type 111 domain (Carvalho et al., 2006). This cis-inhibition mechanism can fine-
tune control of EphA receptor activation in a number of cellular contexts (Carvalho et al.,
2006; Falivelli et al., 2013; Gatto et al., 2014; Hornberger et al., 1999; Kao and Kania, 2011;
Marquardt et al., 2005). The breadth of functional relevance of cis-expression of Ephs and
ephrins, and whether cis inhibition occurs for EphB receptors, however, remains unknown.

2.1 Genetic dissection of bidirectional signaling

Since the discovery that Eph receptor-ephrin interactions could result in signal transduction
not only in the receptor-expressing cell (classical forward signaling), but also in the ephrin-
expressing cell (reverse signaling) (Henkemeyer et al., 1996; Holland et al., 1996), many
studies have delved into the possible mechanisms of ephrin reverse signaling. In biochemical
studies, ephrin-Bs were found to use their cytoplasmic domains to mediate reverse signaling
through phosphorylation of highly conserved tyrosines (Briickner et al., 1997) and
interaction with PDZ-domain-containing proteins (Lin et al., 1999; Lu et al., 2001).
Although ephrin-Bs themselves do not possess intrinsic kinase activity, therefore, they may
mediate downstream signaling by recruitment of other signaling molecules. Ephrin-B
reverse signaling may also occur by non-SH2/PDZ mechanisms, such as by interactions with
scaffold proteins to regulate tight junctions or interactions with connexin-43 to regulate gap
junctions (Daar, 2012; Davy et al., 2006). Although ephrin-As possess no intracellular
domain, there is biochemical and genetic evidence for ephrin-A reverse signaling (Dudanova
et al., 2012). The precise mechanisms of this remain unclear, but cell culture studies indicate
that ephrin-As may mediate reverse signaling through interaction with Src family kinases in
membrane microdomains (Davy et al., 1999) and interaction with integrins to promote
adhesion (Davy and Robbins, 2000; Huai and Drescher, 2001). In addition, EphA3-
dependent activation of the ADAM10 metalloprotease to cleave ephrin-As allows a switch
from adhesion to repulsion, in essence modulating the cellular response of the ephrin-
expressing cell (Hattori et al., 2000; Janes et al., 2005). Thus, upon the binding of an Eph to
an ephrin on an adjacent cell and subsequent oligomerization, a signal can be transduced
into the Eph-expressing cell, the ephrin-expressing cell, or into both cells simultaneously,
generating a bidirectional signaling cascade. Which of these events is crucial to achieve the
appropriate downstream signaling outcome seems to depend heavily on cellular context, and
therefore has required direct evaluation /n7 vivoin distinct cell and tissue types.
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The prototypical /n vivoroles for reverse signaling were first suggested by studying axon
guidance phenotypes in mice lacking EphB receptor signaling capacity. Three receptors
(EphB1, EphB2, EphB3), with similar affinity for B-type ephrins, and presumably similar
intracellular signaling capabilities, are each involved in the patterning of two major
interhemispheric commissural axon tracts, the anterior commissure (AC) and corpus
callosum (CC) (Figure 1A, B) (Henkemeyer et al., 1996; Mendes, 2006; Orioli et al., 1996;
Robichaux et al., 2016). Initial genetic evidence for the existence of reverse signaling was
based on discrepant phenotypic outcomes upon complete loss of EphB2 compared with
mutants in which most of the intracellular domain was replaced with -galactosidase, while
maintaining the extracellular, transmembrane, and juxtamembrane domains (Henkemeyer et
al., 1996). Whereas all £phb2~/~ mutant embryos exhibited defects in the posterior
projection of the AC (ACp) and 61% exhibited defects in the CC, Ephb2-acZ/LacZ mytant
embryos did not exhibit either of these phenotypes, leading to the conclusion that they were
attributable to loss of reverse and not forward signaling (Henkemeyer et al., 1996; Mendes,
2006). A recent study reexamining these mutant alleles in guidance of the AC confirmed that
null loss of EphB2 led to a higher penetrance of ACp phenotypes than intracellular
truncation of EphB2 in Ephb2-acZ/LacZ mutant embryos (Figure 1D, F). Further, while
complete loss of EphB1 resulted in an abnormal ACp approximately 30% of the time
(Figure 1E), EphB1 mutants in which the intracellular domain of EphB1 was replaced with
LacZ (EphB1T-La¢2) did not exhibit defects in ACp development (Figure 1C) (Chenaux and
Henkemeyer, 2011; Robichaux et al., 2016). Surprisingly, however, loss of forward signaling
through EphB1 and EphB2 together resulted in ACp defects in 80% of Ephb1T-LacZ/T-LacZ
Ephb2tacZ/LacZ compound mutants, demonstrating that the intracellular domains of EphB1
and EphB2 have redundant function. An almost identical scenario was borne out for the CC;
loss of forward signaling through EphB1 resulted in defects in the CC in 27% of
EphbiT-LacZ/T-LacZ mytants (Figure 1C) and 43% of Ephb2tacZ/LacZ mutants (Figure 1D),
but loss of forward signaling through EphB1 and EphB2 resulted in CC defects in 91% of
Ephb1TLacZ/T-LacZ - ppppolacZ/lacZ compound mutants (Figure 1H). In both contexts, the
penetrance upon loss of the intracellular domain was not as high as complete compound loss
of EphB1 and EphB2 (100%) (Figure 1G), a discrepancy that was attributed to reverse
signaling (Robichaux et al., 2016). However, this difference could instead be due to the
retained presence of EphB3 forward signaling. Indeed, the penetrance of ACp or CC
phenotypes in Ephb2~~; Ephb3~~ compound mutants is 100%, and higher than in either
homozygous mutant alone, demonstrating their redundancy (Mendes, 2006; Orioli et al.,
1996). Based on these studies, we conclude that in the case of Ephb17-Lacz/T-LacZ.
Ephb2LacZ/LacZ mutants, reverse signaling activation should still be retained, but these
mutants still exhibit high penetrance of AC and CC defects, arguing that it is not necessary
to evoke the existence of a reverse signal to explain differences between EphB null and
intracellular mutant phenotypic penetrance.

If redundant receptor forward signaling function is responsible for the bulk of ACp and CC
phenotypes, why is complete loss of EphB1 or EphB2 receptor more severe than loss of only
the intracellular domain? In both cases, the C-terminally truncated fusion protein retains the
extracellular and transmembrane domains; the EphB2-2¢Z mutant protein also retains the
juxtamembrane region. Notably, Eph receptors can cocluster, or heterooligomerize, both
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within and beyond subclass, and Eph-Eph receptor interaction domains reside within the
extracellular region that can mediate lateral propagation of signaling independent of ephrin
ligation (Freywald et al., 2002; Janes et al., 2011; Lackmann et al., 1998; Marquardt et al.,
2005; Wimmer-Kleikamp et al., 2004). This raises the question of whether these intracellular
mutants may still retain some forward signaling function, possibly as a scaffold to the larger
signaling complex when coexpressed with other active receptors possessing redundant
intracellular signal transduction capabilities. If so, receptor heterooligomerization and
retention of some forward signaling capacity is a plausible explanation for the decreased
phenotypic severity of intracellular EphB receptor mutants compared to complete receptor
knockouts. To distinguish between this possibility and that of a reverse signaling
contribution, further /n vivo exploration of both hypotheses will be required.

What, then, are the genetic data in support of reverse signaling in these contexts? Studies
complementary to the above have created mouse mutants with changes to the intracellular
domain of ephrin-Bs, either by replacing the entire domain with p-galactosidase (ephrin-
B2-3¢Z) (Cowan et al., 2004; Dravis et al., 2004; Dravis and Henkemeyer, 2011; Yokoyama
et al., 2001), or by making specific point mutations to the phosphorylatable tyrosines or the
PDZ binding domain in the highly-conserved region of the cytoplasmic domain. The latter
allows more specific assessment of phosphorylation or PDZ-dependent reverse signaling, but
does not test other potential modes of reverse signaling (Bush and Soriano, 2009; Davy and
Soriano, 2007; Dravis and Henkemeyer, 2011; Makinen, 2005; Xu et al., 2011; Xu and
Henkemeyer, 2009). Null loss of function of ephrin-B1, or point mutations abrogating its
ability to bind to PDZ-domain containing proteins, results in normal ACp development, but
agenesis of the CC (aCC), in a 12954 genetic background (Bush and Soriano, 2009).
Though a recent study reported that £/761 null mutant embryos did not exhibit CC defects
in a CD1 genetic background, human craniofrontonasal syndrome patients harboring
mutations in EFNBI also exhibit aCC, indicating that although the involvement of £/fmb1is
genetic background-dependent in mice, its requirement is conserved across species (Twigg
et al., 2004). Efnb2-acZ/LacZ mutant mice exhibited severe defects in the formation of the
ACp axon tract, suggesting that ephrin-B2 reverse signaling is important in this context
(Cowan et al., 2004). However, this allele has since been demonstrated to result in a gain of
function of ephrin-B2 signaling in some contexts (described below), casting some
uncertainty on the interpretation of phenotypes observed in these mutants (Zhang et al.,
2015). Ephrin-B3 apparently regulates formation of the CC entirely via forward signaling,
because complete loss of ephrin-B3 results in severe defects of the CC, whereas loss of the
intracellular domain does not (Mendes, 2006). Null loss of ephrin-B3 does not disrupt
formation of the AC, indicating it likely does not play a role in this context (Kullander et al.,
2001). Together, these results support a major role for EphB forward signaling in formation
of the AC and CC, with some reverse signaling contribution from the intracellular domain of
B-type ephrins as well.

In some cases, examination of ephrin-B cytoplasmic signaling mutants has made a clear
attribution of signaling directionality possible. For example, ephrin-B16FAY mutant embryos
do not have the craniofacial or skeletal defects seen in ephrin-B1"!l embryos, indicating that
reverse signaling by PDZ- or phosphorylation-dependent mechanisms is not necessary for
craniofacial and skeletal development (Bush and Soriano, 2009); instead, forward signaling
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has been implicated in these processes (Bush and Soriano, 2010; Risley et al., 2009). Mice
expressing one copy of ephrin-B2F>, in which each of the five phosphorylatable tyrosines in
the cytoplasmic tail of ephrin-B2 is mutated to phenylalanine, on a null background
(Efb27F> mice) do not exhibit the early embryonic phenotypes exhibited by £fb27~
embryos, indicating that these defects are not caused by lack of ephrin-B2 tyrosine
phosphorylation (Davy and Soriano, 2007). £f1632/AC mice lacking the entire cytoplasmic
domain of ephrin-B3 do not have the same corticospinal tract defects as £/537~ mice,
indicating that it is the forward signaling aspects of ephrin-B3 signaling that prevents
EphA4-expressing axons from crossing the spinal cord midline (Yokoyama et al., 2001).

Recently, a study of Eph/ephrin-mediated cell segregation by our laboratory has implicated
unidirectional signaling in tissue separation (O’Neill et al., 2016). Patients with CFNS are
heterozygous for mutations in EFNBI, and after random X inactivation, they are mosaic for
EPHRIN-B1 expression. This mosaicism leads to aberrant segregation of EPHRIN-B1
expressing and non-expressing cells, which can be demonstrated in ££761*/4 mouse
embryos as large patches in the limb bud (Compagni et al., 2003) and secondary palate
(Bush and Soriano, 2010; Davy et al., 2006). We showed that ephrin-B1-mediated
segregation first occurs in the neural plate neuroepithelium at E8.5, prior to neural tube
closure. Through a series of genetic mouse mutants, we demonstrated that mosaic loss of
reverse signaling (in £/b17/6F4Y embryos) does not result in cell segregation, indicating
that mosaicism for ephrin-B1 reverse signaling alone is not sufficient to induce segregation.
Mosaicism for loss of reverse signaling in an ephrin-B1 null embryo (in Efnb146FAV
embryos) results in cell segregation indistinguishable from that seen in ephrin-B1
heterozygous embryos, indicating that the SH2/PDZ-dependent reverse signaling modes of
ephrin-B1 are not required for segregation. Consistent with cell segregation being driven by
forward signaling alone, ephrin-B1 heterozygous embryos lacking forward signaling through
EphB2 (Efnb1*A: Ephb2-acZ/LacZ) or through both EphB2 and EphB3 (Efnb17/4;
Ephb2tacZ/LacZ - Ephh3~/7) lose segregation. This forward signal requires EphB kinase
activity, as demonstrated by a chemical genetic approach using £/761%2 mice also
expressing mutant forms of EphB1, EphB2, and EphB3 engineered to be kinase-inhibited by
the inhibitor 1-NA-PP1; these embryos exhibited robust segregation in the absence of 1-NA-
PP1, but reduced segregation upon 1-NA-PP1 inhibition of kinase signaling. Therefore,
reverse signaling through phosphorylation or PDZ mechanisms is neither necessary nor
sufficient for cell segregation, whereas forward signaling is required.

Based on mutations to ephrin-B cytoplasmic domains in mice, reverse signaling by B-type
ephrins has also been proposed in a variety of additional developmental contexts, including
cardiac valve formation (Cowan et al., 2004), secondary palate development, foregut and
urorectal morphogenesis (Dravis et al., 2004, p. 200; Dravis and Henkemeyer, 2011),
lymphangiogenesis (Makinen, 2005), axon pruning (Xu and Henkemeyer, 2009), and
postsynaptic neuron maturation (Xu et al., 2011). Studies using these mutant proteins to
interrogate reverse signaling functionality, however, have sometimes resulted in confusing
conclusions about the role of the ephrin-B cytoplasmic domain. Ephrin-B2-2¢Z/LacZ embryos
have urorectal and hindgut defects (Dravis et al., 2004), defects in cardiac development
(Cowan et al., 2004), tracheoesophageal fistula (TEF), and cleft palate (Dravis and
Henkemeyer, 2011). Ephrin-B22V/AV embryos (lacking PDZ interactions) and homozygous

Dev Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Niethamer and Bush

Page 7

ephrin-B26YFAV/EYFAV embryos (lacking PDZ interactions and tyrosine phosphorylation),
however, have no urorectal, tracheoesophageal, or palatal defects, whereas ephrin-B2L-acZ/AV
and ephrin-B2LacZ/6YFAV embryos exhibit hypospadias (Dravis and Henkemeyer, 2011).
This led to the conclusion that PDZ-dependent reverse signaling functions of ephrin-B2, in
addition to a not-yet identified function of the intracellular domain, are important for midline
closure of the embryo.

Further investigation of the effects of ephrin-B2 cytoplasmic mutants in the context of
lymphatic valve development resulted in the surprising discovery that these mutants may
affect not only reverse signaling, but also forward signaling. EphB4/ephrin-B2 signaling is
critical for lymphatic valve development, which in turn is important for maintaining tissue
fluid homeostasis by allowing drainage of interstitial fluid and preventing backflow of
lymph (Zhang et al., 2015). Treating early neonatal mice (P1-P2) with antibodies that block
ephrin-B2 or EphB4 function results in dilation of lymphatic vessels and defects in
lymphatic valve structure soon thereafter, with complete absence of valves and death by
postnatal day 8 (P8). However, Zhang and colleagues showed that co-administration of anti-
ephrin-B2 with an antibody that is agonistic to EphB4 function, increasing its tyrosine
phosphorylation, rescued these defects, suggesting that forward signaling may be sufficient
in this context. These defects are similar to those seen in mice expressing a mutant ephrin-
B2 lacking its PDZ domain interaction site (ephrin-B22V) (Makinen, 2005) or in
Efnb26YFAV/EYFAV mice that lack PDZ- and phosphorylation-dependent reverse signaling
(Zhang et al., 2015), but EphB4 tyrosine phosphorylation is also significantly reduced, at
least in Efmb26YFAV/EYFAV embryos, indicating that this ephrin-B2 mutant also affects
forward signaling. Treatment with the EphB4 agonist antibody also rescues the lymphatic
valve defects in EfmB26YFAV/EYFAV mutants, strongly suggesting that it is ephrin-B2-driven
EphB4 forward signaling that is required for lymphatic valve development (Zhang et al.,
2015). Although the mechanism by which mutating the cytoplasmic domain of ephrin-B2
could lead to defects in EphB4 forward signaling is not yet known, it has been shown that
the intracellular region of ephrin-Bs can affect how a signal is processed in EphB expressing
cells (Jorgensen et al., 2009). Further, Efnb2-acZ/LacZ mutant mice, with the entire
cytoplasmic domain of ephrin-B2 replaced with LacZ, do not have lymphatic valve defects,
and in fact have increased EphB4 tyrosine phosphorylation, probably due to tetramerization
driven by the B-galactosidase (Zhang et al., 2015). This suggests that the ephrin-B2La¢Z
allele is hypermorphic for forward signaling rather than a reverse signaling mutant. Zhang
and colleagues inhibited EphB4 kinase signaling using either a small molecule inhibitor or
mice expressing an analog-sensitive EphB4 kinase mutant and showed that inhibiting EphB4
kinase signaling results in a severe lymphatic valve phenotype, without any manipulation of
ephrin-B2 (Zhang et al., 2015). The results from the above experiments suggest that a
variety of cytoplasmic mutations in ephrin-B2 disrupt forward signaling; in combination
with the data that interruption of forward signaling alone is sufficient to recapitulate the
lymphatic valve phenotypes under study, this work calls into question whether or not reverse
signaling is involved in this developmental event.

The extent to which studies using mutations of the ephrin-B cytoplasmic domain could lead
to incorrect conclusions about the respective roles of forward and reverse signaling in
contexts outside of lymphatic development is unclear. It is unlikely that gain-of-function
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activity of the ephrin-B2-2°Z allele is responsible for all of the exhibited phenotypes,
because Efnb2-acZ/6FAV and Efnb2-acZAV mutants still exhibit urorectal malformations with
a penetrance significantly higher than £f762-3Z/* embryos (Dravis and Henkemeyer, 2011).
Further, the £fb2°F conditional loss of function model also exhibits urorectal
malformations and TEF, indicating that these phenotypes are loss of function phenotypes
that may be caused by loss of reverse signaling (Lewis et al., 2015). Cleft palate, on the
other hand, does not occur in these £/b2F mice, suggesting that this phenotype in
Efnb2LacZ/LacZ mice could be caused by hyperactivation of forward signaling.

The data that have emerged regarding the effects of ephrin-B reverse-signaling mutants on
Eph receptor forward signaling suggests that the interplay between forward and reverse
signaling will prove to be an even more complicated subject than was previously thought. In
determining the contributions of forward and reverse signaling to /7 vivo phenotypes, it will
be essential to examine forward signaling activation in reverse signaling mutants to rule out
contributions of cytoplasmic ephrin-B mutants to hyper- or hypo-activation of forward
signaling. It should also be noted that very similar mutants to those described in the above
section are frequently re-expressed, over-expressed, or mis-expressed to evaluate signaling
function in other model systems where knock-ins are not technically straightforward. Nearly
all of the potential caveats and complications considered above are also possible in these
systems, which additionally must account for the consequences of exogenous expression.
Thus, these studies highlight that our understanding of /n vivo Eph/ephrin signaling
mechanisms is still evolving and will benefit from additional approaches. For example,
mutations that selectively block Eph receptor kinase signaling, such as those that use kinase-
dead or analog-sensitive kinase mutant Eph receptors, have been recently used to study
kinase signaling mechanisms in a number of contexts (O’Neill et al., 2016; Robichaux et al.,
2014, 2016; Soskis et al., 2012; Zhang et al., 2015). In the future, it will be valuable to
identify effectors downstream of forward and reverse signaling activation relevant to specific
contexts and demonstrate that loss of function of these downstream pathways contributes to
the observed phenotype.

3. Cell migration

Eph/ephrin signaling is essential to axon guidance, with repulsive interactions between Ephs
and ephrins expressed in axons and in their target zone cells mediating correct formation of
synapses in many different areas of the developing nervous system, as reviewed elsewhere
(Egea and Klein, 2007). Analogous to this role in axonal pathfinding, Ephs and ephrins have
also been described as guidance cues that mediate migration of cells over long distances by
repeated short-range interactions. Recent studies have reexamined the role of Eph/ephrin
signaling in neural crest migration, have demonstrated new interactions between Eph/ephrin
signaling and canonical neuronal migration guidance pathways in the brain, and have
implicated Eph/ephrin signaling in the migration of cells to establish left-right asymmetry.

3.1 Neural crest migration

Eph/ephrin signaling has repeatedly been shown to be critical for development of neural
crest cells (NCCs). From the earliest stages, Eph/ephrin signaling regulates NCC
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development in Xenopus. Forward signaling from ephrin-B1 and ephrin-B2 in the dorsal
mesoderm inhibits Wnt signaling required to induce NCCs; the Adam13 metalloprotease
cleaves ephrin-B1 and ephrin-B2 to relieve this inhibition and allow NCC induction (Wei et
al., 2010). Studies in chick and Xenopus have proposed a repulsive mode of neural crest
guidance, wherein disruption of Eph/ephrin signaling results in invasion of NCCs into
ectopic territories. Using /n vitro stripe assays in which soluble ephrin ligand is immobilized
in narrow stripes on cover slips, cultured chick or rat NCCs, which express EphB receptors,
avoid stripes of ephrin-B protein, instead preferring to migrate alongside (Krull et al., 1997;
Wang and Anderson, 1997). In rat and mouse embryos, ephrin-B2 expression is restricted to
the caudal half of the somite, whereas in chick embryos ephrin-B1 exhibits this pattern of
expression, leading to the idea that caudally-expressed ephrin-B guides EphB-expressing
trunk NCC migration to the rostral half of the somite (Figure 2A). Eph/ephrin signaling has
been implicated in cranial neural crest guidance as well. In Xenopus, rhombomeric
boundaries set up by expression of EphA4 and ephrin-B2 expression in r5 and r4,
respectively, extend to migratory NCC populations derived from those rhombomeres,
whereas EphB1 is expressed in NCCs destined for branchial arches (BA) 3 and 4. Disruption
of EphA4/EphBL1 function by overexpression of truncated receptors, or by blinding the
NCCs to the position of ephrin-B2 signal by overexpression of ephrin-B2, results in NCC
intermingling during migration (Smith et al., 1997). In addition to a role in segmental
guidance, Eph/ephrin signaling in Xenopus has also been demonstrated to regulate migration
of NCCs along the ventral or dorsolateral pathways. Expression of multiple ephrins along
the dorsolateral pathway repels and guides early-migrating NCCs expressing EphB receptors
along the ventral pathway. Interestingly, migration of melanoblast NCCs, which also express
EphB receptors, is promoted along the dorsoventral pathway by increasing adhesion
(Santiago and Erickson, 2002).

In mouse, genetic disruption of ephrin-B2 also perturbs normal NCC development, with
Efmb2™! mouse embryos exhibiting both angiogenic remodeling defects and NCC defects
that result in abnormal BA development and trunk NCC segmentation (Davy and Soriano,
2007). It has been difficult to assess the exact role of ephrin-B2 in NCC development /n
vivo, as angiogenic defects lead to early embryonic lethality of £fb62™/ embryos. An
attempt to separate the role of ephrin-B2 in the vasculature from its contributions to NCC
migration resulted in the surprising discovery that rescuing expression of ephrin-B2 only in
the vascular endothelium (VE) is sufficient to obtain normal NCC migration and BA
development (Lewis et al., 2015). In mice with a conditional rescue of ephrin-B2 in the
vasculature in an otherwise ephrin-B2 null embryo ( 7ie2-Cre,; Efnb2°R), not only
angiogenesis defects, but also BA morphogenesis and cranial and trunk NCC defects, are
rescued. Further, loss of ephrin-B2 specifically in the vasculature, again mediated by Tie2-
Cre, resulted in angiogenic and neural crest phenotypes, as well as increased cell death in
migrating cranial and trunk NCCs, suggesting that without proper vascular development,
NCC survival is compromised. From these studies, it is apparent that in mouse, proper
ephrin-B2 expression, or angiogenesis regulated by ephrin-B2, is a requirement for NCC
development, and that ephrin-B2 may not have a role in repulsive NCC guidance as
previously proposed. The role of the VE in regulating NCC migration, however, remains
unclear. EphB4 plays an important role in ephrin-B2 signaling in the context of
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angiogenesis: £phb4~~ mice have similar angiogenic remodeling defects to £/mb2"/ mice,
as well as similar NCC and BA morphogenesis phenotypes. However, because EphB4 is not
expressed in NCCs, it seems unlikely that signaling to NCCs from ephrin-B2 in the VE is
required (Lewis et al., 2015). Even without pinpointing the exact mechanism by which
angiogenic remodeling contributes to NCC migration, it seems likely that the role of ephrin-
B2 in the process is a secondary one in allowing the vasculature to develop and function
normally, which in turn provides an as yet unknown, but essential, support to NCCs. It is
possible that ephrin-B2 signaling from the VE may provide a guidance role for NCCs;
further studies will be needed to determine whether this is the case, or whether angiogenesis
plays a more permissive role in NCC survival. For example, normal angiogenesis may be
required for delivery of oxygen, nutrients, or other signaling molecules may be required for
NCC survival (Figure 2A) (Lewis et al., 2015). Interestingly, Eph/ephrin signaling may also
have a more direct role in NCC survival. Ectopic expression of ephrin-A5-Fc¢ in mouse
dorsal neuroectoderm and NCCs, mediated by Wnt1-Cre, led to decreased NCC survival and
diminished NCCs of the frontonasal process and BA1 and BA2 (Noh et al., 2014).

Like the trunk NCCs from which they are derived, the sympathetic ganglia (SG) are also
segregated to the rostral half of each somite. This organization, however, is not the
consequence of early migratory guidance of NCCs, which lose their segregated pattern and
intermix along the anteroposterior axis upon arrival at the site of SG formation, but of later
re-sorting of NCCs into discrete ganglia following their arrival at sympathetic ganglia target
sites (Kasemeier-Kulesa et al., 2005). Live imaging studies in chick have demonstrated that
the segregation of NCCs into SG involves repulsive Eph/ephrin signaling wherein expression
of ephrin-B1 in the rostral half of the somite expands to the mesoderm, signaling to NCCs
expressing EphB2 to drive their condensation into discrete SG (Kasemeier-Kulesa et al.,
2006). Disruption of this late repulsive cue disrupts SG formation even when early
segmental NCC guidance is maintained due to loss of directionality in their repulsion.

3.2 Neuronal migration

Eph/ephrin signaling plays important roles in development of the mammalian neocortex and
hippocampus by regulating radial and tangential neuronal migration. In the cortex, tightly
controlled migration of neurons born at the ventricular zone leads to formation of a highly
organized, layered structure. As the location of different excitatory neurons with different
functions in each layer is essential to the future function of the cortex, newly born neurons at
the proliferative ventricular zone of the cortex must migrate radially to a distinct position,
with each successive generation of neurons migrating past older-born neurons. In the
hippocampus, migration of neuronal precursors is also essential for the differentiation of
these neurons to form mature structures. Interestingly, several studies have indicated that
Eph/ephrin signaling functions together with Reelin signaling in neuronal guidance in the
cortex and hippocampus (Bouché et al., 2013; Catchpole and Henkemeyer, 2011; Sentiirk et
al., 2011). Reelin is a secreted glycoprotein that regulates neuronal migration and cortical
layering, and reefer (Reln™~) mice have cortical phenotypes including “inside-out” layering,
with late-born neurons aberrantly located in deeper layers of the cortex and earlier-born
neurons in upper layers. Efmb1/62/b3 compound knockout mice mimic reg/er cortical
phenotypes, and loss of one copy of Reelin on an £fnb2~~ or Efmb3~~ background leads to
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alterations in cortical layering and hippocampal structures similar to those seen in reeler
mice, though Re/n”~ mice alone are unaffected (Sentiirk et al., 2011). Although this
suggests that Reelin and ephrin-Bs interact to facilitate correct radial migration of neurons to
form the laminated cortex (Figure 2B), these phenotypes seem to depend on the £/b3
knockout strategy used, as well as the genetic background of the mouse strain (Pohlkamp et
al., 2016).

In the hippocampus, loss of forward signaling from ephrin-B1 to EphB2 leads to a reduction
in granule cell neurons in the lateral suprapyramidal blade (LSB) of the dentate gyrus,
resulting from decreased migration of precursor cells into this area (Catchpole and
Henkemeyer, 2011). Notably, EphB2 and ephrin-B1 mutant mice demonstrate a decrease in
Reelin expression adjacent to the LSB, suggesting that forward signaling through EphB2 is
necessary for Reelin expression to promote migration of precursor cells into the LSB
(Catchpole and Henkemeyer, 2011). However, the direct mechanisms by which EphB2/
ephrin-B1 influences the expression and secretion of Reelin in the hippocampus are
unknown.

Canonical Reelin signaling involves Reelin binding to lipoprotein receptors VLDLR and
ApoER?2, leading to tyrosine phosphorylation of Dab1, but VLDLR and ApoER2 have no
intrinsic kinase activity, which is instead fulfilled by the recruitment of Src-family kinases
(D’Arcangelo et al., 1999; Howell et al., 1999). Physical interactions between Reelin, EphB,
and ephrin-B proteins have been demonstrated in both the cortex and the hippocampus,
suggesting that EphB/ephrin-B signaling may synergize with Reelin signaling to affect
neuronal migration. Specifically, Reelin interacts with ephrin-B2 and ephrin-B3 proteins,
and stimulation of cultured cortical neurons with Reelin results in clustering of ephrin-Bs
(Senturk et al., 2011). Sentirrk and colleagues point to reverse signaling through ephrin-Bs
as a “missing link” that recruits Src family kinases to phosphorylate Dabl. Stimulation of
cortical neurons with EphB3-Fc results in tyrosine phosphorylation of Dab1, and
Efnb1/b2/b3 knockout mice have decreased Dabl phosphorylation (Sentiirk et al., 2011),
though genetic evidence supporting the involvement of the ephrin-B cytoplasmic domain in
Dab1 phosphorylation has not yet been shown. Reelin also coimmunoprecipitates with
recombinant EphB1, EphB2, and EphB3 in cultured neurons and induces EphB tyrosine
phosphorylation, proteolytic processing, and cytoskeletal responses in Cosl cells (Bouché et
al., 2013). These effects are independent of the canonical Reelin receptors (Bouché et al.,
2013). However, the in vivo relevance of these biochemical interactions to cortical
lamination, and the mechanisms of synergy between Eph/ephrin signaling and Reelin
signaling, remain uncertain. Loss of EphB2 kinase signaling results in aberrant cell dispersal
in the CA3 region of the hippocampus (Figure 2B), demonstrating that EphB forward
signaling is required for this /n vivo event. However, these studies face a challenge in
distinguishing Reelin-to-Eph signaling from ephrin-to-Eph signaling. Bouché and colleagues
argue that the hippocampal CA3 defects in compound Ephbl,; EphbZ mutant mice are a
result of Reelin-mediated forward signaling, not ephrin-B1-mediated forward signaling,
because ephrin-B1 knockout mice have a much milder CA3 phenotype than the Ephb1;
Ephb2 mutants, whereas the reeler mouse phenotype is similar to the Ephbl,; Ephb2 mutant
phenotype (Bouché et al., 2013). However, although neither ephrin-B2 nor ephrin-B3 were
found to be expressed in the CA3 region during hippocampal neuronal migration, it is
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impossible to rule out the contribution of ephrin-B1, or as yet unknown contributions from
other ephrins that may bind to and activate EphB1/EphB2. In the future, studies that
examine compound EphB receptor/Reelin mutant mice, probe EphB receptor signaling
changes in reeler mice, or differentiate the downstream signaling pathways of EphB
receptors activated by ephrins vs. activated by Reelin, may shed further light on the /n vivo
relevance of these interactions. Although the mechanism of Reelin interactions with EphBs
or ephrinBs to facilitate neuronal migration remains unclear, it is apparent that Reelin can
interact genetically and biochemically with several members of this pathway, demonstrating
that Eph/ephrin signaling molecules are able to integrate with Reelin signaling to assist in
mediating signaling outcomes that lead to correct positioning of neurons.

Ephrin-B1 also plays an early role in maintenance of the structural integrity of the apical
surface of the developing cortex, which is necessary for correct cortical lamination.
Maintenance of apical attachment of neural progenitors at the ventricular zone and
attachment of neighboring apical progenitors to each other via adherens junctions are
regulated by ephrin-B1 signaling, and £fnb1*~and Efnbl~~ embryos demonstrate
abnormal folding of the apical surface of the neuroepithelium (Arvanitis et al., 2013). £fnb1
mutant embryos demonstrate changes in cell-ECM adhesion at the apical surface, with
decreases in apical localization, but not mRNA or protein expression of integrin-g1.
Notably, cell-cell adhesion, examined via N-cadherin expression, and cell polarity, marked
by the apical distribution of p-catenin, are unaffected in these mutants. In ex vivo cortical
slices, acute loss of ephrin-B1 results in loss of elongated cell morphology and detachment
of cells from the apical surface of the ventricular zone. Ephrin-B1 tyrosine phosphorylation
and the PDZ interaction domain of the ephrin-B1 intracellular domain are not necessary for
maintenance of apical adhesion, as expression of ephrin-B1 lacking its cytoplasmic domain
rescues the cell-ECM adhesion defects (Arvanitis et al., 2013). By synergizing with integrin-
B1 signaling to maintain the integrity of the apical surface of the ventricular zone of the
cortex, therefore, ephrin-B1 signaling plays a critical role in coordinating the development
of the cortex. Here, ephrin-B1 does not serve directly as a guidance cue, but rather plays an
indirect role, serving as a structural support system for neural progenitors to allow
maintenance of apical adhesion during the early development of the cortex. Future studies
defining the mechanisms of Eph/ephrin support of neuronal migration, through Reelin
signaling or other pathways, will provide more insight into the roles of this pathway in
defining correct cell positioning in the developing brain.

3.3 Guidance of cell migration to establish left-right asymmetry

Eph/ephrin signaling has recently been implicated in establishing left-right asymmetry in the
developing zebrafish embryo. The dorsal forerunner cells (DFCs), precursor cells to the
Kupffer’s vesicle (KV), the left-right organizer in zebrafish, express EphB4b, while the
surrounding mesendodermal cells express ephrin-B2b, and signaling between them
maintains DFC cluster integrity as the cells migrate past each other (Zhang et al., 2016).
These interactions are mediated by extension of protrusions from DFCs that are then
repulsed by the neighboring cells, and loss of EphB4b leads to loss of RhoA and pMLC
expression at the DFC-mesendoderm boundary, slowing of this repulsive response, and
subsequent dispersal of DFCs, ultimately resulting in a smaller or absent KV and defects in
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later asymmetric positioning of organs (Zhang et al., 2016). Eph/ephrin signaling is also
involved in epithelial-mesenchymal interactions that control asymmetrical positioning of the
liver (Cayuso et al., 2016). Cayuso and colleagues demonstrate that EphB3b/ephrin-B1
signaling between the lateral plate mesoderm (LPM) and the hepatoblasts of the forming
liver results in hepatoblast repulsion that is critical for correct asymmetric positioning of the
liver (Figure 2C), challenging the existing model that the LPM actively pushes hepatoblasts,
which are passively corralled into place. Hepatoblasts form long cellular protrusions that are
lost in ephirin-B1 morpholino-treated embryos, but increased with loss of direction in ephb36
morphants (Cayuso et al., 2016). Expressing reverse signaling mutant ephrin-B1 proteins in
an ephrin-B1-deficient background has varying effects on protrusion formation. Adding
ephrin-B1°F rescues hepatoblast protrusion formation, whereas adding ephrin-B14Y does
not. The authors conclude that PDZ-dependent reverse signaling mediates protrusion
formation, independent of tyrosine phosphorylation of the cytoplasmic domain of ephrin-B1,
to permit hepatoblast movement away from the midline and facilitate asymmetric
positioning of the liver. Though, no examination of possible changes to forward signaling in
LPM cells was made, ectopic expression of EphB3b2ICD (lacking the intracellular domain)
in the left LPM where there is little endogenous EphB3b, resulted in movement of the
hepatoblasts to the right side, consistent with a role of reverse signaling in repulsion of
hepatoblasts from the LPM and establishing the asymmetric positioning of the liver. Further
studies of the role of Eph/ephrin signaling in liver positioning, as well as in the
establishment of asymmetry in other organ systems, will elucidate the signaling mechanisms
involved in these processes.

4. Tissue separation

Establishing and maintaining separation between tissues during development is a
multifaceted process requiring patterning to establish cell fate, segregation of different cell
types to form boundaries, and prevention of cell migration and intermingling across these
boundaries. A classical view of Eph/ephrin-mediated tissue separation involves reciprocal
expression of Ephs and ephrins in separate compartments, with bidirectional signaling
across the Eph/ephrin expression boundary preventing intermingling (Kania and Klein,
2016). This model stems from studies of Eph receptors and ephrins in the organization of the
developing embryo: in the brain, spinal cord, branchial arches, limb buds, and somites, Eph
receptor and ephrin expression appeared mutually exclusive and restricted to defined
domains, leading to the proposal that Ephs may encounter ephrins only at the boundaries
between these domains (Gale et al., 1996). Further study suggested that reciprocal
expression can contribute to tissue separation and maintenance of boundaries between
morphologically defined compartments, such as the rhombomeres of the zebrafish hindbrain
(Xu et al., 1999). More recent evidence demonstrates the existence of more complex patterns
of Eph/ephrin expression and signaling during development (Barrios et al., 2003; O’Neill et
al., 2016; Rohani et al., 2014). Here, we review boundary formation in early neural
development, gastrulation and somitogenesis, where Eph/ephrin signaling has long been
studied as a mediator of boundary formation and maintenance. Recent studies explore more
complex Eph/ephrin expression patterns and signaling, providing evidence for a more
nuanced role of Eph/ephrin signaling at tissue boundaries that depends both on context and
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on the combinatorial expression of Eph receptors and ephrins in the tissue in question. In
each of these situations, Eph/ephrin signaling is a downstream effector of boundary
formation and maintenance, translating patterning information to physical separation. The
mechanisms by which tissue separation is achieved are still under study, but include changes
to adhesion, cytoskeletal dynamics, cellular repulsion, and cell migration.

4.1 Tissue separation during early neurodevelopment

The first discovery of Eph/ephrin signaling in cell segregation and boundary formation was
in the developing nervous system. Segmentation of the vertebrate hindbrain during
development leads to the formation of compartments termed rhombomeres, which
demarcate boundaries between different areas of the hindbrain that will eventually develop
into different adult structures. Importantly, the organization of the rhombomere separates
precursor cells of different neuronal subtypes and contributes to the later organization of
hindbrain neurons (Moens and Prince, 2002); inappropriate cell mixing must therefore be
prevented to preserve normal adult hindbrain function. Eph receptors are expressed in odd-
numbered rhombomeres, and ephrins are expressed in even-numbered rhombomeres, leading
to the proposal that signaling mediates repulsive interactions at rhombomere boundaries
(Figure 3A) (Xu et al., 1999) or differential adhesion between cells of different
rhombomeres (Cooke et al., 2005; Kemp et al., 2009).

In the developing zebrafish hindbrain, gene expression boundaries become morphological
boundaries, which manifest as shallow indentations between rhombomeres by 15 hours post
fertilization. Morpholino knockdown of EphA4a, which is usually expressed in
rhombomeres r3 and r5, resulted in jagged edges to rhombomere boundaries, with krx20-
expressing cells from r3 and r5 invading into the adjacent even-numbered rhombomeres
(Calzolari et al., 2014). Invading cells do not immediately change their fate, suggesting that
Eph/ephrin signaling acts downstream of patterning cues, and indeed, Eph/ephrin expression
patterns in rhombomeres are established in part through the transcription factors Krox20 and
HoxB4. In zebrafish, Krox20 binds and drives expression from an r3/r5 enhancer element
harbored by EphA4 and deletion of this binding site leads to loss of r3/r5 enhancer activity,
suggesting that £phA4 is directly regulated by Krox20 (Theil et al., 1998). Krox20 also
directly regulates the expression of multiple Hox genes, suggesting a means of coupling
downstream A-P cell fate specification with physical separation of rhombomeres (Theil et
al., 1998). More recently, it has been suggested that coupling cell fate with tissue separation
in the hindbrain may entail a more complicated hierarchy that also depends on A-P
specification; indeed, loss of Hox genes disrupts not only A-P identity, but also rhombomere
boundaries (Prin et al., 2014). In mouse and chick, Hoxb4 and Hoxd4 share their anterior
expression border at the r6/r7 boundary, and loss of both resulted in loss of the r6/r7
boundary. In addition, widespread misexpression of Hoxb4 also disrupted rhombomere
boundaries, and mosaic misexpression of Hoxb4 or any of several other Hox genes caused
aberrant segregation within a rhombomere, indicating that a differential in Hoxb4 (and its
targets) drives rhombomere formation. One such target may be EphA7: upon loss of Hoxb4
and Hoxd4, EphA7 was upregulated caudal to the site of the r6/r7 border, while ectopic
expression of Hoxb4 resulted in EphA7 repression rostral to this border. Functional evidence
for a requirement of EphA7 in r6/r7 boundary formation is so far lacking, however, and
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complementary ephrin expression at this boundary has not been identified. Mosaic
expression of several different Hox proteins induced cell segregation, but the segregating
effect of Krox20 expression predominated, suggesting that a hierarchy of combinatorial
regulation of Eph/ephrin genes by multiple transcription factors couples A-P cell fate
specification to tissue separation.

As the morphological changes that define rhombomere boundaries take place, actin and
myosin 1l accumulate to form a cable between rhombomeres (Calzolari et al., 2014),
suggesting a mechanism by which Eph/ephrin signaling may direct both cell segregation and
the formation of a physical barrier to cell intermingling. Work in Drosophila, Xenopus, and
mouse, as well as in human cell culture, similarly support the broad idea that regulation of
actomyaosin contractility contribute to Eph/ephrin-mediated segregation (Aliee et al., 2012;
Monier et al., 2010; O’Neill et al., 2016; Rohani et al., 2011; Umetsu et al., 2014). In the
rhombomere, cells can move past a boundary via cell division but are rapidly pushed back
into their proper position, perhaps by the elastic boundary formed by the actomyosin cable
(Calzolari et al., 2014). The actomyosin cables appear to colocalize with EphAda in r3/r5,
and disrupting actin or myosin Il using ROCK inhibitors or Blebbistatin results in
dismantling of the cables and invasion of r3/r5 cells into even-numbered rhombomeres,
creating jagged rhombomere boundaries. Conversely, stabilizing phosphorylated myosin by
treatment with calyculin A results in even more pronounced rhombomere boundaries.
Importantly, morpholino knockdown of EphA4a disrupts actomyosin cable formation in a
similar manner to ROCK inhibition or Blebbistatin treatment, and the jagged boundaries that
form can be rescued by treatment with calyculin A (Calzolari et al., 2014), indicating that
EphAd4a acts upstream of myosin to modulate formation of this physical boundary. Further,
ectopic activation of EphA4a in even-numbered rhombomeres results in accumulation of
actomyosin in EphA4a-expressing cells only if they are surrounded by ephrin-expressing
cells, suggesting that Eph/ephrin signaling acts to upregulate actomyosin. Boundary
sharpening appeared to begin before actomyosin enrichment could be observed, however,
(Calzolari et al., 2014), suggesting that additional mechanisms may be at play in initial
rhombomere boundary sharpening.

Eph/ephrin signaling also acts downstream of patterning cues during forebrain development
in zebrafish. During neurulation, the cells of the prospective eye field evaginate to form the
optic vesicles, which must remain separated from the cells of the prospective telencephalon
and diencephalon for proper eye development. Eph receptor expression in the telencephalon
and ephrin expression in the eye field are essential to this process, as morpholino
knockdown or misexpression of these molecules results in delayed optic vesicle evagination
and aberrant localization of eye field cells within the telencephalon (Cavodeassi et al., 2013).
In addition, misexpression of the normally telencephalon-restricted EphB4a in eye field cells
causes them to segregate into the telencephalon while retaining eye field markers, indicating
that Eph/ephrin expression determines their movement regardless of fate (Cavodeassi et al.,
2013). In zebrafish mutants that have lost expression of the eye field transcription factor
Rx3, Eph receptor expression expands into the eye field while ephrin expression remains
normal, placing Eph/ephrin signaling downstream of patterning (Cavodeassi et al., 2013).
Although the boundary between the eye field and the telencephalon is enriched in both F-
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actin and pMLCII, this study does not investigate whether Eph/ephrin signaling directly
regulates the cytoskeleton in this context.

In addition to maintaining normal tissue boundaries during development, Eph/ephrin
signaling can also mediate pathogenic cell segregation in cells of the early neural plate
neuroepithelium when the normal expression of pathway members is disrupted, as was
recently demonstrated in the congenital disease craniofrontonasal syndrome (Niethamer et
al., 2017; O’Neill et al., 2016). Craniofrontonasal syndrome (CFNS) is caused by mutations
in EFNB1, encoding EPHRIN-B1, which is expressed from the X chromosome. As a result,
female CFNS patients are heterozygous for £FNVBI mutations and demonstrate mosaic
expression of EPHRIN-B1. Mosaicism for ephrin-B1 expression leads to aberrant
segregation of cells in the early neural plate neuroepithelium in £/762*/~ mice to generate
large patches of ephrin-B1 expression and non-expression (O’Neill et al., 2016). These
patches are also apparent in later tissue structures, such as the palate (Bush and Soriano,
2010) and limb mesenchyme (Compagni et al., 2003) and may contribute to craniofacial and
limb phenotypes in CFNS patients, as segregation also occurs in human iPSC-derived
neuroepithelial cells (Niethamer et al., 2017). Importantly, this process also requires Eph/
ephrin modulation of the cytoskeleton (Figure 3B); genetic disruption or pharmacological
inhibition of ROCK dramatically decreased pathogenic cell segregation. Interestingly,
genetic interaction studies also indicated that loss of Cdc42 or Racl function did not reduce
segregation, consistent with the possibility that actomyosin contractility per se, and not cell
migratory capacity more generally, may drive segregation.

4.2 Germ layer separation during gastrulation

Gastrulation represents one of the earliest tissue separation events in the embryo. The
propensity for separation between cells of the germ layers is so strong that in the classic
experiments of Townes and Holtfreter, even when cells of the amphibian germ layers were
dissociated into single cells and forcibly mixed, they segregated from one another in culture
to re-aggregate in groups of like cells (Townes and Holtfreter, 1955). Eph/ephrin signaling is
required to maintain the boundary between the ectoderm and mesoderm during Xenopus
gastrulation. Recent studies of the formation and maintenance of these boundaries have
added a layer of complexity to our understanding of Eph/ephrin regulation of these early
tissue separation processes.

In the Xenopus gastrula, the mesoderm translocates across the ectodermal blastocoel roof
(BCR), producing a paradox whereby mesoderm cells must be prevented from integrating
into the ectoderm as they adhere to it while migrating. This process can be reconstituted /n
vitro using explant culture experiments, and live imaging of the mesoderm-ectoderm explant
boundary reveals fast cell detachment and reattachment events, which may enable the
adhesive contacts that mediate the collective migration of the mesoderm along the BCR,
while preventing intermingling (Rohani et al., 2011). Multiple EphB and ephrin-B proteins
are expressed in both the mesoderm and the ectoderm, and morpholino knockdown of
ephrin-B1, ephrin-B2, or EphB4 in either the mesoderm or the ectoderm leads to increased
integration of mesoderm cells into the BCR, suggesting a more complex situation than in the
classical complementary expression model. Competitive inhibition of forward signaling by
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overexpression of truncated EphB4 resulted in diminished separation, and while
combinatorial morpholino knockdown of ephrin-B expression in one explant and EphB
expression in the opposing explant did not further decrease segregation, loss of both ephrin-
B and EphB expression in the same explant does. These data have led to the conclusion that
ectoderm-mesoderm separation is likely governed by multiple antiparallel forward signaling
pathways across the boundary (Figure 3C) (Rohani et al., 2011, 2014). Addition of
preclustered ephrin-B-Fc fusion proteins to activate forward signaling can rescue
attachment-detachment cell behaviors and separation from ephrin-B knockdown mesoderm
or endoderm, further indicating that activation of Eph receptors in both tissues mediates
segregation. This result is surprising in that it suggests that positional information conferred
by cellular ephrin signaling within each cell population may not be important; activation of
Eph receptor signaling in all cells in the explant results in tissue separation only at the
explant boundaries. It seems, therefore, that activation of Eph receptor signaling in either
population renders the populations somehow less miscible. The outcome of Eph/ephrin
signaling across the ectoderm-mesoderm boundary is at least partly mediated by activation
of RhoA and Rac and results in enrichment of F-actin at the boundary (Rohani et al., 2011).
In contrast to reciprocal Eph/ephrin expression, these data demonstrate that more complex
mechanisms involving multiple coexpressed Ephs and ephrins may be required to localize
cytoskeletal and cell behavioral changes to a boundary. These results also indicate that
unidirectional signaling is sufficient to produce separation, although in this case it is
required in both tissues (Rohani et al., 2011).

If Ephs and ephrins are expressed throughout both the ectoderm and mesoderm, how is
tissue separation restricted only to their interface? Whereas complete specificity of Eph/
ephrin pair binding, with signaling only at the boundary, is unlikely based on known
receptor-ligand affinities, completely promiscuous binding would result in repulsion within
both the ectoderm and mesoderm, leading to complete dissolution of the tissue. Instead,
work by Rohani and colleagues suggests that an intermediate situation exists, in which
antiparallel signaling between complementary pairs of Ephs and ephrins creates the
strongest signaling interface at the heterotypic mesoderm-ectoderm boundary (Rohani et al.,
2014). Importantly, although complete specificity is not necessary for separation in this
model (both ephrin-B2 and ephrin-B3 can signal through EphA4, for example), neither are
the Ephs and ephrins functionally redundant. Only ephrin-B2 signals through EphB4, and
the phenotypes of morpholino knockdown of one Eph/ephrin family member are not rescued
by expression of another. Further, chimeric Eph receptors composed of the extracellular
domain of one receptor and the intracellular domain of another can only rescue depletion of
the Eph whose extracellular domain they possess, indicating that specificity depends on
differential Eph/ephrin binding occurring at the boundary, which may activate different
downstream signaling cascades. A baseline level of adhesion between homotypic cell pairs
of the ectoderm and mesoderm, provided by cadherin expression, is required to maintain the
homotypic tissue cohesivity required for border sharpening (Rohani et al., 2014; Taylor et
al., 2017). Whether homotypic repulsion is simply overcome by differential adhesive forces
provided by cadherins, or whether other mechanisms, such as cis-inhibition of signaling,
also contribute to blunting homotypic signaling outcomes, is not yet known.
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An important remaining question involves the mechanisms that establish and maintain the
differential expression of Eph and ephrin proteins in different germ layers. It is possible that
transcription factor patterning alone maintains Eph/ephrin expression domains, but
transcription factors that affect Eph/ephrin expression in the Xenopus ectoderm and
mesoderm are not yet known. However, during gastrulation, Eph/ephrin protein stability is
regulated through degradation of ephrin-B1 by ubiquitination, which is mediated by Smad
ubiquitin regulatory factors (Smurfs). Interactions between ephrin-B1 and Smurf2 lead to
ephrin-B1 ubiquitination and degradation, whereas interactions between ephrin-B1 and
Smurfl prevent its interaction with Smurf2, forestalling degradation (Hwang et al., 2013).
Smurf2-mediated degradation of ephrin-B1 prevented separation between the endoderm and
mesoderm, but Smurfl binding to ephrin-B1 inhibits this interaction to allow separation.
Loss of separation upon loss of Smurfl can be rescued by subsequent knockdown of Smurf2
(Hwang et al., 2013). This reveals that modulating protein stability is one mechanism by
which ephrin-B1 can be regulated to eventuate tissue separation during gastrulation.

4.3 Somitogenesis

The formation of somites is a key step in the axis elongation and segmentation of the
vertebrate embryo. The cells of the somites are precursors to vertebral and rib structures, as
well as to skeletal muscle and dermis of the skin. Segmentation must be tightly regulated to
ensure that segment number is strictly maintained, which is essential to further normal
development; although the number of somites may vary between species, it is generally
fixed within a species (Bénazéraf and Pourquié, 2013). Somites form with a defined period,
the length of which is dependent on the species (Bénazéraf and Pourquié, 2013). To achieve
this, Wnt, FGF, and Notch signaling pathways are activated in pulses in the presomitic
mesoderm (PSM), leading to a “traveling wave” of mMRNA expression of their transcriptional
targets. Many of these targets encode negative-feedback inhibitors of Wnt, FGF, and Notch
signaling, which may explain the periodic control of signaling through these pathways
(Bénazéraf and Pourquié, 2013). Downstream of this feedback loop, expression of
segmentation genes such as MespZis seen in the PSM of the future somite, preceding the
morphological changes that mediate somite boundary formation.

After the future somite is defined by patterning of segmentation genes, intercellular
signaling is required to translate these cues into the morphogenetic processes that result in
boundary formation and separation. Several Eph receptors and ephrins are expressed in the
somites in developing mouse embryos (Gale et al., 1996), and expression of ephrin-Al,
ephrin-B2, and EphA4 in segmented patterns in the zebrafish PSM suggested that these
signaling molecules may play a role in somite formation (Durbin et al., 1998). Indeed,
overexpression of truncated Eph or ephrin proteins, which serve a dominant-negative
function by binding their cognate ephrin or Eph and blocking downstream signaling,
disrupted somite boundary formation, resulting in absent or abnormally-shaped somites
(Durbin et al., 1998). Perturbation of Eph/ephrin signaling did not affect segmental
prepatterning, but downstream markers of somite differentiation reflected the organization of
the ectopic somite, indicating that Eph/ephrin signaling mediates the translation of
segmental prepattern into physical somite separation. Activation of Eph/ephrin signaling is
sufficient for boundary formation, because exogenous expression of EphA4 in zebrafish 755~
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mutants, which lack segmental expression of several Eph/ephrins and fail to form somites,
was sufficient to induce somite boundary formation at the interface between clusters of
EphA4-expressing and —honexpressing cells (Barrios et al., 2003; Durbin et al., 2000).
Separation was also induced when cells expressed a truncated EphA4 that lacks the
intracellular tyrosine kinase domain, indicating that tissue separation can be induced in the
absence of kinase signaling in this context (Barrios et al., 2003). These data suggest that
Eph/ephrin signaling may be directly involved in the morphogenetic processes that occur at
the somite boundary, which include the formation of an indentation or furrow between
adjacent somites; mesenchymal-to-epithelial transition of cells at either side of the boundary,
which assume a columnar shape; accumulation of adhesion complex components, such as
beta-catenin, at the apical pole of the cell; basal movement of cell nuclei towards the somite
boundary; and apical movement of centrosomes. Whereas initial gap formation requires
reverse signaling, several of the subsequent epithelialization changes require forward
signaling through either direct or non-cell-autonomous means (Barrios et al., 2003).

Later work in chicken embryos suggests that both forward and reverse Eph/ephrin signaling
may act in initial formation of the somite gap (Watanabe et al., 2009). In a gap-inducing
assay, transplantation of a cMeso-1-expressing explant into the PSM of a host chick embryo
results in upregulation of EphA4 and formation of a gap at the cMeso-1 expression boundary
(Watanabe et al., 2009). Likewise, overexpression of EphA4 or ephrin-B2 is sufficient to
induce an ectopic gap. Overexpression of EphA4 lacking its intracellular domain also
creates an ectopic gap, indicating that the intracellular domain of EphA4 is dispensable for
somitic gap formation. Consistent with this, overexpression of ephrin-B2 lacking its
intracellular domain or ephrin-B2YF (lacking three phosphorylatable tyrosines) does not
induce an ectopic gap, indicating that phosphorylation-dependent ephrin-B2 reverse
signaling is necessary for gap formation (Watanabe et al., 2009). Overexpression of
constitutively active Cdc42 with ephrin-B2 negates the ability of ectopic ephrin-B2
expression to induce an ectopic somite gap, but suppression of Cdc42 alone is not sufficient
to induce the gap, though it is sufficient to rescue cell epithelialization. Inhibition of Cdc42
in conjunction with overexpression of ephrin-B2YF rescues both gap formation and cell
epithelialization (Watanabe et al., 2009). The authors conclude that tyrosine phosphorylation
of ephrin-B2 likely regulates Cdc42 to enable somite gap formation. Although it is clear that
some portion of the cytoplasmic domains of both Ephs and ephrins are required for various
aspects of the somite gap formation and cell epithelialization process, the consequences of
these mutations must be considered in light of new knowledge of the effects of ephrin
cytoplasmic mutants on forward signaling and much remains to be learned about the
underlying mechanism. In particular, it remains to be determined whether somites, like the
ectoderm and mesoderm in Xenopus gastrulation, require antiparallel forward signaling in
addition to bidirectional signaling across a boundary.

Changes in adhesion molecules and extracellular matrix interactions are key outcomes of
Eph/ephrin signaling to promote somite separation. As somites form and boundary cells
undergo MET, a fibronectin (FN) matrix is assembled along the somite boundary. Both FN
and its receptor, the heterodimer Integrina5p1, are required for somite formation (Koshida
et al., 2005). Live imaging and genetic studies in transgenic zebrafish expressing the ltga5-
GFP fusion protein show that Itga5 clustering occurs along the basal side of cells during
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formation of the somite border followed by the emergence of a FN matrix (Julich et al.,
2009). “Inside-out” signaling (that is, cellular signaling to integrins resulting in clustering
and crosslinking of FN to form a matrix), rather than “outside-in” signaling (signaling from
accumulated FN to the integrins inducing integrin clustering) is therefore likely required for
somite separation (Julich et al., 2009). Reverse signaling through EphA4/ephrin-B2a
induced Itga5 clustering, FN matrix assembly, and the formation of “actin belts” in mosaic
experiments, implicating Eph/ephrin signaling as a candidate regulator for inside-out
activation of Itga5 in somite separation (Julich et al., 2009). However, the signaling
mechanisms by which ephrin-B2 reverse signaling might drive Itga5 clustering remain
unknown.

4.4 Cellular mechanisms of segregation

In each of these systems, a common underlying question exists regarding the cellular
mechanisms of segregation mediated by Eph/ephrin signaling. Generally, cell segregation
was originally hypothesized to result from differences in affinities between two cell types
that could be driven by quantitative or qualitative differences in adhesiveness conferred by
distinct constellations or levels of adhesion molecule expression (Nose et al., 1988;
Steinberg, 1970; Townes and Holtfreter, 1955). The differential adhesion hypothesis (DAH)
proposes the specific case in which a quantitiative difference in cell adhesion between two
cell populations drives the segregation of randomly-migrating cells (Steinberg, 1970).
Indeed, multiple studies have implicated direct regulation of cell adhesion by Eph/ephrin
signaling as a driver of cell segregation. In the intestinal epithelium, EphB activation by
ephrin-B1 results in the recruitment of the ADAM10 metalloproteinase, which cleaves E-
cadherin and therefore presumably results in differential adhesion at the Eph/ephrin
signaling interface (Cortina et al., 2007; Solanas et al., 2011).

Eph/ephrin-mediated segregation is more widely attributed to a “repulsive” mechanism,
though the cell biological definition and biophysical consequences of “repulsive” Eph/ephrin
cellular interactions are varied. In many contexts, Eph/ephrin signaling guides cell migration
by a repulsion mechanism analogous to axon guidance in which cellular collapse and
disengagement of Eph- and ephrin-expressing cells is followed by directional migration, as
in contact inhibition of locomotion (Astin et al., 2010; Pasquale, 2005; Poliakov et al.,
2004). In cell segregation, this guidance activity would result in a repeated redirection of
cells away from their heterotypic partners, resulting in segregation of the heterotypic
populations by a trial and error process that would be predicted to result in a greater distance
travelled over the course of segregation compared to other models of segregation. Indeed, in
cell segregation assays in low density HEK293 cell culture, EphB2-expressing cells exhibit
collapse and directional migration away with an increased migration speed and travel a
greater total distance than cells not undergoing segregation (O’Neill et al., 2016; Poliakov et
al., 2008; Taylor et al., 2017). However, at high density, EphB2 cells undergoing segregation
do not exhibit an increased distance travelled, probably due to constraints imposed by the
confluent culture conditions (O’Neill et al., 2016). Nevertheless, cells segregate robustly at
high density, consistent with the fact that cell segregation in the embryo is a behavior that
occurs at high cell densities, which leads to the question of whether directional migratory
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guidance is required for Eph/ephrin cell segregation in the embryo (O’Neill et al., 2016;
Taylor et al., 2017).

A separate model, the differential interfacial tension hypothesis (DITH), has proposed that
differences in cortical tension, driven primarily by actomyosin contractility, oppose cell
adhesion and drive differences in the ability of cells to establish and maintain stable contacts
(Brodland, 2002; Krieg et al., 2008). Based on elevated Lifeact-RFP signals in EphB2 cells
during live imaging of cell segregation, and on the apparently highly conserved involvement
of actomyosin contractility in cell segregation, we previously proposed that cellular collapse
upon ephrin-B activation of Eph receptor signaling may result in a change in cortical
tension, leading to minimization of heterotypic contacts in favor of homotypic contacts
(O’Neill et al., 2016). In cases where Eph and ephrin populations begin fully intermixed, as
in cell mixing assays or in CFNS, the “signaling interface” initially includes all EphB2 cells.
In other situations, such as Xernopus gastrulation, however, the signaling interface is limited
to a patterned interface where Eph/ephrin signaling sharpens and maintains the existing
boundary. A recently proposed heterotypic interfacial tension (HIT) model that relates to this
specific case observes that there need not be differences in cortical tension or homotypic
adhesion between the entirety of two populations if local differences in these properties
occur specifically at heterotypic cell contacts (Canty et al., 2017). Such a local difference
would, of course be the case in boundaries generated by Eph/ephrin signaling, which relies
on cell contact for signaling. Interestingly, atomic force microscopy to infer cortical tension
showed that in fact ectoderm cells were stiffer than mesoderm cells, but levelling these
differences by myosin depletion in the ectoderm or overexpression of constitutively active
Rho in the mesoderm had no effect on separation. Similarly, a dissociation assay indicated
that ectoderm cells were more adherent than mesoderm cells, and in this case, levelling these
differences decreased separation only modestly. These data led to the conclusion that tissue
separation in Xenopus gastrulation is governed by local Eph/ephrin-mediated repulsion
leading to reduced contact at the heterotypic interface, though whether cortical tension is
changed specifically at that interface remains untested (Canty et al., 2017).

In contrast, at the Xengpus notochord-PSM boundary, Eph/ephrin signaling may regulate
both adhesion and cortical tension (Fagotto et al., 2013). Cadherin clustering at interfaces
between heterotypic notochord-PSM cell pairs at the boundary is less pronounced than that
at interfaces between homotypic cell pairs, which possess larger cadherin clusters. Smaller
or absent cadherin clusters at the heterotypic interface allow for cell protrusions and
blebbing at the boundary. This cadherin pattern is dependent on myasin, which in turn
depends on Eph/ephrin signaling between notochord and PSM cells at the boundary (Fagotto
et al., 2013). This suggests that separation at this boundary does not depend on differing
levels of expression of cadherin complexes between cells of the different tissue types, but
rather on differences in recruitment at different cell interfaces. Differences in heterotypic
and homotypic Eph/ephrin signaling therefore result in differential cell contractility at the
notochord-PSM boundary, with protrusions and blebbing of the boundary cells, which then
inhibits cadherin clustering between heterotypic cell pairs.

Importantly, these studies reinforce the idea that a boundary cannot be defined simply by
examining the adhesive or contractile properties of each individual tissue. Instead, the
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interaction between heterotypic cell pairs at the boundary must somehow differ from that of
homotypic cell pairs within each individual tissue. This requires an intricately regulated
interface with many small interactions between cells of each tissue, resulting in dynamic
changes to the cytoskeleton and to adhesion complexes that mediate boundary maintenance.
The Eph/ephrin signaling family, with its large variety of molecules and complex regulatory
abilities, is a perfect fit for this role. Further investigation of this complex interplay at other
embryonic boundaries will reveal the mechanisms by which Eph/ephrin signaling mediates
tissue separation in different contexts.

5. Conclusion

It is readily apparent that Eph/ephrin signaling acts to regulate cell movement and
positioning to effect tissue morphogenesis in a wide variety of developmental processes
(Table 1), perhaps unsurprising considering the expression of pathway members in almost
every tissue during development. Eph/ephrin signaling is unique among major signaling
pathways that direct developmental processes on a large scale, in that it generally appears to
have relatively little influence on establishing transcription of downstream target genes in
the contexts studied so far. Instead, the members of this pathway act more directly to define
tissue architecture by acting as a “middleman” between upstream transcription factor
patterning and the cell physical and behavioral changes required to direct cells to their
correct positions. Specifically, a major role for this pathway has been identified in regulation
of cytoskeletal changes. This mediation of cellular changes downstream of transcription
factor expression can be aided by the ability of Ephs and ephrins to signal in both the
receptor and ephrin-expressing cells, and is essential for Eph/ephrin signaling to mediate cell
migration and tissue separation. In this review, we have summarized a number of challenges
addressed by recent developments in the field: these include analysis of the complexity of
signaling directionality and signaling mechanisms /n vivo, identification of new contexts for
Eph/ephrin regulation of cell migration, the role of combinatorial expression of Ephs and
ephrins in tissue separation, and the role for differing cellular mechanisms of segregation to
effect tissue separation in a variety of contexts. The results of these recent studies have
deepened our understanding of how Eph/ephrin signaling regulates cell position and have
made clear the need for continuing studies in these areas to fully understand how this
complex pathway regulates developmental morphogenesis.

The complexity of Eph/ephrin signaling has led to longstanding challenges in understanding
signaling mechanisms /n vivo; these challenges may also impact our consideration of
cellular mechanisms. Whereas genetic evidence for bidirectional signaling in development
remains, refinement of this understanding continues, causing us to reevaluate the relevance
of this paradigm in specific situations. While Eph/ephrin signaling mutants are tremendously
valuable for determining signaling mechanisms involved in the formation and maintenance
of boundaries, they must also be interpreted with care, especially when overexpression is
employed. It has become clear that a simple complementary expression model, with
bidirectional signaling across the expression divide, will no longer be sufficient in most
developmental scenarios. First and foremost, in many developing tissues, both Eph receptors
and ephrins are co-expressed. For example, both EphB receptors and ephrin-Bs are
expressed in the early mouse neural plate neuroepithelium prior to induction of the neural
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crest (O’Neill et al., 2016), as well as in mouse palatal shelves later in development (Bush
and Soriano, 2010). It is also clear that co-expression of EphAs and ephrinAs, such as in the
developing chick retina (Hornberger et al., 1999), can play critical roles in axon guidance. In
addition, recent evidence indicates that unidirectional Eph/ephrin signaling is sufficient to
drive the formation of boundaries during development, calling into question the idea that
bidirectional signaling is necessary for Eph/ephrin signaling-mediated processes. Rather,
parallel or anti-parallel combinations of Eph- and ephrin- expression may work together to
drive separation of tissues.

Studies of tissue separation in disparate contexts often seem to converge on Eph/ephrin
regulation of the cytoskeleton, firmly establishing the paradigm of this signaling pathway as
a “middleman” between transcription factor patterning and the cellular changes necessary
for morphogenetic processes to occur. What then are the upstream mechanisms by which
differential Eph/ephrin expression is determined? Often, it seems that expression patterns of
these signaling molecules are determined in parallel to the definition of cell fate by upstream
transcription factors. For example, tbx24 (fss) in the zebrafish PSM, cMeso-1 in forming
chick somites, Krox20in rhombomeres 3 and 5 in the mouse (Theil et al., 1998), va/in
rhombomeres 5/6 in zebrafish (Cooke et al., 2001), and 7x3in the zebrafish eye field
(Cavodeassi et al., 2013) can all affect the proper expression of Ephs and ephrins that is
necessary for later boundary formation. Loss of Eph/ephrin expression does not seem to
affect expression of these transcription factors, suggesting that gene expression patterning is
not generally an important outcome of Eph/ephrin signaling. In considering complementary
expression domains, we must also consider the effect of post-transcriptional mechanisms. In
some cases, what appears as reciprocal expression of Eph and ephrin proteins could be
caused by signaling leading to cleavage or endocytosis of receptor-ligand complexes, this
high signaling turnover appearing as a reduction in Eph receptor expression in populations
of cells with high ephrin expression, or vice versa.

How Eph/ephrin signaling leads to cell segregation and boundary formation has long been
under debate, with differential adhesion, repulsive migration, and differential cortical tension
all accumulating evidence to support these various hypotheses. Whether the outcome of Eph/
ephrin signaling is tissue-specific, or whether one of these hypotheses will dominate in all
contexts in which Eph/ephrin-mediated tissue separation occurs, remains to be determined
by future careful studies of these processes.
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Highlights

The Ephs and ephrins compose a large signaling family that is critical for a
wide array of morphogenetic functions in vertebrates.

Recent discoveries cast new light on the in vivo relevance of bidirectional
signaling.

Eph/ephrin signaling often acts at the interface of tissue patterning and
physical morphogenesis.

Cell sorting is a fundamental function of Eph/ephrin signaling and ongoing
discoveries continue to clarify the self-organizing properties of this family.
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- Reverse signaling should be maintained in (H), yet the ACp phenotype is still
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Figure 1. Differentiating Eph/ephrin forward and reverse signaling in the development of two
axon tracts, the corpus callosum and the anterior commissure

(A) Key to representations of a normal corpus callosum (CC) and agenesis of the corpus
callosum (aCC). (B) Key to representations of a normal posterior branch of the anterior
commissure (ACp) and of ACp misprojections. (C—F) Mice expressing a truncated version
of EphB1 in which the intracellular domain is replaced with LacZ (EphB1T12¢Z) (C) have a
20% penetrance of aCC and no ACp defects. Similarly, mice expressing EphB2L3¢Z (D)
have a 43% penetrance of aCC and a 10% penetrance of ACp defects. However, mice with
total loss of EphB1 (E) or EphB2 (F) have a higher incidence of CC and ACp defects,
raising the question of whether functional redundancy can truly explain the low penetrance
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of phenotypes in the truncated mutants. Functional reduncancy should allow one receptor to
compensate for both loss and truncation of the other. (G-H) EphB1; EphB2 double
knockout mice have 100% penetrance of severe ACp misprojection defects (G), while mice
in which the intracellular domain of both receptors has been replaced with LacZ (H) have
only 80% incidence of moderate-to-severe phenotypes. How can the difference between
these cases be explained? It is possible that the maintenance of reverse signaling via receptor
extracellular domains in (H) allows preservation of some function, though it is unlikely that
reverse signaling plays a dominant role in CC or ACp formation, as the phenotype in (H) is
still quite severe. Although EphB3 forward signaling may compensate somewhat, this
should be the case in both mutants, and is unlikely to explain the difference. The most likely
explanation is the possibility that truncated EphB1 and EphB2 receptors maintain the
capacity to hetero-oligomerize with full-length Eph receptors, such as EphB3, to contribute
to forward signaling and preserve a small amount of function.
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Figure 2. Eph/ephrin signaling provides support and guidance for migrating cells during
development

(A) Ephrin-Bs have been implicated in both cranial and trunk neural crest cell (NCC)
migration. Recent genetic evidence in mice suggests that the role of ephrin-B2 in cranial
NCC migration is secondary to its role in the vasculature, and therefore that ephrin-B2
signaling in this context acts not as a guidance cue, but rather as a supplier of support and
nutrients critical to NCC survival. During trunk NCC migration, ephrin-B1 (in chick) or
ephrin-B2 (in mouse) is thought to act as a guidance cue for migrating cells, with their
expression in the posterior half of the somite restricting migration of EphB-expressing NCCs
to the anterior half of the somite. (B) The secreted neuronal guidance cue Reelin interacts
biochemically with Eph receptors, and compound EphB receptor mutant mice as well as
compound ephrin-B mutant mice have reefer (Reln™")-like neuronal migration phenotypes
in both the cortex and hippocampus. Although many Eph or ephrin compound mutant
phenotypes are not as severe as Re/n™~ phenotypes, this raises the intriguing possibility that
Eph/ephrin signaling and Reelin signaling may synergize to promote neuronal migration in
the cortex and hippocampus. (C) EphB/ephrinB signaling, with EphB3b expressed in the
lateral plate mesoderm (LPM) and ephrin-B1 expressed in the hepatoblasts, is essential for
correct asymmetric positioning of the liver during zebrafish development. NCC, neural crest
cell; LPM, lateral plate mesoderm.
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Figure 3. Eph/ephrin signaling mechanisms in developmental tissue separation
(A) A classical view of Eph/ephrin signaling mechanisms in the rhombomeres of the

zebrafish hindbrain involves complementary expression of Eph receptors and ephrins in
adjacent rhombomere compartments, with bidirectional signaling mediating repulsive
migration of Eph-expressing cells away from the ephrin-expressing compartment and vice
versa. (B) Mosaicism for ephrin-B1 expression in the congenital craniofacial disease
craniofrontonasal syndrome (CFNS) leads to aberrant cell segregation, which is
characterized by unidirectional signaling from ephrin-B1 expressing cells (magenta) to
ephrin-B1 non-expressing (EphB-expressing) cells (green), leading to upregulation of actin

Dev Biol. Author manuscript; available in PMC 2020 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Niethamer and Bush

Page 36

and formation of an actin cable in the EphB-expressing cells. (C) In the Xenopus gastrula,
the mesoderm migrates along the ectodermal blastocoel roof without integrating into the
ectoderm. This simultaneous migration and separation is mediated by antiparallel Eph/
ephrin forward signaling across the ectoderm-mesoderm boundary, leading to repeated
attachment and detachment of the migrating mesoderm cells. (D) Bidirectional signaling
between ephrin-B2 in the posterior region of a newly formed somite and EphA4 in the
anterior region of a forming somite contributes to somite gap formation and subsequent cell
epithelialization at the somite border. While gap formation requires reverse signaling but not
forward signaling, cell epithelialization requires both reverse signaling and forward
signaling through direct or cell-non-autonomous mechanisms. CFNS, craniofrontonasal
syndrome; FN, fibronectin.
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Eph/ephrin relationships and roles in cell positioning in the developing embryo.
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Signaling Role in cell positioning Signaling References
partner(s) directionality
ephrin-B1 | EphB1, EphB2, EphB3 | Axon guidance of the corpus callosum Forward Reverse (Henkemeyer et al., 1996;
-7 Mendes, 2006; Orioli et al.,
1996; Robichaux et al., 2016)
EphB2, EphB3 Craniofacial and skeletal development Forward (Bush and Soriano, 2010;
Niethamer et al., 2017; O’Neill
etal., 2016)
EphB2, EphB3 Cell segregation Forward (O’Neill et al., 2016)
EphB2 Sorting of neural crest cells into Forward (Kasemeier-Kulesa et al., 2005)
sympathetic ganglia
EphB2 Apical attachment of neural progenitor Forward (Arvanitis et al., 2013)
cells
EphB1, EphB2 Migration of precursor cells in the Forward ™ (Bouché et al., 2013; Catchpole
hippocampus and Henkemeyer, 2011)
EphB3 Cortical neuronal migration Reverse (Senturk et al., 2011)
EphB3 Asymmetric liver positioning Bidirectional (Cayuso et al., 2016)
EphA4, EphB2 Xenopus ectoderm-mesoderm separation Forward (Rohani et al., 2014)
during gastrulation
ephrin-B2 | EphB1, EphB2, EphB3 | Axon guidance of the anterior commissure Reverse - ? (Cowan et al., 2004; Robichaux
etal., 2016)
EphB2, EphB3, EphB4 | Midline closure of the embryo Reverse - ? (Cowan et al., 2004; Dravis et
al., 2004; Dravis and
Henkemeyer, 2011)
EphB3 Cortical neuronal migration Reverse (Senttirk et al., 2011)
EphB4 Lymphatic valve development Forward Reverse (Makinen, 2005; Zhang et al.,
-? 2015)
EphB4 Neural crest migration (indirect); Forward (Davy and Soriano, 2007;
angiogenic remodeling Lewis et al., 2015)
EphB4 Dorsal forerunner cell migration to form Bidirectional - ? (Zhang et al., 2016)
the Kupffer’s vesicle
EphB2, EphB4 Xenopus ectoderm-mesoderm separation Forward (Rohani et al., 2011, 2014)
during gastrulation
EphA4 Somite formation Reverse (Jtlich et al., 2009; Watanabe et
al., 2009)
ephrin-B3 | EphB1, EphB2, EphB3 | Axon guidance of the corpus callosum Forward (Kullander et al., 2001;
Mendes, 2006)
EphB3 Cortical neuronal migration Reverse (Senturk et al., 2011)
EphA4 Axon guidance in the spinal cord Forward (Yokoyama et al., 2001)
EphA4 Xenopus ectoderm-mesoderm separation Forward (Rohani et al., 2014)

duringgastrulation

*
Bouché et al. also propose a role for Reelin-to-Eph forward signaling in hippocampal progenitor migration in the CA3 region.
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