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Abstract

Cataract is the single largest contributor to blindness in the world, with the disease having a strong
genetic component. In recent years the Eph family of receptor tyrosine kinases has been identified
as a key regulator in lens clarity. In this review we discuss the roles of the Eph receptors in lens
biology and cataract development.
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Visual impairments, a disability characterized by blindness and low vision, continue to be a
major global health problem in the 21st century, affecting over 161 million people
worldwide [1,2]. Of this, the single largest contributor of global blindness is cataract, or the
opacification of the lens, accounting for nearly 50% of all cases of visual deficits [1-3].
While the condition is normally associated with aging and environmental factors, advances
in human disease gene mapping have revealed a strong genetic component. To date,
mutations in more than 35 loci within the human genome have been identified as the cause
of cataracts, with the recognized genes being associated with lens development and
maintenance [4,5].

One recent addition to the list of molecules found to be indispensible to lens integrity and
clarity is the Eph family of receptor tyrosine kinases and their ligands the ephrins. This
group of signaling factors has now been shown as a key regulator of mammalian lens
development and function. Here, we discuss the role of the Eph family in the formation and
maintenance of the lens.

1 Lens development and organization

1.1 Development and morphology

The lens is a transparent ellipsoid tissue situated anterior to the retina. The bulk of the lens
consists of organelle-less lens fiber cells; the oldest cells, formed during embryonic
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development (known as primary fiber cells), comprise the core of the tissue while the
youngest and most newly formed cells (known as secondary fiber cells) are found more
distally away from the center (Figure 1). The anterior face of the tissue comprises of a single
layer of epithelium that consistently divides and differentiates into mature fiber cells. The
entirety of the structure is encompassed within an elastic capsule.

The distinct anterior-posterior polarity of the lens is established during the initial
developmental stages of the tissue and has been extensively reviewed [6,7]. The murine eye
begins to form as early as embryonic day 8.5 (E8.5) with the protrusion of the optic vesicle
from the developing forebrain near the head ectoderm. By E9.5, the overlying optic vesicle
thickens to form the lens placode. At E10.5 these two areas invaginate, the lens placode
forming the lens pit and the optic vesicle producing the optic cup. The lens pit deepens at
E11.5 to form the lens vesicle, and by E12.5 the vesicle has completely closed and pinched
off from the surface ectoderm. At E13.5, lens cells at the posterior portion of the lens extend
outwards towards the anterior layer of cells and fill the lumen, with the single stratum of
cells in the anterior portion becoming the lens epithelium and the elongated cells forming
the primary lens fiber cells.

Growth of the lens after initial formation continues through embryonic development and
into the postnatal stages [6]. Lens epithelial cells anterior to the lens equator, a region known
as the germinative zone, continue to divide, replacing cells undergoing differentiation.
Meanwhile, the epithelial cells near the equator, an area known as the transitional zone,
elongate and differentiate into secondary lens fiber cells, continually adding onto the pre-
existing lens structure and comprising the major part of the lens.

While the primary fiber cells are irregularly-shaped [8], the secondary fiber cells are highly
organized elongated structures arranged in meridional rows [9] (Figure 1). In cross-section,
the secondary fiber cells are arranged into flattened hexagons with two parallel long edges
connected by four shorter edges. Enlargement of the lens involves the overlaying of mature
fiber cells with additional layers of newly formed differentiated cells, or growth shells. Each
supplementary shell adds to the diameter of the lens, a combination of the addition of more
secondary fiber cells and the widening of fiber cells [9].

1.2 Transparency

As the primary role of the lens is to provide proper light refraction to the retina, the organ
must possess several inherent characteristics, including stability, clarity, and the proper
refractive index, to function appropriately. This is made possible in part through key features
of the cytoplasmic content of lens fiber cells. One particularly unique aspect of lens fiber
cells is their absence of organelles [10]. Occurring during the later aspects of the
differentiation process, fiber cells experience a gradual degradation of nuclei and organelles
over a span of several days in what has been described as an “attenuated apoptosis” [10,11].
This event is crucial for maintaining lens transparency as the absence of internal cellular
structures allows light to travel unimpeded through the structure to the retina [12].

In addition to the loss of organelles, fiber cells achieve their appropriate refractive properties
through regulation of their protein content. The bulk of the lens consists of soluble proteins
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known as the crystallins, a family comprising of a-, B-, and y-crystallins [13,14]. Crystallins
represent 90% of the protein in the lens and provide the proper refractive medium for light
passage within the lens. In addition to structural functions, a-crystallin is capable of
chaperone activity, preventing aggregation of proteins denatured by various stressors [15—
17]. This chaperone activity is particularly important in the prevention of protein
aggregation that may otherwise lead to insolubility and result in cataract formation. a-
crystallins are expressed in both the lens epithelium and fiber cells, while B- and -y-
crystallins are exclusively in differentiated lens fiber cells and are indicators of lens cell
differentiation [14,18].

1.3 Circulation and intercellular interactions

1.3.1 Gap junctions and aquaporins—The early embryonic lens is supplied with
nutrients through a blood vessel network known as the hyaloid vasculature. However, this
complex regresses in later stages of ocular development, leaving the mature lens in an
avascular environment [19,20]. To preserve homeostasis, the lens depends on both an
internal circulation system and its unique cytoarchitecture to maintain proper water and
nutrient content. This circulation is regulated by two major protein families: gap junctions
and aquaporin channels.

Gap junctions are specialized intercellular channels formed by two adjacent cells that allow
for the passage of small molecules. The structures consist of connexin molecules, with six
molecules of either the same (homomeric) or different (heteromeric) connexins forming a
hemichannel known as a connexon, which in turn interacts with another hemichannel from
an adjacent cell [21].

The lens consists of three main connexin molecules: connexin-43 (Cx-43) is expressed in
low levels exclusively in the lens epithelium [22], connexin-46 (Cx-46) is observed solely in
the differentiated lens fiber cells [23-25], and connexin-50 (Cx-50) is observed in both the
lens epithelium and fiber cell layers. Both Cx-46 and Cx-50 are capable of interacting to
form heteromeric hemichannels, but Cx-43 has not been found to interact with either Cx-46
or Cx-50 [21]. Connexins in the lens also interact with the scaffolding protein zona
occludens-1 (Z0-1), and this interaction has been found to play a role in gap junction
assembly [25-28].

Gap junction complexes are the major driver of communication, circulation, and exchange
of resources within the lens. Studies using knock-out mouse models of Cx-46 (Cx-467"")
and Cx-50 (Cx-50~/") have found reductions in fiber cell conductivity [29,30]. In addition,
Cx-50 plays a critical role in lens growth and development, as Cx-50~/~ lenses experience
growth deficits in lens fiber maturation [31,32].

Lens circulation is also mediated through the passive diffusion of water in the lens. This
process is regulated by the aquaporin family of molecules, transmembrane molecules that
form tetramers and are permeable to water [21]. The lens consists of two main aquaporins:
the lens epithelium consists of predominantly Aquaporin 1 (AQP1) [33,34] while the lens
fiber cells express Aquaporin 0 (AQPO), formerly known as major intrinsic protein (MIP)
[35,36].
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1.3.2 Adherens junction: the cadherins—The unique hexagonal shape of lens fiber
cells requires the regulation of intercellular interactions. This role is mediated in part by the
cadherins, a major family of intercellular adhesion molecules involved with the dynamic
regulation of tissue morphogenesis [37]. The most extensively studied of these molecules
are the classical cadherins, transmembrane homophilic adhesion molecules whose
interactions are regulated by calcium [37,38].

The classical cadherins affect cellular connections and shape through interactions with the
actin cytoskeleton [39]. This interaction is regulated in the C-terminus of the cadherin
molecule through a complex collectively known as the adherens junction. The proteins of
this complex include several molecules of the catenin family, including p-catenin, p120-
catenin, and a-catenin. p- and p120-catenin are armadillo repeat proteins that interact
directly with the cadherin molecules; p120-catenin binds to cadherin molecules at the
juxtamembrane domain, while p-catenin interacts with the cytoplasmic domain in
competition with another catenin molecule, y-catenin (alternatively known as plakoglobin),
which is often associated with desmosomes [40—43]. The binding between the catenin and
cadherin molecules are mediated by the phosphorylation of tyrosine residues [44].
Phosphorylation of pB-catenin results in disruptions with their interactions of cadherins, while
phosphorylation of y-catenin can either enhance or reduce affinity to cadherin complex
depending on the affected residue [45]. The adherens junction complex interacts with the
actin cytoskeleton and is dependent on a-catenin [39].

The lens contains two of the classical cadherins: E-cadherin is expressed exclusively in the
lens epithelial layer, while N-cadherin is present in both the epithelial and fiber cell layers
[46-48]. These molecules are essential in lens development and maintenance, as conditional
deletions of either cadherin result in severe lens deficits [48]. Both E-and N-cadherin are
necessary for lens vesicle separation [48]. In addition, N-cadherin plays important roles in
lens fiber cell elongation and morphogenesis [47-49].

1.4 The Eph family and the lens

Lens clarity depends on the proper regulation of several critical features including structural
integrity, cellular adhesion and packing, protein stability, cell-cell communication, and
circulation. Mutations in the Eph receptor EPHAZ2 have been recently shown to cause
cataracts in humans [50-55]. The loss of functions of Eph receptors may affect one or
several of these processes resulting in cataractogenesis. Continuing investigations on the
roles of the Eph receptor family in the lens will reveal how these factors are directly or
indirectly affected.

2 The Ephs and ephrins

Receptor tyrosine kinases (RTKSs) are crucial factors in regulating wide arrays of basic
cellular processes [56,57]. The largest subclass of this group is the Eph family, named after
the erythropoietin-producing hepatocellular carcinoma cell lines in which the first Eph
receptor was isolated [58]. The Ephs had originally been associated with neuronal
development in the guidance of neuronal processes to their respective targets through
repulsive effects [59,60]. Since their initial discovery, the Eph family has been found to be
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expressed in a wide assortment of tissues and is implicated in several key biological
functions including axonal guidance, neural plasticity, angiogenesis, tissue patterning, cell
proliferation, differentiation, and pathogenic processes such as cancer [59].

Eph receptors are divided into the EphA and EphB subgroups based on both their
extracellular surface sequence homology and their preference for interacting with either the
ephrin-A or ephrin-B ligands, respectively [59,60]. Interactions between the receptors and
ligands are promiscuous within their respective classes; EphA receptors have the capacity to
interact with ephrin-A ligands, while EphB receptors have the ability to bind to ephrin-B
ligands. Binding between receptor-ligand classes are also possible and may also play
important biological roles [61-64]. To date, 14 Eph receptors (EphAl-EphA8, EphA10;
EphB1-EphB4, EphB6) and 8 ephrin ligands (ephrin-Al-ephrin-A5, ephrin-B1l-ephrin-B3)
have been identified in mammals [60].

2.2 Structure and domains

The protein structure is highly conserved between both the EphA and EphB subgroups
[59,60,65]. The extracellular portion of the receptors contains an ephrin ligand-binding
domain at the N-terminus, followed by a cystein-rich region epidermal growth factor (EGF)
repeat motif and two fibronectin type-I1l repeats. The intercellular portion contains the
signaling components which include a juxtamembrane region, a tyrosine kinase domain, a
sterile alpha motif (SAM), and a PDZ binding domain at the end of the C-terminus.

Recent studies on Eph receptor mutations in human cataracts have found the SAM domain
to be of particular importance in maintaining lens clarity [50,53,55]. The SAM domain is
among the most ubiquitous protein interaction domains and is involved with the regulation
of several biological processes, amongst which include protein clustering, kinase regulation,
and transcriptional and translational control [66]. However, the role of the SAM domain in
regards to Eph receptor function remains poorly understood. Structural studies on the EphA4
and EphB2 SAM domains have yielded the potential for Eph receptor clustering; the EphA4
SAM domain is capable of forming dimers while the EphB2 SAM domain has the capacity
of forming oligomers, though the biological relevance of these interactions remains unclear
[67-69]. Deletion of the EphA4 SAM domain does not affect the activity of the receptor
during the development of thalamocortical axons and does not affect kinase activity or
clustering and ligand activation [70,71]. Interestingly, Phe-for-Tyr mutations at position 928
within the EphA4 SAM domain had a pronounced effect in Xenopus development by
enhancing ectopic induction of posterior protrusions, indicating that the EphA4 SAM
domain may play some role in inhibiting EphA4 activity in vivo [72].

Ephrin ligands are physically bound to the cell surface, with the major distinction between
the two subclasses being in the mechanism of attachment; ephrin-A ligands interact with the
surface through a glycosylphosphatidylinositol (GPI) anchor, while ephrin-B ligands have a
transmembrane domain. This surface localization of the ephrin ligands plays a key role in
their signaling attributes, particularly in the ability for the ligand to cluster and oligomerize
to induce signaling [59,73-75]. The GPI-anchored ephrin-As have the capacity of being
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cleaved [76]. More recent studies have also found that soluble ephrin-As, both in monomeric
and oligomeric forms, may have biological roles and can also affect signaling [77,78].

2.3 Signaling and activation

Eph receptor activation is induced by interactions with their respective ephrin ligands.
Because both the receptors and ligands are typically membrane-bound, interactions between
Eph-ephrin pairs require direct intercellular contact. The Eph-ephrin system is particularly
unique in that signaling can occur in a bidirectional manner, in which interactions between
the Eph receptor and ephrin ligand can induce ac tivation in the receptor-expressing cell
(forward signaling), ligand-expressing cell (reverse signaling), or both cells (bidirectional
signaling) [59]. Eph receptor activation results in activation of the kinase domain and both
the Eph receptor and ephrin ligand may be associated with various effector proteins which
may or may not be associated with kinase activity [79]. These effectors include the Src
kinase family and the Ras and Rho GTPases, which in turn can cause changes in actin
cytoskeletal dynamics [79,80].

3 The roles of Ephs and ephrins in the lens

3.1 EPHAZ2 and cataracts in human populations

Recent genetic studies in congenital and age-related cataracts have identified the Eph family
to be a key regulator of lens development. The human chromosome region 1p36 has been
previously identified as a locus for autosomal dominant posterior polar cataracts [81-84].
Analysis of affected genes within this region has identified mutations in the Eph receptor
EPHAZ2 to be a risk factor of congenital and age-related cataract patients (Figure 2).

Thus far, six studies have identified human populations with both congenital and age-related
cataracts as a result of mutations within EPHA2 [50-55]. Of the identified human mutations,
five variants result in autosomal dominant-inherited cataracts [53,55] while one mutation
leads to recessive congenital cataracts [51]. The human EPHA2 cataract mutations have
been localized to the intracellular compartment of the receptor.

Four of the known mutations identified from independent families thus far have been located
within the SAM domain. Two are point mutations that result in posterior polar cataracts:
Shiels et al. identified a transversion mutation (¢.2842G>T) which changes the translation of
glycine into tryptophan at codon 948 (G948W) [55], while Zhang et al. identified a missense
mutation (c.2819C>T) which replaces a threonine at codon 940 with an isoleucine residue
(T9401) [53]. Additionally, Zhang et al. identified two more cataract mutations, including a
splicing mutation (c.2826-9G>A) [53] which creates a splice acceptor site at intron 16
resulting in a 7 base pair intron sequence insertion and resulting in posterior polar cataracts,
and a frameshift mutation (c.2915_2916delTG) [53] that leads to total cataracts. These latter
two mutations result in novel C-terminal sequences of EPHAZ2; ¢.2826-9G>A forms a C-
terminal polypeptide of 71 amino acid residues, while ¢.2915 2916del TG forms a
polypeptide of 39 amino acids [53]. Interestingly, these latter two described mutations share
the same last 39 amino acid residues. To date, all described SAM domain cataract mutations
are autosomal dominant [53,55] suggesting inactivating interactions with the wild-type
EPHAZ receptor.
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The kinase domain of EPHA2 also plays important roles in lens regulation, as mutations
within this region have been found to cause cataracts in human populations [50,51]. Jun et
al. [50] identified a transversion mutation (c.2162G>T) resulting in a change of codon 721
from an arginine to a glutamine residue (R721N) and leading to cortical cataract with
autosomal dominant inheritance. Kaul et al. [51] has also described a missense mutation (c.
2353 G>A) within the kinase domain resulting in the substitution of alanine for a threo-nine
at codon 785 (A785T) and causing the formation of a nuclear cataract. This is the only
EPHAZ2 cataract mutation identified so far to be of autosomal recessive inheritance.

mouse models and characterization

Knock-out mouse models have also identified members of the Eph family as important
regulators of lens development and function. Age-related cortical cataracts in EphA27/
mutant mouse models have been reported by Jun et al. In this study, the EphA2~/~ mice
were generated using a secretory gene trapping technique in which a secretory trapping
vector was inserted at exon 5 [85]. In these mice, the extra-cellular domain of EphA2 was
fused to a neomycine-resistance- and-p-galactosidase reporter cassette that remained
confined within secretory vesicles [50,85]. Additionally, EphA2~/~ mice developed using
retroviral insertion into the first codon of EphA2 were also analyzed [50]. In both mouse
backgrounds, lens deficiencies were observed as early as one month after birth with the
formation of subcapsular vacuoles in the anterior cortex, followed by lens opacity and
rupture by 8 months of age. Incidence of cataracts in the EphA2~/~ mutants were observed
in over 80% of the mice by 12 months of age while no cataract formation was observed in
EphA2*/* or EphA2*/~ animals. The group had also reported an upregulation of HSP25 in
EphA2~/~ lenses, which is related to aB-crystallin and is a marker for oxidative stress in
lenses undergoing cataract formation [50,86-88].

Shi et al. [89] had also found lens deformations in EphA2~/~ mice developed using an in-
frame translational stop codon at exon 5 under a S129 and C57BI/6 mixed background;
however, these mice did not develop cataracts. In this study, the absence of EphA2 resulted
in abnormalities in lens shape and composition, resulting inaccurate light refraction. Lens
suture deficits were observed in these mice, indicating possible problems in lens cell
migration [90,91]. In addition, these EphA2~/~ mice also had persistent epithelial lesions.
The disparity of lens phenotypes in this EphA2 mutant model versus those described in by
Jun et al. remains unclear, though the differences in mouse backgrounds may play a role.

formation in ephrin-A5~/'~ mice

The Eph receptor ligand ephrin-A5 has also been identified to play a key role in lens
development, as mice deficient for ephrin-A5 have been found to develop cataracts [92,93].
Cooper et al. had first reported the cataracts in ephrin-A5~/~ mice, with the mutants having
significant lens fiber cell deficiencies [92]. In cross-section, lens fiber cells in the ephrin-
A5~ mice lack the standard hexagonal shape and are instead more rounded. Lens deficits
were observed as early as postnatal day 6 with the formation of vacuoles in the lens bow
region, with complete lens rupture observed by 2 months of age. EphA2 was shown to be
the putative receptor for ephrin-A5 in the lens, as a similar localization of both the receptor
and ligand are observed within the lens fiber cell regions. Additionally, EphA2
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phosphorylation is reduced in the ephrin-A5~~ lens in comparison to wild-type controls.
Gap junction alignment within these lenses was disrupted in the mutants compared to wild-
types, but the membrane localization and presence of large gap junction complexes in the
subcortical zone implies that this is a result of structural changes within the lens and not a
direct regulation of these proteins by ephrin-A5 (data unpublished). The absence of ephrin-
Ab5 results in the severe disorganization of the adherens junctions.

A later study by Cheng and Gong confirmed cataract development in the ephrin-A5~/~ mice
[93]. The group found that ephrin-A5 plays a critical role in maintaining anterior epithelial
cells, as the ligand is expressed in the lens epithelium and that the loss of ephrin-A5 resulted
in aberrant epithelial cells mislocalizing in the lens fiber cell layer. The deficits in these
mutant lenses were also observed to be related to misregulation of adherens junction
molecules.

While both Cooper et al. and Cheng and Gong have identified lens deficits in ephrin-A5~/~
mice and found that the adherens junction complex is affected, there have been
discrepancies in regards to the underlying mechanisms of cataractogenesis. Cooper et al.
identified major disruptions in lens fiber cell organization and found ephrin-A5 expression
within the fiber layers of the lens. In contrast, Cheng and Gong reported that significant
impairments were in the arrangement of lens epithelial cells with more limited fiber cell
disruptions in the ephrin-A5~/~ lens. In this latter study, expression of ephrin-A5 was
observed in the lens epithelium but not in the fiber cells. Possibilities for this discrepancy
may be due to the reagents used or differences in mouse genetic backgrounds; mice used in
the study by Cheng and Gong were mostly a C57BI/6 background strain while Cooper et al.
used animals of a mixed background that includes S129. The S129 strain has previously
been identified to have a mutation in the gene for the lens-specific intermediate filament
protein CP49 [94,95]. Whether the cataracts observed within the mixed background mice are
influenced by the CP49 mutation remains to be determined.

3.4 Eph receptor and ephrin ligand expression in the lens

Thus far, only EphA2 and ephrin-A5 have been found to have major roles in lens
development and function. Expression of EphA2 in the lens has been reported to be within
the fiber layer, most notably within the subcortical region, with some expression in epithelial
cell layers [50,89,92,93]. Ephrin-A5 has similar localizations, with expression observed in
the subcortical fiber layer [92] as well as within the lens epithelial layer [93]. In the mature
lens, both EphA2 and ephrin-A5 expression has been observed in the short edges of lens
fiber cells when lenses are oriented in cross-section [89,92]. Additionally, we and others
have found that ephrin-A5 and EphA2 are expressed in the presumptive lens at early
embryonic stages and continue to be expressed in both the lens epithelium and fiber cell
regions into adulthood (data unpublished) (Figure 3) [96].

Other Eph receptors and ephrin ligands have also been identified within the lens. Ephrin-Al
protein expression has been seen in lens fiber cell layers around the subcortical region as
well as in the epithelium [50]. Our group had also performed RT-PCR analysis on the lens
and has observed expression of several other Eph receptors and ephrin ligands (data
unpublished). However, to date, no other cataract phenotype has been reported with
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inactivation of any other Eph family molecule other than EphA2 and ephrin-A5. Using Eph
receptor- and ephrin ligand-binding techniques, we have also observed extensive expression
of Eph family molecules throughout lens development as early as E12 (data unpublished),
indicating a possible role during early lens development.

4 Mechanisms underlying cataract development caused by Eph family

mutations

4.1 Contributions of the EPHA2 SAM domain

The human EPHAZ2 cataract studies have yielded a surprising finding: that the SAM domain
plays a valuable role in maintaining EphA2 function in the lens. Four mutations out of a
total of six known cataract mutations in EPHAZ are within the SAM domain. Significantly,
all of the identified SAM domain mutations have been found to be autosomal dominant
[53,55].

The role of the EPHA2 SAM domain in lens regulation remains to be elucidated. The
frameshift mutation ¢.2915 2916delTG and splicing mutation ¢.2826-9G>A both show
enhanced protein-protein interactions with low molecular weight protein-tyrosine
phosphatase (LMW-PTP), which normally associates with the C-terminus of EPHA2 and
inhibits its phosphorylation [53,97-99]. The amplified interaction is more pronounced in the
€.2826-9G>A mutant [53]. This enhancement may be attributed to the novel polypeptide
formation in the C-terminus as a result of the mutations, but must be further elucidated as to
the direct cause. Further analysis of the EPHA2 SAM domain mutations by our group has
found that these mutations affect the stability of EPHAZ2 through ubiquitin-mediated
proteasomal degradation and influence protein solubility. Additionally, these cataract
mutations inhibit normal EPHA2 function in promoting cell migration activity [90].

While the human EPHA2 SAM domain mutations result in an autosomal dominant
phenotype, the EphA2 mutant mouse models develop cataracts in an autosomal recessive
manner, as EphA2~/~ mice develop cataracts while EphA2*/~ display normal lenses [50].
One possibility for this difference may be that the EphA2 SAM domain mutations has a
dominant-negative effect on the normal EphA2; mutations within the EphA2 SAM domain
could potentially interrupt proper oligomerization, impeding proper signaling. Another
possibility is that interactions between wild-type EphA2 and mutated EphA2 SAM domain
proteins result in inhibition of downstream signaling targets. Work by our group has found
that the EPHA2 SAM domain mutations impair Akt signaling upon binding with ephrin-A5
[90]. The replacement of wild-type EphA2 with these EphA2 SAM domain mutants in
mouse studies will prove insightful to further elucidate this mechanism.

4.2 Roles of EPHA2 kinase activity

Examinations on the function of EPHAZ2 in human cataracts have also revealed the kinase
domain to play a critical role in regulating lens activity. Jun et al. had identified an R732N
mutation within the kinase domain as a risk allele for cataracts in human populations.
Analysis of the EPHA2 kinase domain crystal structure [100] identified Arg721 to be
important in forming a salt bridge with Asp872. Biochemical experiments found the R721IN
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mutation (R721N-EPHAZ2) to result in higher basal activation of the EPHAZ2 receptor
compared to wild-type EPHA2, which leads to enhanced basal activity of ERK1/2.
Furthermore, HEK293 cells expressing R721N-EPHAZ2 in the presence of the ephrin-Al
ligand showed an inhibition to growth, while mouse embryonic fibroblasts (MEFs)
expressing R721N-EPHA2 showed intracellular retention of the protein [50]. The relevance
of these results to lens biology in vivo is still unclear.

The kinase domain missense mutation ¢.2353G>A has also been identified as a risk allele
for cataracts in resulting in an autosomal recessive congenital cataracts [51]. However,
effects of this mutation on EPHA2 kinase activity remain to be elucidated.

4.3 Regulation of the adherens junction by the Eph family in the postnatal lens

Mouse studies focusing on both ephrin-A5 and EphA2 in the lens have identified the
adherens junction as a potential downstream target [92,93]. The relationship between the
Eph family and the cadherins has been previously documented [99,101-105]. Within the
context of the lens, protein localization of the adherens junction molecules are disrupted in
both the ephrin-A5~/~ and EphA27~/~ lenses [92,93]. Cooper et al. observed that N-cadherin
becomes internalized in the lens fiber cells as early as P6, at which point lens fiber cell
architecture is already disordered in the ephrin-A5~/ lens. Interestingly, [B-catenin
expression, a regulator of cadherin binding with the actin cytoskeleton, was observed on the
membranes of the lens fiber cells, implying that ephrin-A5 may play a role in the regulation
of N-cadherin-p-catenin interaction. Furthermore, in vitro experiments have found that
ephrin-A5 and EphA2 are capable of enhancing the interaction between N-cadherin and p-
catenin, and EphA2 has been observed to interact directly with p-catenin [92]. Cheng and
Gong have also reported disruptions of the adherens junction complex, most notably in the
lens epithelium. Ephrin-A5~/~ lens epithelium were found to have abnormal E-cadherin and
B-catenin localization. More limited disruption of N-cadherin was observed in the ephrin-
A5~ lens in this genetic background. In addition, the group observed disruptions in
EphA27/~ lens fiber cells, with disruptions in N-cadherin expression in fiber cell layers.

Together, the evidence from both studies suggests that the Eph family has a direct role in
regulating the adherens junction in the developing lens. More specifically, the Eph family
appears to play key roles in cadherin regulation through p-catenin. Along with these current
studies, we have also found that ephrin-A5 treatment of A431 cells and over-expression of
EphA2 in HEK293T cells can inhibit EGF-induced p-catenin phosphorylation (data
unpublished). This implies that the Eph family regulates adherens junction stability through
[B-catenin phosphorylation. Future studies exploring how this regulation occurs in the lens
may clarify the role of the Eph family in lens development.

5 Summary and future directions

The importance of the Eph family in lens biology is a new area of study that is growing
quickly and providing a greater understanding of lens development and maintenance. The
current studies have uncovered previously unknown roles of the SAM and kinase domains in
the EphA2 receptor, as well as have established a relationship between the Eph family and
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the adherens junction. However, the precise functional roles this category of receptor
tyrosine kinases plays in the lens remain to be fully elucidated.

Thus far, of the members of the Eph family, only the EphA2 receptor and ephrin-A5 ligand
have been identified as critical players in lens development. The appearance of such a
drastic phenotype is surprising given the high level of redundancy within the system. In
addition, we have observed several other Eph family molecules are also expressed within the
murine lens, and that this expression appears early in embryonic development (data
unpublished). However, the cataracts in both the human patients and mouse models indicate
that the major deformities occur in the postnatal lens. This early expression indicates that the
Ephs may have developmental functions within the lens that are compensated for in early
lens development but not in later stages. Understanding the role of the Eph family in early
lens development may elucidate novel functions.

Analysis of EphA2 activity within the lens has indicated that the SAM and kinase domains
play significant roles. The SAM domain mutations are of particular interest given the limited
knowledge regarding the function of this domain in Eph receptors. However, given the
unique nature of the lens fiber cells and EphA2 expression being observed predominantly
within this cellular population, functional studies on the role of EphA2 in the lens may be
potentially difficult. Transgenic knock-in mouse studies in which EphAZ2 is replaced with
the various human EPHA2 mutations may prove particularly valuable in elucidating whether
protein localization, activation, and/or levels are affected.

Downstream targets of EphA2 and ephrin-A5 also remain to be elucidated. The effects of
these molecules on the adherens junction indicate the critical role the Ephs play in regulating
intercellular interactions within the lens. These interactions in the mature lens are particular
important in maintaining proper lens function. Understanding how the Ephs regulate these
adhesion molecules to maintain the unique structure of the lens will provide further insights
into lens biology.
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Secondary lens fiber cells Primary lens fiber cells

Figure 1.
A cross-sectional view of the mature lens. The core of the lens consists of irregularly-shaped

primary lens fiber cells formed during the early stages of lens development. After the initial
development of primary fiber cells, secondary lens fiber cells form continuously from this
core and are arranged in regular hexagonal structures. The anterior face of the lens contains
a monolayer of lens epithelial cells (LE) that continually divide and differentiate into
secondary lens fiber cells. The entire structure is encapsulated by a lens capsule (LC). *
denotes gap junction complexes along the long edges of secondary fiber cells.
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Mutation Effect Cataract phenotype Reference
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Figure2.

nuclear cataract
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Human EphAZ2 cataract mutations. A, Structure of wild-type EphA2. BD, ephrin ligand
binding domain; FN, fibronectin repeats; Kin, kinase domain; SAM, sterile alpha motif;
PDZ, PDZ domain. B, EphA2 SAM Domain cataract mutants. C, EphA2 kinase domain
cataract mutants. Arrows denote relative location of point mutations in indicated mutations.
Black boxes denote novel amino acid changes.

i China Life Sci. Author manuscript; available in PMC 2014 May 19.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

SON et al. Page 19

E12 E14 E17

Ephrin-A5 | [Re [

EphA2

Figure 3.
Expression of ephrin-A5 and EphA2 during ocular development. A-C, Ephrin-A5

expression at E12 (A), E14 (B), and E17 (C) is observed in the lens epithelium, lens fiber
layer around the bow region, cornea, and the retina. Expression within the retinal region is
graded with higher expression towards the nasal retina. Ephrin-A5 levels within the
developing eye are reduced at later stages. D-F, EphA2 expression at E12 (D), E14 (E), and
E17 (F) is observed in the lens epithelium, fiber cell layers, and parts of the retina during
ocular development (data unpublished). Within the lens, EphAZ2 is observed in several of the
same regions as ephrin-A5 has been found to be expressed (data unpublished). LE, lens
epithelium; LF, lens fiber cells layer; Re, retina; Co, cornea; N, nasal retina; T, temporal
retina.
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