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Abstract

The differentiation of epithelial cells and fiber cells from the anterior and posterior compartments of the lens vesicle, respectively, give
the mammalian lensits distinctive polarity. While much progress has been made in understanding the molecular basis of fiber differentiation,
little is known about factors that govern the differentiation of the epithelium. Members of the Wnt growth factor family appear to be key
regulators of epithelial differentiation in various organ systems. Wnits are ligands for Frizzled receptors and can activate several signaling
pathways, of which the best understood is the Wnt/B-catenin pathway. The presence of LDL-related protein coreceptors (LRPs) 5 or 6 has
been shown to be a requirement for Wnt signaling through the 3-catenin pathway. To access the role of this signaling pathway in the lens,
we analyzed mice with a null mutation of Irp6. These mice had small eyes and aberrant lenses, characterized by an incompletely formed
anterior epithelium resulting in extrusion of the lens fibers into the overlying corneal stroma. We also showed that multiple Wnts, including
5a, 5b, 73, 7b, 8a, 8b, and Frizzled receptors 1, 2, 3, 4, and 6, were detected in the lens. Expression of these molecules was generally present
throughout the lens epithelium and extended into the transitional zone, where early fiber elongation occurs. In addition to both LRP5 and
LRP6, we also showed the expression of other molecules involved in Wnt signaling and its regulation, including Dishevelleds, Dickkopfs,
and secreted Frizzled-related proteins. Taken together, these results indicate a role for Wnt signaling in regulating the differentiation and
behavior of lens cells.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

How organs acquire their complex architectures and pat-
terns of growth and maintenance has been an important area
for research in developmental biology. The mammalian eye
lens with its distinctive cellular architecture and growth
patterns has been a useful model for studying mechanisms
of morphogenesis and differentiation. Lens morphogenesis
begins when ectoderm, situated next to the optic vesicle,
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grows and thickens to form the lens placode. Subsequent
invagination of the placode forms the lens pit, which later
closes to form the lens vesicle. Cells in the posterior seg-
ment of the lens vesicle, next to the optic cup, elongate to
form the primary fibers, whereas cells in the anterior seg-
ment of the vesicle differentiate into the epithelium. The
lens cells are contained within a capsule of extracellular
matrix. From this stage onwards, the lens grows by contin-
ued proliferation of epithelia cells and differentiation of
secondary fiber cells. Proliferation is restricted to the lens
epithelial compartment. Progeny of epithelial divisions, that
shift below the lens equator, elongate in the transitional
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zone to give rise to secondary fibers (McAvoy et a., 1999).
These growth patterns ensure that lens polarity is main-
tained as secondary fibers are added to the fiber mass
throughout life. Thisisimportant for the maintenance of the
ordered cellular architecture that contributes to the transpar-
ency and optical properties of the lens (Trokel, 1962).

Throughout its morphogenesis and differentiation, the
developing lens is closely associated with the optic vesicle/
cup. Severa early events in lens induction occur prior to
association with the optic vesicle (Hirsch and Grainger,
2000); however, interaction with the optic vesicle appearsto
be important for localizing and promoting a lens-forming
bias in the appropriate region of head ectoderm (Weaver
and Hogan, 2001). Growth factors are important mediators
of such inductive interactions and recent experiments indi-
cate important roles for BMPs (Furuta and Hogan, 1998)
and FGFs (Faber et al., 2001) in regulating some of these
early inductive events.

Later stages of lens morphogenesis are characterized by
the overt differentiation of the two forms of lens cells from
the lens vesicle (McAvoy et a., 1999). Differentiation of
epithelial and fiber cells involves acquisition of distinctive
morphological and molecular characteristics that are re-
quired for the different structures and functions of cells in
the two different lens compartments. The epithelial cellsare
predominantly cuboidal with strong intercellular adhesion
and communication properties. They are firmly attached to
the lens capsule and form an epithelial sheet that covers the
anterior surface of the fiber mass. Lens fibers become highly
elongated and, because of their hexagonal shape in cross-
section, assume a highly ordered packing arrangement as
they differentiate (see Taylor et al., 1996). How the two
forms of lens cells differentiate in the two compartments of
the lens to give it its distinctive polarity has been a major
focus in lens developmental biology.

Studies over the last 20 years have concentrated on
identifying factors that control fiber differentiation, and
there is strong evidence that members of the FGF growth
factor family (McAvoy et a., 2000; Govindargjan and
Overbeek, 2001) and the TGFB superfamily (De longh et
al., 2001a; Faber et al., 2002; Belecky-Adams et al., 2002)
are key regulators of this process. In contrast, little is known
about the differentiation of the lens epithelium.

Members of the Wnt growth factor family have been
shown to be involved in the regulation of many diverse
functions during development in flies, frogs, and mice
(Miller, 2002). In anumber of organ systems, they appear to
be key regulators of epithelial differentiation (see for exam-
ple: Brisken et a., 2000; Tebar et a., 2001; Itaranta et al.,
2002; Miller and Sassoon, 1998). Although extensively
studied in other systems, little is known about the role of
Whnts in lens development and growth. It is only recently
that Wnts have been shown to be represented in the lens.
Thefirst Wnt to be detected in the lenswas in the embryonic
chicken, and this was identified as Wnt13 (Jasoni et al.,
1999). Wnits function as ligands for members of the Frizzled

(Fz) family of seven-pass receptors (Bhanot et al., 1996). So
far, Fz1, Fz2, and Fz7 have been detected in the chick lens
placode (Stark et a., 2000). Secreted frizzled-related pro-
teins (sFRPs), which are thought to be involved in regulat-
ing the Wnt signaling pathway through interactions with the
Fz receptors, have also been detected during mouse lens
morphogenesis (Leimeister et al., 1998). In addition, the
observation that Fz3 overexpression initiates ectopic eyes,
including a morphologically distinct lens in Xenopus, indi-
cates that Wnt signaling has an important role in eye devel-
opment (Rasmussen et al., 2001).

The Fz receptors appear to be able to activate three main
signaling pathways, including the Wnt/B-catenin pathway,
the Wnt/planar cell polarity (PCP) pathway, and the Wnt/
calcium pathway (Miller, 2002). Wnt/B-catenin is the best
understood of the signaling pathways and is commonly
referred to as the canonical pathway. The presence of LDL-
related protein coreceptors (LRPs) 5 or 6, has been shown to
be a requirement for Wnt signaling through this pathway
(Tamai et al., 2000; Wehrli et al., 2000; Pinson et al., 2000;
Zorn, 2001). Wnt signaling through this FzZ/LRP complex
leads to the accumulation of cytoplasmic B-catenin, a pro-
cess that depends on the cell-autonomous activation of Di-
shevelled (Dvl), aswell asthe subsequent inactivation of the
B-catenin destruction complex, which includes glycogen
synthase kinase-33, APC, and axin/conductin. This results
in subsequent binding of B-catenin to members of the TCF/
LEF transcription factor family. The second Wnt signaling
pathway, the PCP pathway, does not require the LRP5/6
coreceptor and functions independently of B-catenin (Mc-
Ewen and Peifer, 2001). Like B-catenin signaling, it de-
pends on activation of Dvl; however, PCP signaling in-
volves the DEP or DEP/PDZ domains as opposed to the
DIX/PDZ domains used for B-catenin signaling (Moriguchi
et al., 1999; Habas et a., 2003). Further details of this
pathway in vertebrate tissues are uncertain, but there is
evidence that PCP signaling may both affect the organiza-
tion of the cytoskeleton directly (Schlesinger et al., 1999)
and regulate the activity of the JNK signaling cascade
(Boutros et al., 1998; Weston and Davis, 2002). Recent
studies have shown that Dickkopf 1 (Dkk1) is an important
regulator of Wnt signaling (Semenov et a., 2001). Dkk1
binding to LRP6 specifically blocks the B-catenin pathway
but not PCP signaling. Moreover, recent evidence indicates
that, when the canonical pathway is antagonized, the alter-
native INK pathway is activated (Park and Moon, 2002).
The third Wnt pathway, which also appears to be antago-
nistic to the canonical pathway (Torres et a., 1996), in-
volves stimulation of intracellular calcium release and ac-
tivation of two kinases, CamKIl and PKC (Kuhl et a.,
2000).

A growing list of gene targets for Wnt signaling includes
E-cadherin, c-Myc, c-Jun, retinoic acid receptor, and con-
nexin 43 (Hinck et al., 1994; He et al., 1998; Mann et a.,
1999; McGrew et al., 1999; van der Heyden et a ., 1998; and
Ai et al., 2000); all of which are expressed in the lens and
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play roles in cell adhesion, communication, and prolifera-
tion. Based on the potential for Wnt signaling to regulate
expression of lens epithelial genes and the presence of Wnt
and Wnt receptor expression in the embryonic chick lens,
we hypothesized that Wnt signaling pathways play arolein
governing the behavior of mammalian lens epithelial cells.
In this study, we analyzed mouse embryos homozygous
for a mutation in the Irp6 gene. These mutants show dys-
morphogenesis of the lens, a notable feature being deficient
differentiation of the epithelial sheet. We show that the lens
expresses LRP6 and multiple Wnts and Fz receptors in the
epithelium and in the transitional zone at the lens equator.
We aso show that key mediators and modulators of Wnt
signaling, including Dvls, Dkks, and sFRPs, are expressed
in, and near, the lens. These results indicate a role for
Whnt/B-catenin signaling in lens development.

Materials and methods
Animal tissues

Eyes from 20-25 day postnata (P20-P25) mice
(FVB/N) or rats (Wistars) were dissected to isolate the lens
from other eye tissues. Lens capsules (with adherent epi-
thelial cells) were then separated from the fiber mass. Cil-
iary body and iriswere a so isolated from the sensory retina.
The lens capsule and ciliary bodyl/iris preparations were
used for reverse polymerase chain reaction (RT-PCR) as
described below. For in situ hybridization, eyes from P21
mice were fixed in 10% neutral buffered formalin (NBF)
and embedded in paraffin wax. Knockout mice for Wht5a
(Yamaguchi et a., 1999) and Wnt7a (Parr and McMahon,
1998), and Irp6 mutant mice (Pinson et a., 2000) were
generated as described previously.

RT-PCR

Total RNA was extracted from dissected lens capsule
(with adherent epithelial cells) or ciliary body and iris prep-
arations by using Tri Reagent (Sigma, Sydney, Australia).
First-strand cDNA synthesis was carried out by using 2 ug
of RNA with areverse transcription system (Promega, Syd-
ney, Australia) according to the manufacturer’ sinstructions.
In control reactions, AMV reverse transcriptase was omit-
ted. For PCR amplification, 2 wl of template cDNA was
combined with 0.5 uM primers, 400 uM dNTPs (Astra
Scientific, Sydney Australia), 2-4 mM MgCl,, 1.25 U Tag
DNA polymerase, and 1X reaction buffer (Promega, Syd-
ney Australia). Samples were mixed at 4°C and heated to
94°C for 60 s, then amplified through 30-35 cycles (57—
58°C for 30—60 s, 72°C for 45 s, and 94°C for 25 seconds),
followed by a final extension at 72°C for 2 min. Specific
primer sets were derived from the coding sequences for
Wnts 1, 3, 4, 5a, 5b, 7a, 7b, 8a, 8b, 10a, and 11; Frizzleds
(Fzs) 1-9; low-density Lipoprotein-Related Proteins (L RPs)

5 and 6; Dickkopfs (Dkks) 1, 2, and 3; secreted Frizzled-
related proteins (sFRPs) 1, 2, 3, 4, and 5; Dishevelleds
(Dvls) 1, 2, and 3 (see Table 1). PCR amplifications were
optimized for each primer pair.

cDNAs

PCR products for Wnts 5a, 5b, 7a, 7b, 8a, and 8b; Fzs 1,
2, 3,4, and 6; LRPs 5 and 6; Dkks 1, 2, and 3; sFRPs 1, 2,
and 3; and Dvls 1, 2, and 3, were agarose gel purified and
cloned into pGEM-T transcription vector (Promega). The
identity of resulting clones was confirmed by restriction
enzyme digests and by direct sequencing. Digoxigenin-
labeled complementary RNA probes were transcribed from
linearized plasmid templates by using SP6 and T3 RNA
polymerases (Promega) and digoxigenin-labeled nucleo-
tides (Roche, Mannheim, Germany).

In situ hybridization

In situ hybridization was performed on paraffin sections
(6 wm) with digoxigenin-labeled probes for LRP6; Wnts 5a,
5b, 7a, 7b, 8a, 8b; Fzs 1, 2, 3, 4, and 6. For the LRP6
studies, sections of mice (FVB/N) a embryonic day 12.5
(E12.5), E14.5, and E18.5 were used. For the Wnt and Fz
studies, sections of P21 mouse eyes were used. The in situ
hybridization procedures were conducted as previously de-
scribed for digoxigenin-labeled riboprobes (De longh et dl.,
2001b).

Histology and immunofluorescence

Formalin-fixed paraffin sections of Wnt5a and Wnt7a
knockout mice and Irp6 mutant mice were deparaffinized
and rehydrated to PBS. Wild type littermate tissues were
treated in parallel. For histological or histochemical analy-
sis, 6-um-thick sections were stained with either hematox-
ylin and eosin or Periodic-Acid-Schiff (PAS) reagent. Crys-
tallin immunohistochemistry was carried out as described
previously (De longh et a., 2001b).

Localization of the active form of B-catenin was carried
out on wild type littermates of the LRP6 mutants by using
a specific antibody generated against the nonphosphorylated
Ser33 and Thr4l, two of the N-terminal residues of B-
catenin that are reported to be targets of Wnt signaling
(see review at URL www.ana.ed.ac.uk/rnusse/pathway/
bcatmut.html). Recent studies (van Noort et a., 2002) have
used this antibody to visualize the active B-catenin from the
canonical Wnt signaling pathway during mouse embryonic
development. Sections were brought to PBS as described
above. Prior to incubating sections with the antibody, an
antigen-retrieval step was included (van Noort et a., 2002).
Sections were then incubated in blocking solution as above,
washed in PBS, and incubated with the hybridoma culture
supernatant of anti-active B-catenin («-ABC, clone 8E7).
Reactivity was visualized with Alexa 488-conjugated goat
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anti-mouse immunoglobulin as above. In controls, the
a-ABC antibody was omitted or replaced by nonimmune
IgG at an equivalent concentration.

Western blotting

To minimize anima numbers and maximize protein
yield, the larger rat lenses were used to make lens cell
lysate. Lens capsules with adherent epithelial cells were
collected (according to the PCR protocol) in 500 ul of
ice-cold PBS. Cells were lysed for 15 min in an equa
volume of lysis buffer comprising 1.0% NP40, 0.2 M Tris
base, 2 MM EDTA, 0.4 M NaCl, and one Complete Mini
Protease Inhibitor Cocktail tablet (#1836153, Roche Basel,
Switzerland) adjusted to pH 7.4 for 15 min on ice. Whole
cell lysates were first centrifuged at 120g for 3 min to
extract undissolved cellular and capsule material, and the
resulting supernatant was recentrifuged at 35,0009 for 5 min
at 4°C to pellet noncytoplasmic debris. Protein concentra-
tions were estimated by using a Bio-Rad protein assay
(Bio-Rad Laboratories, Australia). Samples were mixed
with dye loading buffer, denatured, and reduced (100°C),
and samples (approximately 60 mg) were loaded and sepa-
rated on 10% SDS—polyacrylamide gels with subsequent
electrotransfer to PVDF membrane. The membranes were
blocked in 5% nonfat milk powder, 5% FCS, in 0.1 M PBS
overnight then rinsed two times in wash solution (1% FCS,
0.1% Tween 20, 0.1% nonfat skim milk powder in 0.1 M
PBS). Membranes were incubated with primary antibodies
(B-catenin; Transduction Laboratories, clone 14 and
a-ABC) diluted in wash solution for 3 h at room tempera-
ture. Excess primary antibody was rinsed from membranes
twice with wash solution and once with TPBS (0.01%
Tween 20 and 0.1 M PBS). A goat anti-mouse 1gG-HRP
secondary antibody (1:3000; Bio-Rad) was applied for 1 h
at room temperature. This was followed by three washes in
TPBS and detection of HRP using the Vector NovaRed
substrate kit (Vector, Burlingame, CA). The membranes
were then dried and scanned.

Results
A functional role for Wnt signaling in the lens

LRP6 mutant

Recent studies have identified LRPs as key components
of the receptor complex for Wnt ligands that signal through
the B-catenin pathway. Here, we examined eye develop-
ment in mice carrying a mutation for LRP6. This mouse
model has an insertional mutation in the Irp6 gene and no
Irp6 transcripts are detectable in homozygous mutant em-
bryos (Pinson et a., 2000). At all stages, heterozygous
mutant embryos could not be distinguished from wild type
littermates. In the Irp6~/~ embryos, considerable variation
in the severity of the phenotype, at most embryonic stages,

was noted. In the most severe cases, the eyes were substan-
tially smaller and less advanced developmentally than their
wild type and heterozygous littermates. Histological analy-
sis showed that, at embryonic day 11.5 (E11.5), the wild
type lens placode and the optic vesicle had grown and
invaginated to form the lens vesicle and optic cup, respec-
tively (Fig. 1B). An Irp6~'~ embryo showed retarded lens
development with only an incipient placode being evident
(Fig. 1A). Pyknatic nuclei were also present in the lens and
retinal primordia as well as the periocular mesenchyme. At
E12.5, another Irp6~/~ embryo with a severe phenotype had
an eye that was distinctly smaller than the wild type. At this
stage in the wild type lens, cells in the posterior hemisphere
had elongated to form the primary fibers (Fig. 1D). How-
ever, in the mutant, there was relatively little elongation of
the primary fibers (Fig. 1C). A quantitative analysis showed
that mean length of fibers in Irp6 '~ embryos (with a
similar phenotype to that shown in Fig. 5D) was 60 = SD
8.1 ums compared with 132 = SD 8.9 umin wild type mice
at this stage. This difference was shown to be significant by
the Mann—Whitney test (U = 18, P = 0.03, n = 9).

By E13.5, it was evident that the variation in the severity
of the phenotype also extended to individual embryos as
commonly one eye was absent with an aberrant eye on the
contralateral side. Absence of an eye may have resulted
from widespread cell death as extensive pyknosis was de-
tected in and around the underdeveloped ocular primordia
of some embryos at earlier stages (see Fig. 1A). In other
E13.51rp6 '~ specimens, the eyes were comparable to wild
type eyes both in size and in the level of differentiation. Fig.
1E shows that the optic cup of an Irp6~/~ embryo had
differentiated into pigmented epithelial and neura layers of
the retina. In the lens, primary fiber cells had elongated to
about 294 pums in length (Fig. 1E). Fibers in wild type
lenses were a comparable 317 = SD 52 ums in length at
this stage. The strong expression of B-crystalin, a key
fiber-specific marker, also indicated that molecular differ-
entiation had occurred in the primary fibers (Fig. 1F). In
contrast to the fibers, the epithelial layer was not well
developed and did not form a complete monolayer (Fig. 1F).
Epithelial cells, characterized by their cuboidal/columnar
morphology and lack of B-crystallin expression, were
present in the peripheral regions of the lens but were absent
centrally, at the anterior pole. In place of the epithelium at
the anterior pole were B-crystallin-immunoreactive cells
(Fig. 1F). Furthermore, in the absence of a complete epi-
thelial sheet, it appeared that some B-crystallin-expressing
cells had been extruded from the lens. Attenuated B-crys-
tallin fluorescing cells were present on the corneal side of
the lens capsule (indicated by the small arrowheads in Fig.
1F). In another E13.5 embryo, a more severe phenotype was
evident (Fig. 1G and H). Development in this specimen was
clearly delayed. Although most of the cells expressed
a-crystallin, indicating their commitment to lens differenti-
aion (Fig. 1G), cellsin the posterior hemisphere of the lens
vesicle had elongated only dlightly, and the expression of
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Fig. 1. Irp6~/~ mutant mice: Sagittal sections of eyes from wild type (B,
D) and Irp6~'~ (A, C, E-H) embryos at E11.5 (A, B), E12.5 (C, D), and
E13.5 (E-H) after staining with hematoxylin and phloxine (A—E), immu-
nofluorescent localization of B-crystallin (F, H), or a-crystalin (G).
Hoechst staining for nuclei was also included in (F). Sections through the
developing eyes at E11.5 show that, in the wild type (B), the lens placode
and the optic vesicle have grown and invaginated to form the lens vesicle
(Iv) and optic cup (oc), respectively. In contrast, lens morphogenesis at the
same age in the Irp6~'~ embryo is delayed and has only formed an
incipient placode (Ip, A). Pyknotic nuclei are present in the lens and retinal
primordia and also in the periocular mesenchyme of the Irp6~/~ embryo
(arrows). At E12.5, the embryonic eye in the Irp6~'~ mouse (C) is smaller
than the wild type eye (D). At this stage, cells in the posterior hemisphere
of the lens of the wild type have elongated to form the incipient primary
fibers (pf, D). In the Irp6 '~ lens, there is relatively little elongation of the
primary fibers (C). At E13.5, in some Irp6~'~ specimens, the eyes are
comparable to wild types both in size and in the level of differentiation.
The optic cup has differentiated into retinal pigmented epithelial (rpe) and
neural layers (E). Lensesin some of the lrp6~'~ mice show well-developed
primary fibers (E) and express B-crystallin (F). In contrast, the epithelial
layer in these embryosis not well developed and does not form a complete
monolayer (E, F). In these embryos, epithelia cells with characteristic
cuboidal/columnar morphology, and which do not express B-crystallin, are

the fiber cell marker B-crystallin was weak (Fig. 1H). Cells
in the anterior hemisphere remained large and strongly
expressed B-crystallin (asterisk, Fig. 1H). Thus, these cells
had acquired features of fiber cells and showed no evidence
of epithelial differentiation, which is the normal develop-
mental fate of cells in this anterior compartment.

At E14.5, the defect in the epithelium of the Irp6~'~
embryos was more pronounced than seen earlier (Fig. 2A).
At the anterior pole of the lens, epithelial cells appeared to
be completely absent and in their place were clumps of cells
(Fig. 2A) that were strongly reactive for B-crystallin (Fig.
2C and E). One of the most striking features of this lens at
this stage was the presence of alarge area of fiber-like lens
material in the cornea stroma (Fig. 2A). Strong immuno-
reactivity for B-crystallin indicated that this material was
lens-derived (Fig. 2C and E). Note that, in the wild type
(Fig. 2B), the anterior layer of cuboidal epithelial cells was
bounded by a continuous PAS-positive lens capsule (Fig.
2F), whereas in the Irp6~/~ mutant, the PAS-positive lens
capsule did not fully encapsulate the lens—gaps were
present and this was where the fiber-like cells extruded from
the lens (Fig. 2G). In the mutant, some epithelial-like cells
were present in the peripheral regions of the lens. These
cells did not extend very far above the lens equator and,
because of the epithelia discontinuity at the anterior pole,
did not form a continuous sheet.

In embryos surviving to E18.5, further differentiation of
ocular tissues was evident, but eyes tended to be smaller
than those of wild type mice (Fig. 3). In the optic cup of the
Irp6~'~ embryo, the retinal pigmented epithelium was well
developed and several layers could be distinguished in the
neural retina. This was generally similar to the wild type,
except that in some regions the ganglion cell layer in the
Irp6~/~ mutant was greatly expanded and extended into the
neuroblast layer (Fig. 3A and B). This observation taken
together with the detection of strong expression of Wnts and
Fzs in ganglion cells (data not shown) indicates that Wnt/
B-catenin signaling may have arole in ganglion cell differ-
entiation. At the margin of the optic cup, the ciliary and
iridial retina appeared to have differentiated to alevel com-
parable with that of the wild type (Fig. 3A and B). In the
lens, the fiber cells had differentiated further and contained
abundant a-crystallin (Fig. 3C) and B-crystallin (data not
shown). Fiber cells and their crystallin contents extruded

present in the peripheral regions of the lens (pair of arrows, E, F) but are
absent centrally at the anterior pole of the lens, (single arrow, E, F). The
cells at the anterior pole of the lens, are B-crystallin-immunoreactive cells
(single arrow, F). In addition, elongated B-crystallin fluorescing cells are
present on the corneal side of the lens capsule (arrowheads, F). In other
E13.5 embryos, a more severe phenotype is evident (G, H). Most cells in
the lens express a-crystallin (G), but cells in the posterior hemisphere of
the lens vesicle have only elongated slightly and are weakly reactive for
B-crystallin (H). Cells in the anterior hemisphere are also elongated and
strongly express crystallins, including B-crystallin (asterisks, G, H). Scale
bar: (A) and (B), 25 um; (C) and (D), 60 um; (E), 55 um; (F), 35 um; (G)
and (H), 20 um.
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Fig. 2. Irp6~/~ mutant mouse: Sagittal sections of an eye from an Irp6~/~
mutant embryo (A, C, E, G) and a wild type embryo (B, D, F) at E14.5.
Histological sections stained with hematoxylin and phloxine show that the
embryonic eyein the Irpg ™'~ mutant (A) is smaller than the wild type (B).
The optic cup in the Irp6~'~ mutant has differentiated into neural retina
(nr) and retinal pigmented epithelium (rpe). The lens epithelium is incom-
pletely formed and elongating lens fibers (f) have extruded into the over-
lying cornea (asterisk). In the wild type (D), B-crystallin immunofluores-
cence shows the normal distribution of this protein: absent from the
epithelium (arrowhead, epi) and present in the fibers (f). In the Irp6~"'~
mutant eye (C), immunofluorescence shows that lens fibers and/or their
B-crystallin contents have extruded into the developing corneal stroma
(asterisk). At higher magnification (E), the anterior pole of the lens shows
the presence of large B-crystallin reactive cells (arrow) in place of the layer
of cuboidal lens epithelial cells. PAS staining shows that the lens capsule
forms a continuous layer along the basal surface of the lens epithelial cells
in the wild type (arrow, F). In the Irp6~/~ mutant lens, the PAS-positive
capsule (small arrow, G) is discontinuous and at the anterior pole it does
not form a barrier to the lens fiber mass. In this region, fiber cell material
extrudesinto the corneal stroma (large arrow, G). Scale bar: (A-D) 45 um;
(E), 15 pm; (F) and (G), 10 um.

into the cornea from the anterior pole of the lens (large
arrow, Fig. 3A, C, E, and G). Peripheral to the anterior pole,
the epithelia cells formed a continuous layer but showed
reduced reactivity for a-crystallin compared with the wild
type lens (small arrows; cf. Fig. 3C and E with D and F,
respectively). Also in the Irp6~’~ mutant mice, the lens
epithelial cells tended to be irregularly packed and more
squamous, compared with the regularly packed cuboidal
cellsin the wild typelens (small arrows; cf. Fig. 3G and H).

B-Catenin signaling in the lens epithelium

The result with the Irp6~/~ mutant mice indicates that
functional LRP6, and hence Wnt/B-catenin signaling, is
important for normal differentiation of the lens epithelium.
To investigate whether this is likely to be due to a direct
effect on the lens epithelium, we studied the expression of
LRP6 in the embryonic lensfrom E12.5 to E18.5. At E14.5,
LRPS6 is strongly expressed throughout the developing ep-
ithelium. At the lens equator, the signal diminishes and is
absent from the maturing fibers (Fig. 4A and B). This
pattern of LRP6 expression is similar for E12.5 and E18.5
stages (data not shown).

To seek other evidence that Wnt/B-catenin signaling is a
feature of normal lens cells, we conducted immunochemical
studies using an antibody that specifically recognizes active
B-catenin (a-ABC). At E14.5, strong reactivity for active
B-catenin was detected in lens epithelial cells (Fig. 4D).
Most of the reactivity was in the cytoplasm but some also
appeared to be associated with some of the nuclei. The
reactivity extended into the transitional zone at the lens
equator but disappeared as the fibers elongated. The reac-
tivity in the primary fiber cells was nonspecific as similar
labeling was detected in controls where the primary anti-
body had been omitted (Fig. 4C). A similar pattern of
reactivity was detected at E18.5 (data not shown). Western
blotting was al so carried out to confirm that active B-catenin
was present in the lens epithelium. Material probed with
antibodies against B-catenin and a-ABC showed bands at
92 kDa, the expected molecular weight for B-catenin (Fig.
4E).

Wnt7a and Wnt5a null mice

In another approach to investigate the role of Wnt sig-
naling in the lens, we examined Wnt7a and Wnt5a knockout
models. These Wnt family members are expressed strongly
in the lens (see later) and represent different classes of
ligands. According to some assays, Wnt7a is a representa-
tive of the Wnt1 class of ligands that mainly signal through
the canonical B-catenin pathway, whereas the Wnt5a class
of ligands signal through less well-characterized pathways
(Moon et a., 1997).

In the Wnt7a homozygous null mouse, no gross morpho-
logical defects were observed in the lensin situ. Sections of
postnatal lenses showed that the lens, and other ocular
tissues, appeared normal (Fig. 5A). Wnt5a homozygous null
mice die just before birth; however, the eyes were well
developed and a careful histological analysis of an E18.5
embryo showed that the lens and other ocular tissues had
apparently normal architecture (Fig. 5B).

Wit expression in the lens

To investigate Wnt expression in the lens, RT-PCR was
carried out on RNA extracted from P20—P25 rat lens cap-
sules (with adherent epithelial cells). All reverse transcrip-
tion reactions were carried out by using equivalent amounts
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of RNA, and equivalent volumes of reverse transcription
reactions were used for PCR amplifications. RT-PCR using
lens-derived RNA and primers for Wnts 5a, 5b, 7a, 7b, 8a,
and 8b resulted in distinct amplification of products of
expected sizes (Table 1; Fig. 6A). The specific PCR frag-
ments for these Wnts were cloned and sequenced to confirm
sequence identity with those reported in GenBank. RT-PCR
with primers for other commonly expressed Wnts (includ-
ing 1, 3, 4, 10a, and 11) resulted in weak amplification of
product (data not shown).

To investigate the spatial expression patterns of the Wnts
in the murine eye that were strongly amplified by PCR,
cDNAs were used as templates to prepare digoxigenin-
labeled riboprobes for in situ hybridization analyses. The
probe for Wnt8a showed labeling in the cytoplasm of lens
epithelia cells (Fig. 6B). Signal was present throughout the
epithelium and extended to the equatorial region of the lens
(Fig. 6C). This region includes (1) the region above the
equator, at the epithelial periphery, where the cells change
from cuboidal to columnar in shape, and (2) the transitional
zone below the equator where the cells undergo major
elongation and change from columnar to highly elongated
cells. Expression in the lens tended to be strongest in the
equatorial region. Outside the zone of early fiber elongation
at the equator, expression was reduced and was absent from
the fiber cells in the cortex and deeper regions of the lens.
Transcripts were also prominent in the corneal epithelium
and endothelium as well the ganglion cell layer of the neura
retina (data not shown). In situ hybridization with probes for
Wnts 5a, 5b, 7a, 7b, and 8b showed essentially similar
patterns of expression (data not shown).

Frizzled expression in the lens

To investigate Fz expression in the lens, RT-PCR was
carried out as for Wnts. Using primersfor Fzs 1, 2, 3, 4, and
6 resulted in amplification of products of expected sizes (see
Table 1; Fig. 7A); cloning and sequencing confirmed their
identity. RT-PCR with primersfor other Fzs (including 5, 7,
8, and 9) resulted in no detectable amplification of product.

As with the Wnts, cloned Fz cDNAs were used to pre-
pare digoxigenin-labeled riboprobes for in situ hybridiza-
tion on sections of postnatal mouse eyes. The probe for Fz4
showed labeling in the cytoplasm of lens epithelial cells
(Fig. 7B). Similar to the Wnits described above, the signal
was present throughout the epithelium and extended to the
lens equator (Fig. 7C). As for the Wnts, transcripts were
reduced after the phase of early fiber elongation in the
transitional zone and were absent from the fiber cellsin the
cortex and in the deeper regions of the lens. Transcripts
were also prominent in the corneal epithelium and endothe-
lium aswell the ganglion cell layer of the neural retina (data
not shown). The patterns of expression of Fzs 1, 3, and 6
were similar to those shown for Fz4 (data not shown).

For both Wnts and Fzs, sense controls showed no distinct
labeling. In addition, because all Wnt and Frz genes exam-

ined were expressed primarily in the lens epithelium, we
carried out a positive control to ensure that our in situ
hybridization protocol was capable of detecting RNA in
fiber cells. A riboprobe for B-crystallin (De longh et al.,
2001a), which is known to be fiber-specific (McAvoy,
1978), showed strong B-crystallin expression in the fibers
(Fig. 7D).

Wit signaling in the lens

To further examine the potential for Wnt signaling in the
lens, we looked for the expression of Dvl mMRNA. RT-PCR
using primers specific for Dvls 1, 2, and 3 resulted in
distinct amplification of products of expected sizesfor DvI2
and DvI3 (Table 1; Fig. 8A). A weak amplification product
for DvI1 was aso detected. Cloning and sequencing of the
PCR fragments confirmed their identities.

How the different Wnt signaling pathways are regulated
is currently a major focus of research. There is compelling
evidence that other factors, which are part of the ligand/
receptor complex, are involved. For example, as described
earlier, LRP5 and LRP6 act as coreceptors for Wnt/g-
catenin signaling. Dkk1 is another important regulatory
factor that binds to LRPs and specifically blocks the B-cate-
nin signaling pathway. To investigate expression of these
molecules in the lens epithelium, RT-PCR was carried out
as for the Wnts. Using primers for both LRPs and Dkks 1,
2, and 3 resulted in strong amplification of products of
expected sizes for LRP6, consistent with our in situ results,
and LRP5 (Table 1; Fig. 8B) and Dkks 1 and 3 (Table 1;
Fig. 8C). A wesk amplification product for Dkk2 was also
detected (not shown). Because the Dkks are secreted, we
also examined expression in the extralenticular tissues such
as the ciliary body and iris. RT-PCR was carried out on
RNA extracted from P20-P25 mouse ciliary bodyl/iris prep-
arations. All three Dkks were detected in this preparation
(Fig. 8C). Cloning and sequencing of PCR fragments for all
these factors confirmed their identities.

Other important regulatory factors are the sFRPs. These
generally interfere with ligand receptor interactions and can
block al Wnt signaling pathways. To determine whether
SFRPs are expressed in the postnatal lens epithelium, RT-
PCR was carried out as for Wnts. Using primers for sSFRPs
1, 2, 3, 4, and 5 resulted in amplification of products of
expected sizes for sFRPs 1, 2, and 3 (Table 1; Fig. 8D);
cloning and sequencing confirmed their identities. Weaker
amplification of products of expected sizes for sSFRPs 4 and
5 was also detected (not shown).

Discussion

In this study, we present evidence that Wnt/B-catenin
signaling has arole in lens development. In one part of the
study, we analyzed mouse embryos homozygous for a mu-
tation in the Irp6 gene. These mutants show dysmorphogen-
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esis of the lens, a notable feature being deficient differen-
tiation of the epithelia sheet. In another part of the study,
we show that the lens expresses multiple Wnts and Fz
receptorsin the epithelium and in the transitional zone at the
lens equator. We aso show that key intracellular mediators
of Wnt signaling, Dvls 1, 2, and 3, and modulators of Wnt
signaling, including Dkks 1, 2, and 3 and sFRPs 1, 2, and 3
are expressed in, and near, the lens. These results indicate a
role for Wnt/B-catenin signaling in the lens, particularly in
relation to differentiation of the lens epithelium.

Although numerous studies have been carried out on the
effects of Wnt signaling on many cell types, to date no
method is available for reliably purifying Wnt proteins that
retain biological activity (e.g., see URL www.stanford.edu/
~rnusse/assayswntproteins.html). In many cases, insights
into the role of Wnt signaling during mammalian develop-
ment have come from analysis of the phenotypes of mutant,
transgenic, and knockout mouse models in which expres-
sion of Wnts or various signaling components is disturbed.
To assess arole for Wnt signaling in the lens, we examined
a mouse model that is deficient in a cofactor, which is
required for signaling by several Wnts. Recent studies have
identified LRP5 and LRP6 as key components of the recep-
tor complex for Wnt ligands that signal through the B-cate-
nin pathway (Tamai et a., 2000; Werhli et al., 2000; Zorn,
2001). A mouse that is homozygous for a mutation of the
Irp6 gene exhibits developmental defects that are a com-
posite of those in mice carrying mutations of Wht1, Wnt3a,
and Wnt7a. This has been interpreted to indicate a require-
ment for Irp6 for efficient signaling by several Wnt proteins
that signal through the B-catenin pathway (Pinson et a.,
2000). Recent studies have substantiated this and provided
details of other key components of the L RP6-receptor com-
plex that are involved in regulating canonical Wnt signaling
(see Mao et d., 2002).

Our studies show that LRP6 is expressed, and active
B-catenin is present, in the lens epithelium during develop-
ment. Evidence for a functional role for Wnt/B-catenin
signaling in the lens comes from our detailed analysis of the
ocular phenotype in the Irp™/~ mutant mouse. In these
mutant embryos, although the eye is frequently smaller than
the wild type, the optic vesicles differentiate into optic cups
with retinal pigmented epithelial and neural retina layers.
Differentiation of the lens vesicle in these mutants is char-
acterized by deficiencies in the anterior segment. In most
cases, the central epithelium appears to be absent or incom-
plete in the Irp6~'~ mutant mice. This may be a result of
degeneration of the cells of the anterior hemisphere of the
lensvesicle. Alternatively, they may differentiate aberrantly
into the short, swollen, B-crystallin reactive, fiber-like cells,
that accumulate at the anterior pole of the developing lens.
Primary fiber cells differentiate from the posterior hemi-
sphere of the lens vesicle, and as they progressively grow
and elongate they, and/or their cytoplasmic contents, ex-
trude from the anterior pole of the lens into the corneal
stroma. Thus, it appears that a major effect of the mutation

is the disruption of the differentiation of the epithelial
monolayer.

Close examination of the Irp6~/~ mutant also indicates
that the epithelial defect is primarily in the central region of
the lens, whereas cells in the peripheral epithelium and
transitional zone appear comparatively normal. Since Wnts
and Fzs are expressed in the peripheral epithelium and
transitional zone as well as the central epithelium, this may
indicate that B-catenin signaling may not be so important,
and/or that an aternative Wnt signaling pathway(s) may
predominate, in regions periphera to the central epithelium.
In this context, it should be noted that, in the normal lens,
there are structural and functional differences between cells
in central and equatoria regions of the epithelium. In the
central epithelium, the cells tend to be cuboidal, whereas
toward the periphery, they tend to be low columnar. In the
transitional zone below the lens equator, the columnar epi-
thelial cells undergo major changes in cell shape and polar-
ity as they begin the process of fiber differentiation. Coin-
cident with the major elongation that occurs in this region,
the cells take on aflattened hexagonal shape (exhibiting two
long sides and four short sides in cross section) and form
highly ordered arrays (Taylor et a., 1996). Changesin cell
shape and polarity in other cellular systems are character-
istically regulated by signaling through the Wnt-activated
PCP pathway; eye and wing development in Drosophilaand
gastrulation movements in vertebrates are commonly used
examples (Huelsken and Birchmeier, 2001). Therefore, it is
plausible that aternative Wnt signaling pathways may be a
feature of the peripheral lens epithelium and transitional
zone, whereas cells in the central region may be more
dependent on canonical Wnt signaling.

Another possible explanation for the central location of
the epithelial deficiency in the Irp6~/~ mutant is that the
other LDL homologue, LRP5, is able to compensate for the
absence of LRP6 in the more periphera regions of the
epithelium. Investigation of LRP5 expression in both wild
typeand Irp6~/~ lenses may provide some insight into such
putative compensatory mechanisms. However, LRP5 and
LRP6 may not be fully interchangeable as some differences
in their properties have been reported. For example, over-
expression of LRP6, but not LRP5, induced dorsa axis
duplication in Xenopus (Tamai et a., 2000). Also, recent
studies of mice (Kato et a., 2002) and human patients
(Gong et a., 2001) with mutations of LRP5 show different
phenotypes to those reported for Irp6~/~ (Pinson et al.,
2000). Both murine and human LRP5 mutations result in
bone and eye phenotypes. While eye phenotypes are present
in both Irp6~/~ and LRP5 mutants, the former is evident
during embryogenesis, whereas the latter is evident postna-
tally. The eye phenotype of the LRP5 mutants does not
appear to involve the lens but appears to be largely dueto a
failure of programmed regression of capillaries and, at least
in the mouse, results in retention of the hyaloid vasculature
throughout life (Gong et al., 2001; Kato et al., 2002). The
Irp6~'~ mutant is embryonic lethal so no information is
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Fig. 3. Irp6~/~ mutant mouse: Sagittal sections of eyesfrom Irp6~'~ (A, C, E, G) and wild type littermate (B, D, F, H) embryos at E18.5. Histological sections
stained with hematoxylin and phloxine show that the embryonic eye in the Irp6~/~ mutant (A) is smaller than the eye of the wild type littermate (B). The
optic cup has differentiated into neural retina (nr) and retinal pigmented epithelial (rpe) layers. The neural retinain the Irp6~'~ mutant is generally similar
to the wild type, except that the ganglion cell (gc) layer in the Irp6~/~ mutant appears to be much more extensively layered compared with the wild type
(B, arrow), and in one region, the ganglion cells have extended into the neuroblast layer (A, star). At the margin of the optic cup, the presumptive ciliary
body (cb) and associated iris appear to have differentiated to a level comparable with that of the wild type. In the lens, fiber (f) cells have elongated, and
immunofluorescence shows that they have accumulated a-crystallin (C, E). Abnormal distribution of nuclei in the posterior hemisphere of the lens indicates
that the denucleation process of the fibers is disturbed (A, arrowheads). The lens epithelium is incompletely formed and through a gap at the anterior pole
(A, C,E, G, large arrow) elongating lensfibers () have extruded into the overlying cornea (A, C, asterisk). Immunofluorescence of the Irp6~/~ mutant shows
cellsreactive for a-crystallin present in the corneal stroma (C, E). In the wild type littermate, the epithelial (epi) cells form a continuous layer over the fiber
mass and are reactive for a-crystallin (D, F, arrow). In the Irp6~/~ mutant, a-crystallin is barely detectable in the epithelial cells (C, E, pair of small arrows).
In the Irp6~/~ mutant, the PAS-positive capsule is discontinuous in the region where the fibers are extruded and the epithelial cells that are present tend to
be more squamous and irregularly packed compared to the cuboidal regularly packed cells in the wild type (cf. G and H, small arrows). Scale bar: (A) and
(B), 110 pm; (C) and (D), 45 uwm; (E-H), 20 um.

available on hyaloid vasculature regression. Thus, available relative roles of LRP5 and LRPS6 in the lens awaits further
evidence indicates that the two Wnt coreceptors may recog- experimentation.

nise different classes of Wnts. Further evaluation of the Consistent with an important role for Wnt signaling in
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Fig. 4. B-Catenin signdling in the lens epithelium: (A, B) Sagittal sections of
an E14.5 lens hybridised with ariboprobe for LRP6. Transcripts were detected
in the cytoplasm of epithelia (epi) cells. Signd intensity diminished sharply
just after the onset of fiber elongation below the lens equator (A, lens arrow)
and was absent from the primary fibers (fib). Signa for LRP6 was also distinct
in the cornea (co), particularly at its surface, and at the optic cup (oc) margin
(A, arrow), (C, D) Immunohistochemistry for nonphosphorylated (active)
B-catenin using the a-ABC antibody. Confoca microscopy showsreactivity in
the lens epithelia cells (D). Reactivity is mainly cytoplasmic athough punc-
tate reactivity is detectable in some nuclel. Underlying fibers (arrows) show
reactivity but thisis nonspecific asit isalso present in the control (C) wherethe
primary antibody was omitted. (E) Western blotting for 3-catenin: Protein (60
mg/lane) from P21 rat epithdlia cell lysates was blotted with an antibody to
B-catenin and an antibody specific for nonphosphorylated B-catenin (a-ABC).
A strong 92-kDa band for total B-catenin was detected and a wesker, but
digtinct, band was detected for nonphosphorylated B-catenin. Scae bar: (A),
65 um; (B), 15 um; (C, D), 5 um.

the mammalian lens, this study also shows the expression of
multiple Wnts, their cell surface receptors, and Wnt signal-
ing molecules. By RT-PCR, we detected strong expression

of the ligands Wnt 5a, 5b, 7a, 7b, 8a, and 8b, and by in situ
hybridization studiesin postnatal mice, showed that they all
have essentially similar patterns of expression. They are
expressed throughout the lens epithelium and in the transi-
tional zone at the lens equator, where the epithelial cells
undergo early fiber elongation. Similarly, RT-PCR and in
situ hybridization analyses showed that the receptors Fz 1,
2, 3, 4, and 6 are expressed in the lens in very similar
patterns to each other (and to the Wnt ligands), being de-
tected throughout the epithelium and transitional zone. Co-
receptors, LRP5/6, which are required for Wnt signaling
through the B-catenin pathway were also expressed in the
lens. In addition, expression of other molecules that are
known to be involved in Wnt signaling and its regulation,
including Dvls, Dkks, and sFRPs, were detected in the lens.
Considerable attention is currently being directed at un-
derstanding how different Wnt signaling pathways are reg-
ulated. There is growing evidence that other factors associ-
ated with the ligand/receptor complex are involved. As
mentioned above, LRP5/6 is required only for B-catenin
signaling. Recent studies indicate that L RP5/6, when part of
the Wnt ligand-receptor complex, removes axin from the
B-catenin destruction complex, resulting in stabilization of
B-catenin and its trandocation to the nucleus (Mao et al.,
2001; Zorn, 2001). In the absence of LRP5/6, the B-catenin
pathway isinactive, but Wnt signaling can proceed through
the PCP pathway, for example (Semenov et a., 2001). Dkks
have been shown to be important regulators of B-catenin
signaling (Semenov et al., 2001). For example, Dkk1 binds
to LRP6 and specifically blocks the B-catenin signaling
pathway. This does not inhibit PCP signaling, and in fact,
recent evidence indicates that when the canonical pathway
is antagonized, the aternative JINK pathway is activated
(Park and Maoon, 2002). Dkks are expressed in the lens and
therefore may have arole in regulating Wnt/B-catenin sig-
naling so that cells in different functional domains can
alternate between different Wnt signaling pathways.
Whntsand Fzs are expressed in the central lens epithelium

Fig. 5. Histology of Wnt null mice eyes. Hematoxylin and phloxine-stained
sections of Wht7a (A) and Wnt5a (B) null mice eyes. At P21, eyes from
Wnt7a null mice showed norma morphology and were similar in size to
wild type eyes. At E18.5, eyes from Wnt5a null mice showed normal
morphology and were similar in size to wild type eyes. Scale bar, 110 um.
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Table 1
Primers used for RT-PCR
Gene Accession Primer sequences (5’ to 3') PCR Nucleotides

No. product

Forward Reverse size

Whnt5a M89798 aatattaagcccaggagtgg tggcagagtttcttctgtect 234 568-801
Wnt5b M89799 cattgggatgggttgagg caggaagttggcagcacac 181 16-196
Wnt7a M89801 cctgggccacctctttet tgggagccaggectgggat 116 24-139
Wnt7b M89802 tcgaaagtggatcttttacgt tggggccaggecaggaatca 124 15-138
Wnt8a 768889 ctgactactgcaaccgcaac tgacagtgcaacaccactga 201 823-1023
Wnt8b AF130349 ccagagttccgggaggtag gagatggagcggaaggtgt 131 726-856
Fz1 AF054623 cagttcacttccgacaaagg aggtaggaaggcaccctgag 170 673-842
Fz2 NM02051 ggaactcctgegctactcac gcgctcacccagaaacttat 183 568-750
Fz3 U43205 ttttccatgggegtagga taacacggttcatgctggtg 447 18412287
Fz4 U43317 acaaccacatgtgcatggaa tecttagctgageggctgta 190 788977
Fz6 U43319 ccctegtaagaggacacage ttgcaagatgcagasagtgc 156 186-341
Dv1l U10115 gggggtagtggcagtgaa acctgtaagttctggagggaca 237 2051-2287
Dv12 U24160 gcagtggcagtgagtcagaa tcatggggttataggggagag 192 20712262
Dv13 U41285 Caaggagaaggacccaaaag atcgggggaccatagagag 240 1971-2210
LRP5 AF064984 gatgtgcggctagtggatg gccegagatgacaatgttct 195 233-427
LRP6 AF074265 gggccgatgcasaacttaat cctetgttggetgasageat 242 678-919
Dkk1 AF030433 gaggggaaattgaggasagc gcaggtgtggagcectagaag 356 488-843
Dkk2 AJ243963 ccaaacccaactccatcaa gcaacacatcceatctetgt 254 239-492
Dkk3 AF177400 ctectatgccagecacaca aatctcctecteteegecta 237 913-1149
SFRP1 U88566 tgctcaaatgtgacaagttcc atgagaaagttgtggctgaggt 349 717-1065
SFRP2 u8ss67 agctcccaaggtgtgtgaag accagatacggagegttgat 276 736-1011
SFRP3 BCO16884 caagggacaccgtcaatctt catatcccagegcettgactt 182 1056-1237

and in the transitional zone at the lens equator (see Figs. 6
and 7). This expression pattern indicates a role for Wnt
signaling in promoting the epithelial phenotype and possi-
bly in mediating major changes in cell shape and polarity in
the transitional zone. In contrast, the cessation of Wnt/Fz

epi
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expression during fiber differentiation at about the time that
the fiber-specific marker, B-crystallin appears (compare Fig.
7C with D) indicates that Wnt signaling is not required for,
and may even inhibit, aspects of the fiber differentiation
process. This is consistent with the lens phenotype in

Fig. 6. Expression of Wntsin the postnatal lens. RT-PCR products were amplified from P20—P25 rat lens epithelial-derived cDNA (A). Specific amplification
products for Wnts 5a, 5b, 7a, 7b, 8a, and 8b were detected. (B, C) Sagittal section of a P21 mouse lens hybridized with a riboprobe for Wnt8a. Transcripts
were detected in the cytoplasm of lens epithelia cells (epi) in both the central (B) and peripheral (C) regions. Signal intensity tended to be stronger in the
cuboidal/columnar cells at the epithelial periphery just above the lens equator (arrowhead). Below the equator, in the transitional zone (tz), the elongating
cells expressed Wnt8a. Signal was reduced or absent from the cytoplasm of fiber (f) cells in the cortex and deeper regions of the lens, athough it was

commonly detected in their nucloli. Scale bar, 35 um.
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Fig. 7. Expression of Fzsin the postnatal lens. RT-PCR products were amplified from P20—P25 mouse (except Fz1 which was from rat) lens epithelial-derived
cDNA (A). Specific amplification products for Fzs 1, 2, 3, 4, and 6 were detected. (B, C) Sagittal section of a P21 mouse lens hybridized with a probe for
Fz4. Transcripts were detected throughout the cytoplasm of lens epithelial cells (epi) in both the central (B) and peripheral (C) regions. Below the lens equator
(arrowhead), the elongating cellsin the transitional zone (tz) expressed Fz4. Signal was reduced or absent from the cytoplasm of thefiber (f) cellsin the cortex
and deeper regions of the lens, athough it was commonly detected in their nucleoli. Another sagittal section was hybridized with a probe for fiber-specific
B-crystallin (D). This showed a distinctly different pattern of expression, with abundant expression detected in the fibers but not in the epithelia cells. Scale

bar, 35 uwm.

Irp6~/~ mutant mice; no central lens epithelial layer forms,
instead thereis alayer of swollen B-crystalin reactive cells.
These may have arisen due to the absence of Wnt signaling
in this region. Thus, Wnt signaling in the anterior segment
of the lens may have a role in inhibiting aspects of fiber
differentiation. Such inhibitory molecules have been pro-
posed to play important roles in maintenance of lens polar-
ity (Hyatt and Beebe, 1993).

In this study, we also examined knockout mouse models
for Wnt7a (Parr and McMahon, 1998) and Wnt5a (Y amagu-
chi et a., 1999). These purportedly represent different
classes of Wnits that appear to signal via different pathways.
By some assays, Wnt7a belongs to the Wnt1 class that act
through the canonical signaling pathway that involves sta-
bilization of B-catenin and its translocation to the nucleus,
where it forms transcriptional complexes with members of
the LEF/TCF family of DNA binding factors to control
expression of Wnt target genes. On the other hand, Wnt5a
belongs to another class of Wnts that act through less
well-defined pathways that mediate cell proliferation, cell
polarity, and cell movements (Moon et al., 1997). Neither
knockout mouse model displayed any abnormal lens phe-
notype at either the gross morphological or histological
level, indicating that neither of these Wnts, on their own, is
essential for the development and growth of the lens. Given
that multiple Wnts with similar expression patterns are
present in the lens, the lack of alens phenotype in these two

DvI2 DvI3 LRPS LRP6

Dkk1 Dkk2

i

Fig. 8. Expression of Wnt regulatory and signaling molecules: RT-PCR
products were amplified from mouse (Dkks and sFRPs) or rat (Dvls and
LRPs) lens epithelia- or ciliary body-derived cDNA (A-D). Specific
amplification products for Dvis 2 and 3 (A), LRPs 5 and 6 (B), were
detected in the lens epithelium. Dkks 1 and 3 (C) were detected in the lens
epithelium (Le) and ciliary body (CB), and Dkk2 was aso detected in the
ciliary body. Specific amplification products for sFRP1, sFRP2, and sFRP3
were detected in the lens epithelium (D).
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mutant mice suggests there may be some functional redun-
dancy for the Wnt ligands.

The Wnt family of secretory glycoproteins is one of the
major families of developmentally important signaling mol-
ecules that play important roles in embryonic induction,
generation of cell polarity, and specification of cell fate. Up
to now, little is known about Wnt signaling in the mamma-
lian eye. This study has reported on the expression of Wnts
and Wnt signaling molecules in the lens. It has also pre-
sented evidence from analysis of the phenotype of the
Irp6~'~ mutant mouse that indicates an important role for
Whnt signaling in lens development. Specifically, it appears
to be important for the formation of the lens epithelium.
This study also raises questions about the roles of the
different putative signaling pathways: the Wnt/B-catenin,
Wnt/PCP, and Wnt/calcium pathways. Detailed knowledge
of the Wnts, their receptors, the Fzs and LRP5/6, and key
Whnt signaling regulators will be required to elucidate the
domains of Wnt signaling activity in the lens and their roles
in influencing cell behavior in the different cellular com-
partments.

Acknowledgments

The generous gift of an antibody against nonphosphory-
lated B-catenin from Hans Clevers and its export by Masha
van Noort are gratefully acknowledged. Bill Skarnes gen-
erously provided the Irp6~’~ mutant mice. Thanks go to
Elisa Cornish for her help with confocal microscopy. This
work was supported by grants from the Sydney Foundation
for Medical Research, NHMRC (Australia), NIH (USA,
R0O1 EY 03177), and Ophthalmic Research Institute of Aus-
tralia

References

Ai, Z., Fischer, A., Spray, D.C., Brown, A.M.C., Fishman, G.l., 2000.
Whnit-1 regulation of connexin 43 in cardiac myocytes. J. Clin. Invest.
105, 161-171.

Belecky-Adams, T.L., Adler, R., Beebe, D.C., 2002. Bone morphogenetic
protein signaling and the initiation of lens fiber cell differentiation.
Development 129, 3795-3802.

Bhanot, P., Brink, M., Samos, C.H., Hsieh, J.C., Wang, Y., Macke, J.P.,
Andrew, D., Nathans, J, Nusse, R., 1996. A new member of the
frizzled family from Drosophila functions as a Wingless receptor.
Nature 382, 225-230.

Boutros, M., Paricio, N., Strutt, D.l., Mlodzik, M., 1998. Dishevelled
activates JNK and discriminates between JNK pathways in planar
polarity and wingless signaling. Cell 94, 109-118.

Brisken, C., Heineman, A., Chavarria, T., Elenbaas, B., Tan, J, Dey, SK.,
McMahon, JA., McMahon, A.P., Weinberg, R.A., 2000. Essential
function of Wnt-4 in mammary gland development downstream of
progesterone signaling. Genes Dev. 14, 650—654.

De longh, R.U., Lovicu, F.J., Overbeek, P.A., Schneider, M.D., Joya, J.,
Hardeman, E.D., McAvoy, JW., 2001a. Requirement for TGFf recep-
tor signaling during terminal lens fiber differentiation. Development
128, 3995-4010.

De longh, R.U., Gordon-Thomson, C., Chamberlain, C.G., Hales, A.M.,
McAvoy, JW., 2001b. TGFp receptor expression in lens: implications
for differentiation and cataractogenesis. Exp. Eye Res. 72, 649—659.

Faber, S.C., Dimanlig, P., Makarenkova, H.P., Shirke, S., Ko, K., Lang,
R.A., 2001. Fgf receptor signaling plays a role in lens induction.
Development 128, 4425-4438.

Faber, S.C., Robinson, M.L., Makarenkova, H.P., Lang, R.A., 2002. Bmp
signaing is required for development of primary lens fiber cells. De-
velopment 129, 3727-3737.

Furuta, Y., Hogan, B.L., 1998. BMP4 is essential for lens induction in the
mouse embryo. Genes Dev. 12, 3764-3775.

Gong, Y., Slee, R.B., Fukai, N., Rawadi, G., Roman-Roman, S., Reginato,
A.M., Wang, H., Cundy, T., Glorieux, F.H., Lev, D., et a., 2001. LDL
receptor-related protein 5 (LRP5) affects bone accrual and eye devel-
opment. Cell 107, 513-523.

Govindaragjan, V., Overbeek, P.A., 2001. Secreted FGFR3, but not FGFR1,
inhibits lens fiber differentiation. Development 128, 1617-1627.

Habas, R., Dawid, 1.B., He, X., 2003. Coactivation of Rac and Rho by
Whit/Frizzled signaling is required for vertebrate gastrulation. Genes
Dev. 17, 295-309.

He, T.C., Sparks, A.B., Rago, C., Hermeking, H., Zawel, L., daCosta, L.T.,
Morin, P.J., Vogelstein, B., Kinzler, K.W., 1998. Identification of
c-MYC as atarget of the APC pathway. Science 281, 1509-1512.

Hinck, L., Nelson, W.J., Papkoff, J., 1994. Wnt-1 modulates cell—cell
adhesion in mammalian cells by stabilizing B-catenin binding to the
cell adhesion protein cadherin. J. Cell Biol. 124, 729-741.

Hirsch, N., Grainger, R.M., 2000. Induction of the lens. Results Probl.Cell
Differ. 31, 51-68.

Huelsken, J., Birchmeier, W., 2001. New aspects of Wnt signaling path-
ways in higher vertebrates. Curr. Opin Genet. Dev. 11, 547-553.
Hyatt, G.A., Beebe, D.C., 1993. Regulation of lens cell growth and polarity
by an embryo-specific growth factor and by inhibitors of lens cell

proliferation and differentiation. Development 117, 701-709.

Itaranta, P., Lin, Y., Perasaari, J., Roel, G., Destreg, O., Vainio, S., 2002.
Whnt-6 is expressed in the ureter bud and induces kidney tubule devel-
opment in vitro. Genesis 32, 259-268.

Jasoni, C., Hendrickson, A., Roelink, H., 1999. Analysis of chicken
Whnt-13 expression demonstrates coincidence with cell division in the
developing eye and is consistent with a role in induction. Dev. Dyn.
215, 215-224.

Kato, M., Patel, M.S., Levasseur, R., Lobov, |., Chang, B.H., Glass 2nd,
D.A., Hartmann, C,, Li, L., Hwang, T.H., Brayton, C.F., Lang, RA.,
Karsenty, G., Chan, L., 2002. Chfal-independent decrease in osteoblast
proliferation, osteopenia, and persistent embryonic eye vascularization
in mice deficient in Lrp5, aWnt coreceptor. J. Cell Biol. 157, 303-314.

Kihl, M., Sheldahl, L.C., Park, M., Miller, JR., Moon, R.T., 2000. The
Wnt/Ca?* pathway a new vertebrate Wnt signaling pathway takes
shape. Trends Genet. 16, 279-283.

Leimeister, C., Bach, A., Gessler, M., 1998. Developmental expression
patterns of mouse sFRP genes encoding members of the secreted
frizzled related protein family. Mech. Dev. 75, 29—-42.

Mann, B., Gelos, M., Siedow, A., Hanski, M.L., Gratchev, A., llyas, M.,
Bodmer, W.F., Moyer, M.P., Riecken, E.O., Buhr, H.J,, Hanski, C.,
1999. Target genes of beta-catenin-T cell-factor/lymphoid-enhancer-
factor signaling in human colorectal carcinomas. Proc. Natl. Acad. Sci.
USA. 96, 1603-1608.

Mao, B., Wu, W., Davidson, G., Marhold, J., Li, M., Mechler, B.M.,
Delius, H., Hoppe, D., Stannek, P., Walter, C., Glinka, A., Niehrs, C.,
2002. Kremen proteins are Dickkopf receptors that regulate Wnt/beta-
catenin signaling. Nature 417, 664—667.

Mao, J., Wang, J,, Liu, B., Pan, W., Farr 3rd., G.H., Flynn, C., Yuan, H.,
Takada, S., Kimelman, D., Li, L., Wu, D., 2001. Low-density lipopro-
tein receptor-related protein-5 binds to Axin and regulates the canon-
ical Wnt signaling pathway. Mol. Cell 7, 801-809.

McAvoy, JW., 1978. Cell division, cell elongation and distribution of
alpha, beta- and gamma-crystallins in the rat lens. J. Embryol. Exp.
Morphol. 44, 149-165.



RJ.W. Sump et al. / Developmental Biology 259 (2003) 48—61 61

McAvoy, JW., Chamberlain, C.G., 1990. Growth factors in the eye. Prog.
Growth Factor Res. 2, 29-43.

McAvoy, JW., Chamberlain, C.G., de longh, R.U., Hales, A.M., Lovicu,
F.J., 1999. Lens development. Eye 13, 425-437.

McAvoy, JW., Chamberlain, C.G., de longh, R.U., Hales, A.M., Lovicu,
F.J., 2000. Peter Bishop Lecture: key roles for FGF and TGFB. Clin.
Exp. Ophthalmol. 28, 133-13.

McEwen, D.G., Peifer, M., 2001. Wnt signaling: the naked truth. Curr.
Biol. 11, R524-R526.

McGrew, L., Takemaru, K-I., Bates, R., Moon, R.T., 1999. Direct regula-
tion of the Xenopus engrailed-2 promoter by the Wnt signaling path-
way, and a molecular screen for Wnt-responsive genes, confirm arole
for Wnt signaling during neural patterning in Xenopus. Mech. Dev. 87,
21-32.

Miller, JR., 2002. The Wnts. Genome Biol. 3, REVIEWS3001.

Miller, C., Sassoon, D.A., 1998. Wnt-7a maintains appropriate uterine
patterning during the development of the mouse female reproductive
tract. Development 125, 3201-3211.

Moon, R.T., Brown, J.D., Torres, M., 1997. WNTs modulate cell fate and
behaviour during vertebrate development. Trends Genet. 13, 157-162.

Moriguchi, T., Kawachi, K., Kamakura, S., Masuyama, N., Yamanaka, H.,
Matsumoto, K., Kikuchi, A., Nishida, E., 1999. Distinct domains of
mouse dishevelled are responsible for the c-Jun N-terminal kinase/
stress-activated protein kinase activation and the axis formation in
vertebrates. J. Biol. Chem. 274, 30957-30962.

Park, M., Moon, R.T., 2002. The planar cell-polarity gene stbm regulates
cell behaviour and cell fate in vertebrate embryos. Nat. Cell Biol. 4,
20-25.

Parr, B.A., McMahon, A.P., 1998. Sexually dimorphic development of the
mammalian reproductive tract requires Wnt-7a. Nature 395, 707-710.

Pinson, K.I., Brennan, J., Monkley, S., Avery, B.J., Skarnes, W.C., 2000.
An LDL-receptor-related protein mediates Wnt signalling in mice.
Nature 407, 535-538.

Rasmussen, J.T., Deardoff, M.A., Tan, C., Rao, M.S,, Klein, P.S,, Vetter,
M.L., 2001. Regulation of eye development by frizzled signalling in
Xenopus. Proc. Natl. Acad. Sci. USA 98, 3861-3866.

Schlesinger, A., Shelton, C.A., Mdoof, J.N., Meneghini, M., Bowerman,
B., 1999. Wnt pathway components orient a mitotic spindle in the early
Caenor habditis elegans embryo without requiring gene transcription in
the responding cell. Genes Dev. 13, 2028—2038.

Semenov, M.V., Tamai, K., Brott, B.K., Kuhl, M., Sokal, S., He, X., 2001.
Head inducer Dickkopf-1 is a ligand for Wnt coreceptor LRP6. Curr.
Biol. 11, 951-961.

Stark, M.R., Biggs, J.J., Schoenwolf, G.C., Rao, M.S., 2000. Character-
ization of avian frizzled genes in crania placode development. Mech.
Dev. 93, 195-200.

Tamai, K., Semenov, M., Kato, Y., Spokony, R., Liu, C., Katsuyama, Y .,
Hess, F., Saint-Jeannet, J.P., He, X., 2000. LDL -receptor-related pro-
teins in Wnt signal transduction. Nature 407, 530-535.

Taylor, V.L., a-Ghoul, K.J,, Lane, CW., Davis, V.A., Kuszak, JR,,
Costello, M.J., 1996. Morphology of the normal human lens. Invest.
Ophthamol. Vis. Sci. 37, 1396-1410.

Tebar, M., Destree, O., de Vree, W.J.,, Ten Have-Opbroek, A.A., 2001.
Expression of Tcf/Lef and sFrp and localization of beta-catenin in the
developing mouse lung. Mech. Dev. 109, 437-440.

Torres, M.A., Yang-Snyder, JA., Purcell, SM., De Marais, AA,
McGrew, L.L., 1996. Activities of the Wnt-1 class of secreted signaling
factors are antagonised by the Wnt-5A class and by a dominant nega-
tive cadherin in early Xenopus development. J. Cell Biol. 133, 1123~
1137.

Trokel, S., 1962. The physical basisfor transparency of the crystallinelens.
Invest. Ophthalmol. 1, 493-501.

van der Heyden, M.A., Rook, M.B., Hermans, M.M., Rijksen, G., Boon-
stra, J., Defize, L.H., Destree, OH., 1998. Identification of connexin43
as a functional target for Wnt signalling. J. Cell Sci. 111, 1741-1749.

van Noort, M., Meeldijk, J., van der Zee, R., Destree, O., Clevers, H., 2002.
Wnt signaling controls the phosphorylation status of beta-catenin.
J. Biol. Chem. 277, 17901-17905.

Weaver, M., Hogan, B., 2001. Powerful ideas driven by smple tools:
lessons from experimental embryology. Nat. Cell Biol. 3, E165-E167.

Wehrli, M., Dougan, S.T., Caldwell, K., O'Keefe, L., Schwartz, S., Vaizel-
Ohayon, D., Schejter, E., Tomlinson, A., DiNardo, S., 2000. Arrow
encodes an L DL -receptor-related protein essential for Wingless signal-
ling. Nature 407, 527-530.

Weston, C.R., Davis, R.J., 2002. The JNK signal transduction pathway.
Curr. Opin. Genet. Dev. 12, 14-21.

Yamaguchi, T.P., Bradley, A., McMahon, A.P., Jones, S., 1999. A Wnt5a
pathway underlies outgrowth of multiple structures in the vertebrate
embryo. Development 126, 1211-1223.

Zorn, A.M., 2001. Wnt signalling: antagonistic Dickkopfs. Curr. Biol. 11,
R592—-R595.



	A role for Wnt/-catenin signaling in lens epithelial differentiation
	Introduction
	Materials and methods
	Animal tissues
	RT-PCR
	cDNAs
	In situ hybridization
	Histology and immunofluorescence
	Western blotting

	Results
	A functional role for Wnt signaling in the lens
	LRP6 mutant
	-Catenin signaling in the lens epithelium
	Wnt7a and Wnt5a null mice

	Wnt expression in the lens
	Frizzled expression in the lens
	Wnt signaling in the lens

	Discussion
	Acknowledgments
	References


