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Loss of ephrin-A5 function disrupts lens fiber
cell packing and leads to cataract
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Cell-cell interactions organize lens fiber cells into highly ordered
structures to maintain transparency. However, signals regulating
such interactions have not been well characterized. We report here
that ephrin-A5, a ligand of the Eph receptor tyrosine kinases, plays
a key role in lens fiber cell shape and cell-cell interactions. Lens
fiber cells in mice lacking ephrin-A5 function appear rounded and
irregular in cross-section, in contrast to their normal hexagonal
appearance in WT lenses. Cataracts eventually develop in 87% of
ephrin-A5 KO mice. We further demonstrate that ephrin-AS5 inter-
acts with the EphA2 receptor to regulate the adherens junction
complex by enhancing recruitment of B-catenin to N-cadherin.
These results indicate that the Eph receptors and their ligands are
critical regulators of lens development and maintenance.
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Cataract, or the opacification of the lens, is the leading cause
of visual impairment and blindness worldwide (1). The
molecular events underlying lens development and the processes
by which the lens maintains transparency over a lifetime are
unclear (2). In addition, the cellular and biochemical mecha-
nisms underlying the pathological changes leading to cataract
remain poorly understood.

The lens is composed of a single layer of epithelial cells on the
anterior surface, which, over a lifetime, divide and differentiate
into the underlying lens fiber cells that comprise the bulk of the
lens (3, 4). Initially during lens development, primary lens fiber
cells differentiate and elongate from the posterior pole. In later
embryogenesis and throughout life, secondary lens fiber cells
differentiate from lens epithelial cells located at the equator. In
cross section, the lens fiber cells resemble flattened hexagons
with two broad and four short sides (3). These cells are organized
in a highly ordered and closely packed manner, and interact
through extensive intercellular adhesion complexes including
gap and adherens junctions (5). Fiber cell gap junctions are
composed of connexins (Cx) 46 and 50 (6), inactivation of which
leads to the degeneration of the inner fiber cells and the
development of cataract in mice (7, 8). Mutations in human Cx
genes have also been associated with cataractogenesis (9, 10). As
the lens is completely enclosed by an acellular, avascular capsule,
it is believed that these cell-cell junctions are critical for
providing nutrient transport, removal of metabolic wastes, and
maintenance of homeostasis (11, 12). In addition to gap junc-
tions, widespread adherens junctions containing N-cadherin and
its associated protein B-catenin exist between lens fiber cells
(13-16), and may play important roles in lens development and
function.

Although cell-cell interaction is critical for maintaining lens
transparency, little is known about the molecular mechanisms
underlying these interactions. We have identified an unexpected
regulator of lens fiber cell-cell interaction, the axon guidance
molecule ephrin-A5 (17-19), and have shown that the loss of its
function leads to alterations of cell shape and severe cataracts in
the adult mouse. Our studies identify a novel function of
ephrin-AS in lens development and suggest unique regulation of
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downstream signaling mechanisms. We show here that a disrup-
tion in EphA2-ephrin-AS interaction leads to the internalization
of N-cadherin and a disruption in the binding of N-cadherin with
B-catenin.

Results and Discussion

Ephrin-A5—/~ Mice Develop Cataracts. Examination of ephrin-
A5/~ mutant mice using slit-lamp biomicroscopy and Scheimp-
flug imaging revealed large regions of opacification in the adult
mutant lenses (Fig. 1 A-D). Such cataracts developed in 87% of
mutant mice older than 6 months (n = 22), but not in any WT
controls or heterozygous animals (n = 24). The overall size and
morphology of the heterozygous lenses were indistinguishable
from that of the WT lens. In the mutant lens, histological analysis
revealed ruptures of the posterior lens capsule and lens disrup-
tions with varying degrees of severity in the mutant mice (Fig. 1
F, G, I, and J). In the most severe cases, the lens completely
degenerated, leaving tissue remnants impinging against the
retina and sometimes the iris.

Loss of Cell Shape Control in Ephrin-A5—/~ Lenses. To examine the
nature and timing of the initial defects, lenses from WT and
ephrin-A5~/~ mice were collected at various developmental
stages (E14, E17, PO, P6, P21, P30, and P60), sectioned, and
stained with H&E. The first clear morphological alterations
occurred in a small proportion of mutant lenses at P6, in which
tiny vacuoles appeared in the cortical region near the lens bow
(not shown). Most noticeably, the lens fiber cells in the mutant
animals did not display the columnar organization of the me-
ridional rows, nor did they exhibit the closely packed hexagonal
morphology typically found in WT lens fiber cells (Fig. 2.4 and
B). Fiber cell length-to-width ratio was reduced from 2.1:1 in the
WT to a more cuboidal 1.3:1 in mutant lenses (Fig. 2C). Severe
lens degeneration occurred at approximately 2 months of age.
Changes in cell shape and organization in the mutant lens could
be observed before the development of any gross morphological
defects, suggesting that they are not caused by secondary dis-
ruptions.

To determine whether the normal complement of lens crys-
tallins was present in mutant lenses and whether aberrant lens
fiber cell differentiation might account for the morphological
changes, sections of WT and ephrin-A5~/~ lenses from adult
mice were stained with antibodies (20, 21) against the differen-
tiation markers a-crystallin, B-crystallin, y-crystallin, and major
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Development of cataracts in ephrin-A5~/~ mice. (A and B) Slit-lamp images of adult WT (A) and ephrin-A5~/~ (B) mouse lenses. (C and D) Scheimpflug

images of adult WT (C) and ephrin-A5~/~ (D) mouse lenses. (E-J) Sections (5 um thick) of the WT (E and H) and mutant (F, G, /, and J) lens. (H, I, and J) Higher
magnification images of the bow region of images shown in E, F, and G, respectively. Unusually large fiber cells (arrow) and vacuoles (arrowhead) were observed

in mutant lenses. (Scale bar in E, 500 um; in H, 100 um.)

intrinsic lens protein 26 (22-25). Mutant lenses were positive for
all of these markers (data not shown), suggesting that the fiber
cells had normal differentiation.

Abnormal Distribution of N-Cadherin in Ephrin-A5—/~ Lenses. To
examine whether alterations in lens fiber cell shape were caused
by changes in cell-cell interactions, P21 lenses were analyzed for
changes in gap and adherens junctions. Gap junctions were
detected using antibodies against either Cx46 or the Cx46
interacting protein ZO-1 (26). In P21 WT lenses, the majority of
the gap junctions were located on the broad side of the fiber cell
hexagonal profile as previously reported (15, 26). In contrast,
Cx46 was randomly distributed in the mutant lens, possibly
resulting from cell shape alterations [supporting information
(SI) Fig. S1]. The distribution of ZO-1 is similarly disorganized
but remains co-localized with Cx46 (Fig. 3 and Fig. S1), sug-
gesting that the interaction between Cx46 and ZO-1 was not

Wild type

ephrin-A5

Fig. 2.

interrupted. Although ephrin-B ligands have been shown to
inhibit gap junction functions (27, 28), whether they are affected
in the ephrin-A5~/~ lens is unclear.

In contrast, staining of P21 WT and mutant lenses with an
anti-N-cadherin monoclonal antibody revealed striking differ-
ences in the distribution of the protein (Fig. 3). In the WT lens,
N-cadherin is mostly localized to the short ends of the lens fiber
cell hexagonal faces as previously reported (Fig. 34) (15). In the
mutant lens, N-cadherin became internalized from the cell
membrane into the cytoplasm (Fig. 34). Quantitative analysis of
the change in relative signal intensity between the membrane
and cytoplasm revealed an eightfold increase in the levels of
intracellular N-cadherin (Fig. 3B), suggesting severe disruption
of adherens junctions in the mutant lens. The antibody used to
identify N-cadherin recognizes the extracellular domain (29),
suggesting that the whole molecule, rather than the cytoplasmic
domain only, was internalized. Previous studies showed that
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Loss of cell shape control in ephrin-A5~/~ lens. (A) Lens fiber cell morphology of P6 WT and ephrin-A5~/~ lenses. The lens sections (5 um thick) were stained

with H&E. Notable differences in cell size, shape, and packing organization were observed in the mutant lens. (B) Lens fiber cell morphology of P21 WT and
ephrin-A5~/~ lenses. Cross-sections of WT and mutant lenses were prepared (10 um thick) and stained with Alexa Fluor 546-phalloidin to delineate cell
morphology. (C) Quantification of the length-to-width ratio in WT and ephrin-A5~/~ lenses. *Significant difference at P < 0.05 (t test). (Scale bar in A, 40 um;
in B, 5 um.)
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Fig. 3. Change in N-cadherin localization in ephrin-A5~/~ lens. (A) Altered patterns of expression of N-cadherin and the gap junction protein ZO-1 in
ephrin-A5~/~ lenses. P21 WT and ephrin-A5~/~ lens cryosections were prepared (10 um thick) and stained with anti-N-cadherin and anti-ZO-1 antibodies. (B)
Fractions of N-cadherin signals detected in the cytoplasm in P21 WT and ephrin-A5~/~ lenses. The fractions were obtained by dividing the fluorescent signals in
the cytoplasm by the signals of the entire cell. Cell boundaries are defined by staining with Alexa Fluor 546-phalloidin. *Significant at P < 0.05 (t test). (Scale

barin A, 5 um.)

E-cadherin can also be internalized (30-32). Additionally,
NMDA receptor activity increased N-cadherin turnover through
endocytosis to modulate adhesion (33). Our observations here
suggest that ephrin-AS functions to promote N-cadherin mem-
brane localization during lens development.

Decreased EphA2 Activation in Ephrin-A5—/~ Lenses. To identify
which Eph receptors mediate ephrin-AS function in lens devel-

opment, we examined the expression of Eph receptors in WT
lenses by PCR. Expression of EphA2, EphA3, EphAS, EphA7,

WT/Phalloidin

WT/anti-EphA2

C

WT/EphA3-Fc

ephrin-A5/EphA3-Fc

WT/no EphA3-Fc
Control

EphAS8, and all EphB receptors was detected (not shown).
Examination of lenses from EphA3- (A. Brown, personal com-
munication), EphAS5-, and EphB1-null mice failed to detect any
morphological defects. Therefore, we proceeded to examine the
expression of EphA2 in the developing lens. To determine where
EphA2 protein was expressed, we performed double immuno-
fluorescence studies for subcellular localization of both EphA2
receptor and ephrin-AS proteins in the P21 lens. EphA2 protein
was detected with a goat anti-EphA2 antibody coupled with a
Cy3-conjugated anti-goat secondary antibody. For analysis of

WT/anti-EphA2

WT/EphA3-Fc

ephrin-A5*/EphA3-Fc

Fig.4. Both EphA2 and ephrin-A ligands are expressed at the cell junctions. (A) Phalloidin staining of WT lens shows lens fiber cell organization. (B and C) WT

transverse sections of P21 lenses stained with anti-EphA2 and EphA3-Fc, respectively. Low-magnification images demonstrate that both EphA2 and A-ephrins
are normally expressed at higher levels in the subcortical region. (D) EphA3-Fc staining on ephrin-A5~/~ lens sections. Staining was mostly lost on mutant lenses
indicating that the subcortical signals were a result of ephrin-A5 expression. (B'-D’) High-magnification confocal images of B-D. Note that WT EphA2 receptor
(B’) and ephrin-A5 (C') expression is the highest at the cell-cell junctions. (E) WT control without primary antibody. Images were collected with equal exposure
times. Arrows in A denote the subcortical (sc) lens fiber region for A-E. (Scale bar in top left, 20 um; top right, 5 um.)
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Fig.5. Activation of EphA2 promotes recruitment of B-catenin to N-cadherin. (A) Ephrin-A5 activates the EphA2 receptor in 293T cells. (B) Reduction of EphA2

phosphorylation in ephrin-A5~~ P6 lenses. (C) EphA2 and N-cadherin co-localize on the P6 WT lens fiber cell membrane. Note the increased cytoplasmic
N-cadherin staining in the mutant lens. Arrows indicate vertices where EphA2 and N-cadherin show strong co-localization. Arrowheads denote extracellular
space between the fiber cells in the mutant lens, which are devoid of cytoplasmic N-cadherin staining. (D) Double immunofluorescence staining of P21 lens fiber
cells with anti-EphA2 and anti-g-catenin antibodies. Arrows in the upper panels indicate where strong EphA2 and p-catenin co-localization was observed in the
WT lenses. Arrowhead in the upper left panel indicates some of the EphA2 expression is not co-localized with beta-catenin. Arrowheads in the lower panels show
spaces between the lens fiber cells. (E) Ephrin-A5 stimulation and EphA2 transfection promote the recruitment of p-catenin to N-cadherin. (F) EphA2

co-immunoprecipitates with p-catenin. (Scale bars in Cand D, 5 um.)

ephrin-A5 expression, several commercially available anti—
ephrin-AS antibodies were first tested for the ligand detection in
WT lenses, using ephrin-A5~/~ lens sections as controls. None
of the tested antibodies provided specific staining (data not
shown). Thus, ephrin-A5 expression was analyzed with the EphA
receptor body EphA3-Fc, which binds the ligand (34). As
EphA3-Fc may bind to other ephrin-A ligands, ephrin-A5~/~
lens sections were also stained in parallel to evaluate the
contribution of ephrin-AS to the staining signals. Both the
anti-EphA2 antibody and EphA3-Fc detected strong signals in
the subcortical regions of the lens (Fig. 4 B and C). The signals
detected by EphA3-Fc were lost in the ephrin-A5~/~ lens (Fig.
4D), indicating that signals detected by EphA3-Fc were primarily
from ephrin-AS. Confocal imaging of the stained lens sections
showed that both ephrin-A5 and EphA?2 are expressed at the
highest levels at the junction where neighboring cells make
contact with each other, suggesting that the receptor-ligand pair
interacts in vivo (Fig. 4 B' and C"). Double immunostaining using
anti-EphA2 antibody and EphA3-Fc showed that EphA2 and
ephrin-A ligands co-localize (Fig. S2).

To determine whether ephrin-AS5 may serve as a ligand for
EphAZ2, we examined the ability of ephrin-AS to activate EphA2.
EphA2 cDNA was expressed in 293T cells, which normally do
not express this receptor at high levels. The transfected cells were
then stimulated with 2 ug/ml of ephrin-AS and lysed, followed by
EphA2 immunoprecipitation. The immunoprecipitates were

Cooper et al.

then analyzed by Western blotting using an anti-phosphotyrosine
antibody. This analysis showed that EphA2 was readily activated
by ephrin-AS in the transfected cells (Fig. 54). To test whether
loss of the ligand led to a reduction of EphA2 activation in the
mutant lens, P6 lenses from ephrin-A5~/~ and WT animals were
collected, lysed, and immunoprecipitated for the EphA2 recep-
tor. Western blot analysis for tyrosine phosphorylation revealed
a remarkable downregulation in the levels of EphA2 tyrosine
phosphorylation in the mutant lens (Fig. 5B), supporting the
conclusion that ephrin-AS is a physiological ligand of EphA2 in
the lens.

Regulation of N-Cadherin and B-Catenin Interaction by Ephrin-A5. As
N-cadherin distribution was altered in ephrin-A5~/~ lens fiber
cells, we determined the subcellular localization of EphA?2
protein in relation to N-cadherin and B-catenin, which is asso-
ciated with adherens junctions, in double immunofluorescence
studies. These analyses revealed that EphA2 and N-cadherin
were both localized primarily at the short ends of the lens fiber
cell hexagons (Fig. 5C). The co-localization is especially prom-
inent at the vertices of the hexagons (arrows in Fig. 5C). In
ephrin-AS5-null lenses, a considerable amount of N-cadherin was
found in the cytoplasm (Fig. 5C). In addition, neighboring fiber
cells appeared to pull away from each other, leaving small
extracellular vacuoles between the cells, suggesting weakened
cell-cell interaction (Fig. 5C).
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Association with B-catenin is indicative of the adhesive
function of N-cadherin (35, 36). We therefore examined
whether EphA2 co-localized with B-catenin. Double immu-
nofluorescence experiments showed that both EphA2 and
B-catenin were localized on the short ends of the fiber cell
hexagons as well, particularly at the vertices in the WT lens
(Fig. 5D). In the mutant lens, B-catenin is still localized on the
cell membranes (Fig. 5D), indicating that its membrane-
proximal localization is not dependent on ephrin-AS signaling.
Consistent with this finding, we showed that EphA2 and
B-catenin interact in 293T cells regardless of ephrin-AS5 stim-
ulation (Fig. 5F), indicating that EphA2 may serve as a
membrane anchoring mechanism for B-catenin. In addition,
small vacuoles were also frequently observed at these cell
junctions using anti—B-catenin antibody staining, supporting a
loss of cell-cell adhesion (Fig. 5D). To test the possibility that
ephrin-AS functions to increase interaction between B-catenin
and N-cadherin, we analyzed whether ephrin-AS5 promotes the
association of B-catenin to N-cadherin. Stimulation of 293T
cells with ephrin-AS5 led to a strong increase in the amount of
B-catenin bound to N-cadherin (Fig. 5E). Although 293T cells
do not express EphA2 at high levels, they do express the
EphA7 receptor (not shown). Thus, ephrin-A5 may stimulate
B-catenin binding to N-cadherin through activation of endog-
enous EphA receptors. To examine whether EphA?2 could also
promote pB-catenin-N-cadherin interaction, we transfected
EphA2 into 293T cells and examined the effects of over-
expression. Transfection of EphA2 alone led to a sharp
increase in the amount of B-catenin binding to N-cadherin
(Fig. 5E). Treatment of the transfected cells with ephrin-AS
did not lead to further increases in binding, possibly because
of spontaneous activation of the transfected receptors when
expressed at high levels (37). These observations indicate that
loss of ephrin-AS signals does not alter the membrane local-
ization of B-catenin, but rather leads to the loss of N-cadherin
binding to B-catenin and the recruitment to the membrane
anchored adherens junction complex. Consistent with our
studies, conditional loss of B-catenin in mice led to a disruption
in lens cell adhesion and malformation of the lens (38—40).
These observations together support a critical role for the
B-catenin complex in lens cell-cell interactions.

Previous studies also demonstrated that activation of EphB
receptors by ephrin-B1 or ephrin-B2 results in the activation of
E-cadherin adhesion (41, 42). These studies are consistent with
our observations here that the loss of ephrin-AS leads to the
disruption of N-cadherin—B-catenin interactions, resulting in a
loss of cell-cell adhesion. Intriguingly, the regulation may work
both ways. There is evidence that the integrity of E/VE-
cadherin-based adhesion between cells aids in the aggregation
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of EphA2 receptors along the cell membrane, enhancing recep-
tor tyrosine phosphorylation (43-45).

Lens fiber cells interact with each other to form a tightly
packed, well organized stereotypical cytoarchitecture to
achieve and maintain transparency. This investigation has
identified a novel function of ephrin-AS5 as a key regulator of
lens cell organization and provided evidence that this function
may be mediated through an interaction with the N-cadherin
cell adhesion complex. Our report establishes that ephrin-AS
activates EphA2, leading to the increased recruitment of
B-catenin to N-cadherin. Loss of ephrin-AS results in the loss
of N-cadherin from the cytoplasmic membrane and likely the
loss of lens cell-cell adhesion evident in the eventual degen-
eration of the fiber cells and the subsequent formation of
cataract. In addition to regulation of cadherin functions,
ephrin-AS may also affect the organization of gap junctions, as
the gap junction complexes were also disorganized in the
ephrin-A5~/~ lens, although it is not known at present whether
the effects are direct or indirect. Although other Eph receptors
may still play a role in regulating lens development, our study
provides strong evidence that the B-catenin-N-cadherin inter-
action is regulated by the ephrin-A5-EphA?2 ligand-receptor
pair for proper lens fiber cell adhesion.

Materials and Methods

Animal Care. Mice were bred and maintained under standard conditions and
treated in strict accordance to the Guidelines for the Care and Use of Labo-
ratory Animals of Rutgers University.

Cataract Detection and Gross Morphology. Mouse cataracts and gross lens
morphology were assessed using slit-lamp examinations and H&E histologic
analysis, as described in the SI text.

Immunohistochemistry. Expression and cellular localization of various lens
proteins were detected using colorimetric or fluorescence immunohistochem-
istry. Detailed methods are described in the Sl text.

Western Blot Analysis and Co-Immunoprecipitation. EphA2 activation was
assessed using Western blot analysis with an anti-phosphotyrosine antibody
and interactions among EphA2, g-catenin, and N-cadherin were assayed with
co-immunoprecipitation experiments (additional details presented in the S/
Text).
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