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Abstract
Cell polarity and adhesion are thought to be key determinants in organismal development. In
Drosophila, discs large (dlg) has emerged as an important regulator of epithelial cell proliferation,
adhesion and polarity. Herein, we investigated the role of the mouse homolog of dlg (Dlg-1) in the
development of the mouse ocular lens. Tissue specific ablation of Dlg-1 throughout the lens early
in lens development led to an expansion and disorganization of the epithelium that correlated with
changes in the distribution of adhesion and polarity factors. In the fiber cells differentiation defects
were observed. These included alterations in cell structure and the disposition of cell adhesion/
cytoskeletal factors, delay in denucleation, and reduced levels of α-catenin, pERK1/2 and MIP26.
These fiber cell defects were recapitulated when Dlg-1 was disrupted only in fiber cells. These
results suggest that Dlg-1 acts in a cell autonomous manner to regulate epithelial cell structure and
fiber cell differentiation.

Keywords
Dlg-1; PDZ; lens development; mouse; cell adhesion; cell polarity; cytoskeleton

INTRODUCTION
Cell polarity and adhesion are thought to be key determinants in organismal development
and cell proliferation and differentiation. In Drosophila, the tumor suppressor, discs-large
(dlg) has been shown to be a crucial regulator of these processes (Woods et al., 1996; Bilder
and Perrimon, 2000). In this study, we address the importance of Dlg-1, the mouse homolog
of Drosophila dlg, in the development of the mouse ocular lens.

The mouse ocular lens is an ideal developmental model for understanding how cell polarity
and adhesion are modulated in vivo and how these affect tissue development. Being
composed entirely of epithelial cells, it is a relatively simple organ that is part of a more
complex organ system, the eye. The morphological features of lens development are well
characterized. Lens formation starts with the induction of the head ectoderm into the lens
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placode by the underlying optic cup at around embryonic day 9.5 (E9.5) and its subsequent
invagination to form the lens vesicle by day E10.5. Shortly thereafter, cells in the posterior
half of the lens vesicle undergo terminal differentiation into lens fiber cells during which
they elongate to fill the vesicle, completely occluding the vesicle by day E13.5 (Piatigorsky,
1981). At this point, the lens consists of a mass of differentiated fiber cells that is bordered
on its anterior surface by a monolayer of epithelium. The lens continues to grow by the
continual addition of newly differentiating cells from the epithelium to the fiber cell
compartment. By the time of birth, within the epithelium, cells in the anterior region are
mostly quiescent, whereas cells in the peripheral region, referred to as the germinative zone,
are actively dividing. As cells divide, they migrate, or are displaced, posteriorly into the
transition zone, where they permanently withdraw from the cell cycle and differentiate into
fiber cells. As they differentiate, fiber cells become highly elongated, express lens specific
differentiation markers, including β and γ crystallins, MIP26 and filensin, and eventually
lose all membrane-bound organelles (Piatigorsky, 1981). In this fashion, the lens continues
to grow throughout the life of an organism, albeit at a slower rate as the animal ages, due at
least in part to the slower rate of proliferation in the epithelium (Piatigorsky, 1981).

Many factors are known to be involved in the development of the lens. Among these are the
pRb pocket proteins family (Morgenbesser et al., 1994; Pan and Griep, 1994), multiple
growth factor signaling pathways such as FGF, IGF-1, TGFα, BMP and Wnt (reviewed in
(Lovicu and McAvoy, 2005), and cell adhesion proteins including α6 integrin (Walker et al.,
2002), β1 integrin (Simirskii et al., 2007) and E- and N-cadherin (Ferreira-Cornwell et al.,
2000; Pontoriero et al., 2008). Although our knowledge of individual factors that contribute
to the regulation of lens proliferation and differentiation is extensive, it remains unclear how
these factors are coordinated to ensure proper regulation of lens growth and differentiation.

(PSD-95-Dlg-ZO-1) domain-containing proteins (PDZ proteins) contain a common protein-
protein recognition domain of approximately 80-90 amino acids (Harris and Lim, 2001).
PDZ proteins, through their multiple protein-protein interaction domains (including the PDZ
domain), are thought to act as scaffolding molecules capable of assembling large
macromolecular signaling complexes at the cell membrane. In invertebrates such as
Drosophila melanogaster and Caenorhabditis elegans, two PDZ domain proteins, Discs
large (Dlg) and Scribble (Scrib), have been shown to play a role in positioning and
maintaining the components of adherens junctions and apical determinants, which is critical
for cell-cell adhesion (Woods et al., 1996; Bilder et al., 2000; Bilder and Perrimon, 2000;
Bossinger et al., 2001; Firestein and Rongo, 2001; Koppen et al., 2001; McMahon et al.,
2001; Segbert et al., 2004). In Drosophila, mutations in dlg or scrib result in the ectopic
localization of adherens junctions and apical proteins in various epithelial tissues, including
the embryonic epidermis, the imaginal disc, and the follicular epithelium. Epithelial cells in
these Drosophila mutants loose their columnar cell shape and are found disorganized in a
multilayered epithelium. Due to these characteristics, dlg and scrib have been classified as
neoplastic tumor suppressors in this organism (Woods and Bryant, 1989; Woods et al.,
1996; Bilder et al., 2000; Bilder and Perrimon, 2000).

Recently, we have gathered evidence in support of the hypothesis that PDZ domain-
containing proteins are critical factors in the regulation of lens cell growth and
differentiation. Dlg-1, Scrib and numerous other PDZ proteins are expressed throughout the
ocular lens (Nguyen et al., 2003). Dlg-1 and Scrib show co-localization with each other and
with the cell adhesion proteins E-cadherin, N-cadherin, and the apical protein ZO-1 (Nguyen
et al., 2005). Dlg-1 was highly concentrated in the apical regions of the fiber cells, as was N-
cadherin, (Nguyen et al., 2005) where the zonula adherens is located (Lo et al., 2000;
Zampighi et al., 2000), and at the basal tips of fiber cells (Nguyen et al., 2005) where the
basal membrane complex is found (Bassnett et al., 1999). Expression in the mouse lens of
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the E6 oncoprotein from Human papillomavirus type 16 (HPV-16), which binds to and
inactivates multiple PDZ proteins including Dlg (Kiyono et al., 1997; Glaunsinger et al.,
2000; Nakagawa and Huibregtse, 2000; Thomas et al., 2002), resulted in the disorganization
and hyperproliferation of the lens epithelium, as well as the inhibition of lens fiber cell
differentiation (Pan and Griep, 1994; Nguyen et al., 2002; Nguyen et al., 2003); and this
property of E6 correlated with its ability to bind to and inactivate PDZ proteins including
Dlg-1 (Nguyen et al., 2003)(Yamben and Griep, unpublished observations). The altered
pattern of proliferating cells as well as an increase in the total numbers of cells in the lens
epithelium of mice carrying an insertional mutation in Dlg-1 (Caruana and Bernstein, 2001;
Nguyen et al., 2003), further suggest that Dlg-1 may play an important role in proper lens
development.

The HPV E6 transgenic mice do not provide us the ability to distinguish between effects on
Dlg-1 versus other PDZ proteins targeted by E6, nor do they allow us to examine epithelial
phenotypes that would arise during embryogenesis, as the K14 driven HPV transgenes are
only expressed postnatally in the lens. Additionally, phenotypes observed in the Dlg gene
trap mutant mice need to be considered with some reservation, as Dlggt allele still contains
three intact PDZ domains (Caruana and Bernstein, 2001) and, therefore, may not be a null
allele. To understand if Dlg-1 specifically is required in lens development, and, if so, what
role it plays, we assessed the effects of the conditional deletion of Dlg-1 in the mouse lens.
The conditional deletion of Dlg-1 at the lens vesicle stage resulted in multiple defects in
both the epithelial and fiber cell compartments, including defects in cell cycle regulation,
differentiation, adhesion and polarity. In contrast, conditional deletion of Dlg-1 specifically
in lens fiber cells recapitulated the fiber cell defects only, indicating that the effects of the
loss of Dlg-1 in these cells were direct. These results show that Dlg-1 is required for
multiple aspects of lens development in an epithelial and fiber cell autonomous manner.

RESULTS
Generation of Dlg-1 conditional null mice

To study the role of Dlg-1 in lens development, we generated mice carrying a Dlg-1
conditional null allele. As shown in Fig. 1A a tri-lox targeting vector (V) was engineered
and introduced into ES cells (see Experimental Procedures for details). Correctly targeted
clones were used to generate chimeric mice; the chimeras were bred to C57BL/6J mice, and
germ line transmission was confirmed by Southern blot and PCR analysis. To remove the
neo cassette, mice carrying the targeted allele (T) were mated to EIIA-Cre transgenic mice,
and male F1 progeny containing all possible recombination events, as judged by PCR
screening of tail DNA, were mated to stock mice. Tail DNAs from the F2 progeny were
genotyped by PCR to identify mice carrying the fully recombined (null) allele or the
partially recombined, (floxed, F) allele. Mice carrying the null allele showed lens defects;
however, due to the severe craniofacial defects these mice exhibited, it was not possible to
determine if the lens defects were lens autonomous (Rivera, et al. manuscript in
preparation).

To conditionally delete Dlg-1 in the mouse ocular lens, mice containing the floxed Dlg-1
allele were mated to mice expressing Cre under the control of a chimeric promoter
containing the 32bp Pax6 consensus binding site fused to the murine aA crystallin promoter
(referred to as MLR10 mice) (Zhao et al., 2004). In MLR10 mice, expression of cre begins
around embryonic day 10.5 (E10.5) at the lens vesicle stage of lens development and cre
expression is found throughout the lens, in both epithelial and fiber cells. Additionally, to
delete Dlg-1 specifically in fiber cells, Dlg-1 floxed mice were mated to mice expressing cre
under the control of the aA crystallin promoter (referred to as MLR39 mice), which
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expresses cre only in the fiber cells beginning at day E12.5 in embryogenesis (Zhao et al.,
2004).

To demonstrate that cre-mediated deletion had occurred specifically in the lens, genomic
DNA was prepared for PCR analysis from the lenses of neonatal Dlg-1f/f and
Dlg-1f/f;MLR10 mice (hereafter referred to as Dlg10 mice), the rest of the eye of Dlg10
mice, and the fiber cells of Dlg-1f/+ and Dlgf/f;MLR39 mice (hereafter referred to as Dlg39
mice). As shown in Fig. 1B, cre-mediated deletion of exon 8 was evident in the DNAs from
the lenses of Dlg10 and Dlg39 mice, but not in the DNA from the eye of Dlg10 mice.
Protein lysates were prepared from the lenses of control, Dlg10 and Dlg39 mice, as well as
from lung of E18.5 Dlg-1+/+ and Dlg-1−/− embryos. The lysates were subjected to western
blot analysis with an anti-Dlg-1 antibody and subsequently the membranes were reblotted
for GAPDH as a loading control. The levels of Dlg-1 in the lenses of Dlgf/+10 were reduced
when compared to Dlg-1+/+ lenses, and undetectable in the lenses of Dlg10 mice (Fig. IC).
Also, the levels of Dlg-1 were reduced in a gene dosage dependent manner in the lenses
from Dlgf/+39 and Dlg39 mice. No Dlg-1 was detected in the protein lysate of E18.5
Dlg-1−/− lung, indicating the specificity of the antibody. Together, these results indicate that
cre mediated deletion of Dlg-1 in the lens was efficient.

Effect of loss of Dlg-1 on lens morphology
To determine if the conditional deletion of Dlg-1 in the lens resulted in morphological
defects, embryonic day 13.5 (E13.5) embryos, E17.5 eyes, postnatal day 2 (P2) eyes and
adult eyes from Dlg-1+/+, Dlg-1f/f, Dlg10 and Dlg39 mice were embedded in paraffin,
sectioned, stained with hematoxylin and eosin and viewed by light microscopy. The lens
phenotype of the Dlg-1f/f mice was indistinguishable from that of Dlg-1+/+ mice (data not
shown) and therefore, lenses from mice of these genotypes were used interchangeably for
controls. In Dlg-1-sufficient controls, the central epithelium had the expected monolayered
organization with the cells attaining a cuboidal shape over time (Figs. 2C, 2H, 3D).
Abnormalities in the epithelial compartment of the lenses from the Dlg10 embryos were
observed as early as E13.5; at which time the central epithelium was thickened and areas of
disorganization including regions of multilayering (Fig. 2D, boxes) were present, giving the
appearance of more cells in the epithelium. To determine if this was the case, we counted
the total number of cells in the epithelium of control and Dlg10 mice at E13.5. As shown in
Fig. 4, the number of epithelial cells in the lenses from E13.5 embryos was significantly
greater than the number in the controls (154.1+/−0.44 vs. 108.8+/−3.26, p<0.05). At E17.5,
in the central epithelium irregularities in the shape, staining characteristics, and the
arrangement of the nuclei within the epithelial layer were observed (compare Figs. 2H and
2I, boxed regions). Regions of multilayering were observed, particularly in the peripheral
regions of the epithelium (not shown). The total epithelial cell number was greater in the
lenses of Dlg10 embryos as compared to controls (202.8+/−3.6 vs. 169.1+/−2.8, p<0.01).
By P2, the integrity of the epithelium was severely disrupted. The central epithelium in
lenses of Dlg10 mice appeared flattened as compared to the central epithelium in the control
lenses and the normal uniform positioning of nuclei within the cells was lost (Figs. 3D, E).
Loosely packed cells, clusters of nuclei followed by gaps in the row of nuclei (Fig. 3E, box)
and vacuoles (Fig. 3E, arrow) were observed. A few areas of multilayering were observed in
the peripheral epithelium (data not shown). At P2, there was no significant difference in
epithelial cell numbers (209.6+/−7.61 vs. 210+/−9.13, p=0.71). By P24, a few areas of
multilayering and the irregularities in shape of the nuclei in the peripheral epithelium of the
Dlg10 mice were still observed (Fig. 3N, arrows) and the central epithelium remained
flattened as compared to controls (data not shown). These epithelial defects were not
observed in the lenses of Dlg39 mice (Figs. 2J, 3F) indicating that the Dlg10 phenotypes
were due to the loss of Dlg-1 specifically in the epithelium.
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A prominent feature of mouse lens fiber cell morphology is the positioning of the nuclei
within the fiber cells through interkinetic nuclear migration (Zwaan et al., 1969). This
results in the organization of the fiber cell nuclei in a pattern referred to as the bow shape,
which is located parallel to the lens equator (Zwaan et al., 1969). The lenses from the control
mice, most prominently at E17.5, exhibited the characteristic bow shape organization of
nuclei within the fiber cell compartment (Figs. 2E, 2K, 3G, 2K). In contrast, the bow regions
of Dlg10 and Dlg39 fibers were irregularly organized (Figs. 2F, 2G, 2L, 2M, 3I, 3L). Nuclei
were positioned posterior to the bow (Fig. 2L, box) or the characteristic bow shape was
completely absent (Fig. 3I, Box). Additionally, in the lenses of postnatal Dlg-1 mutant mice,
nuclei were observed in regions of the fiber cell compartment that normally are devoid of
nuclei (Figs. 3G-I, arrows, 3K-L), suggesting that the denucleation process was delayed.

Secondary fiber cell differentiation includes the elongation and migration of cells along their
posterior and anterior surfaces towards the center of the lens (Piatigorsky, 1981). As a part
of this process, the curvature of the fiber cells switches from concave to convex so that the
tips of the cells face toward the center of the lens. As fiber cells from either half of the lens
approach the center, they detach from their anterior and posterior surfaces and form new
connections with other fiber cells from either half of the lens resulting in the formation of
anterior and posterior lens sutures. In the lenses of the Dlg-1 sufficient control mice, sutures
formed normally and fiber cells exhibited a convex curvature and (Figs. 2E, K). In contrast,
in the lenses of Dlg10 and Dlg39 mice, defects in both anterior and posterior suture
formation were observed frequently at E17.5 and P2 (Figs. 2F, 2G, 3B, 3C, asterisk).
Furthermore, fiber cells in the lenses of the Dlg10 and Dlg39 mice in some cases failed to
exhibit convex curvature (Figs. 2L, M) and in other cases had an irregular curvature (Fig 3I).
The irregularity in fiber cell curvature may also contribute to the abnormal shape of the
lenses and shortened anterior-posterior dimension, which was frequently observed in both
Dlg39 (Fig. 3C) and Dlg10 (data not shown) mice. Finally, fiber cells in the lenses of Dlg10
and Dlg39 P2 mice appeared to stain more lightly with eosin than did the corresponding
cells in the lenses of the control mice (Figs. 3C, 3I vs. 3A, 3G). Collectively, the
morphological defects in the lenses of the Dlg10 mice resulted in a cataractous adult lens
(Fig. 3J). Lenses from adult Dlg39 mice also exhibited cataracts (not shown). Together,
these data suggest individual roles for Dlg-1 in maintaining cell morphology in the
epithelium and in the fiber cell compartment that is required for lens clarity.

Effect of loss of Dlg-1 on cell survival
Disruption of fiber cell differentiation in the lens is associated frequently with apoptosis
(Yan et al., 2006). To determine if the ablation of Dlg-1 resulted in apoptosis, TUNEL
assays were performed on paraffin embedded eye sections of E17.5 and P2 control, Dlg10
and Dlg39 mice. At E17.5, lenses from control, Dlg10 and Dlg39 mice showed only an
occasional apoptotic cell within the epithelium (Fig. 5A-C, arrow in B), which is a normal
occurrence (Ishizaki et al., 1998; Zandy et al., 2005). However, one out of 7 Dlg mutant
lenses tested showed some TUNEL positive nuclei in the fiber cell compartment (data not
shown), suggesting that cell death due to loss of Dlg-1 may initiate around E17.5 or soon
thereafter. By P2, the frequency of TUNEL positive cells in the epithelium of Dlg10 mice
was greater than in the epithelium of the control lenses (compare Fig. 5G-H and J-K, arrows
in H and K) and this appeared to be an epithelial cell specific effect as there was no increase
in the number of TUNEL positive cells in the epithelium of Dlg39 mice (Fig. 5I, L). In the
fiber cell compartment, no TUNEL positive cells were observed in the center of the lens or
in the newly differentiating fiber cells in the cortical region in the lenses of control mice
(Fig. 5G, J), as by P2 the denucleation process has already been completed. In contrast,
TUNEL positive cells were observed in the center of the lenses of P2 Dlg10 and Dlg39 mice
(Fig. 5H and K, I and L, respectively, arrows), suggesting a delay in denucleation.
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Additionally, mislocalized propidium iodide (PI) positive nuclei were observed in the
posterior and center in lenses of the Dlg10 and Dlg39 mice (Fig. 5H-I, arrowheads). Thus,
loss of Dlg-1 resulted in a temporally dependent onset of apoptosis in both epithelial and
fiber cell compartments. Additionally, cell death in one compartment was independent of
cell death in the other compartment.

Analysis by hematoxylin and eosin staining suggested that the organization of nuclei in the
bow region was affected in lenses of the Dlg10 and Dlg39 mice (Figs. 2, 3). The propidium
iodide staining used in the TUNEL assay also showed that nuclei were found in the anterior
and posterior regions of the fiber cell compartment in the lenses of the Dlg10 and Dlg39
mice whereas these regions were clear of nuclei in lenses of control mice (see arrowheads in
5B, C, H and I). By P2, the overall organization of the bow region was disrupted in lenses of
the Dlg-1 mutant mice and the density of nuclei in newly differentiating fibers in the lenses
of Dlg10 mice (Fig. 5D, E boxed regions) appeared to be greater than in controls. Because
fiber cell differentiation involves the proper organization and eventual loss of fiber cell
nuclei, these observations suggest that fiber cell differentiation is disrupted when Dlg-1 is
ablated in the lens. Furthermore, because these structural defects are observed temporally
before cell death occurs, cell death is likely the result of defects in fiber cell differentiation
rather than the cause.

Effect of loss of Dlg-1 on fiber cell differentiation
The process of fiber cell differentiation is accompanied by upregulation of differentiation
specific markers. To determine if loss of Dlg-1 affected the expression of proteins associated
with fiber differentiation, eye sections from day P2 control, Dlg10 and Dlg39 embryos were
subjected to immunofluorescence with antibodies for β-crystallin and MIP26, two fiber cell
specific proteins (Graw, 1997; Chepelinsky, 2003), and phosphorylated ERK (pERK), a
membrane associate protein kinase which has been shown to be upregulated in newly
differentiating fibers (Lovicu and McAvoy, 2001). There was no apparent difference in the
pattern of immunostaining for MIP26 and β-crystallin in the lenses of the Dlg10 or Dlg39
mice as compared to control lenses (Fig. 6G-L). However, the pattern and intensity of
immunostaining for pERK1/2 was reduced in the newly differentiating fiber cells in the
lenses of Dlg10 and Dlg39 mice, as compared to controls (Fig. 6D-F, boxes), suggesting that
the normal upregulation in levels of the differentiation marker, activated pERK, had failed to
occur (Fig. 6A-F). Additionally, patchy staining was observed, suggesting that the
distribution of pERK in the fibers was affected (Fig. 6F, box). To further evaluate the effect
of loss of Dlg-1 on MIP26, β-crystallin and pERK levels, pooled protein lysates of fiber
cells dissected from lenses of P2 control and Dlg39 mice were subjected to immunoblot
analysis using antibodies against total ERK1/2, activated, phosphoERK1/2 (p-ERK1/2),
MIP26, β-crystallins, and GAPDH as a loading control. Whereas the levels of total ERK1
and ERK2 were similar in fiber cell extracts from Dlg39 mice as compared to control
extracts, the levels of pERK1 and pERK2 in Dlg39 extracts were reduced (Fig. 7). Levels of
MIP26 were reduced, although not to the same degree as pERK1/2. (Fig. 7) whereas the
overall levels of β-crystallins were similar to controls (not shown). These data correlate
structural defects in fiber cell differentiation in the Dlg-1 mutant mice with biochemical data
showing reduced levels and altered distribution of an intermediate signaling factor known to
be upregulated during fiber cell differentiation.

Effect of loss of Dlg-1 on the cell adhesion factors and cytoskeletal structure
The cell adhesion factors, E- and N- cadherin, have been shown recently to be essential for
fiber cell differentiation and for maintaining normal lens epithelial structure and adhesion in
the mouse (Pontoriero et al., 2008). Additionally, functional N-cadherin-actin cytoskeletal
linkages are necessary for differentiation of chick lens epithelial cells into fiber cells in vitro
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(Ferreira-Cornwell et al., 2000). Previously, we have shown that Dlg-1 co-localizes with the
adherens junction proteins E- and N-cadherin in the lenses of postnatal mice (Nguyen et al.,
2005) and with α-catenin, one factor linking cadherin to the actin cytoskeleton (Rivera et al.,
in preparation). Therefore, we asked if disruption in cell structure and fiber cell
differentiation observed in the lenses of Dlg10 and Dlg39 mice were associated with
changes in cadherin-catenin linkages and organization of the actin cytoskeleton.

To determine if the conditional deletion of Dlg-1 in the lens affected the co-localization of
E- or N-cadherin with α-catenin, longitudinally oriented paraffin sections from lenses of
E17.5 and P2 control, Dlg10 and Dlg39 mice were double immunostained with antibodies
against E- or N-cadherin and α-catenin and the sections viewed by confocal microscopy. In
lenses from control mice, E-cadherin strongly co-localized with α-catenin on the basal
membranes of the epithelial cells (Fig. 8A, arrow). E-cadherin was strongly concentrated on
the basal membrane and in specific punctate pattern on the apical surface (Fig. 8D, arrows).
In contrast, the co-localization of E-cadherin with α-catenin was lost in the lens epithelium
of the Dlg10 mice (Fig. 8B). E-cadherin was more uniformly distributed around the
membranes of epithelial cells (Fig. 8B, E, arrows) and the punctate pattern of staining on the
apical surface was lost (Fig. 8E). The effect of loss of Dlg-1 on the co-localization of E-
cadherin and α-catenin and the pattern of E-cadherin localization was specific to the lenses
of Dlg10 mice, as the normal pattern of localization was preserved in the epithelium of the
Dlg39 mice (Fig. 8C, F).

In lenses from the control mice, N-cadherin strongly co-localized with α-catenin at the
epithelial-fiber interface, lateral membranes and posterior tips of the fiber cells in the
transition zone (Fig. 9A, C arrows). In contrast, in the lenses of the Dlg10 and Dlg39 mice,
the co-localization between N-cadherin and α-catenin was reduced (Fig. 9B, D). In control
lenses α-catenin accumulated strongly at the basal tips of the fiber cells and was highly
associated with the membrane in the posterior portions of the cortical fibers (Fig. 9E, G,
arrows). In lenses from Dlg10 and Dlg39 mice, however, the accumulation of α-catenin at
the basal tips of the fiber cells and the overall intensity of staining appeared to be reduced
(Figs. 9F, H, arrows). The analysis of α-catenin localization by immunofluoresence
suggested that the overall levels of α–catenin may be reduced in the newly differentiating
fiber cells. Immunoblotting of whole cell protein lysates from fiber cells of Dlg39 mice with
antibodies against α–catenin and GAPDH, as a loading control, confirmed this possibility
(Fig. 7). Finally, as noted above, as fiber cells begin to differentiate, they normally reorient
themselves along the lens capsule, and take on a convex curvature. This reorientation is
highlighted by the staining of N-cadherin along the membranes and basal tips of the fiber
cells in control lenses (Figs. 9I, yellow arrowheads). In contrast, the basal tips of the fiber
cells in the Dlg10 and Dlg39 mice appeared randomly oriented with respect to the capsule
(Figs. 9J, K, yellow arrowheads).

The pattern of immunostaining for N-cadherin and α-catenin on longitudinal sections of
control and Dlg-1 mutant lenses suggested that the co-localization of these proteins in the
transition zone was disrupted with the loss of Dlg-1. To further address this possibility,
transverse sections of lenses from control and Dlg39 mice were double immunostained with
anti-N-cadherin and anti-α-catenin antibodies. In lenses from control mice, the hexagonal
shape of the fiber cells just posterior to the transition zone was apparent (Fig. 10A-C). N-
cadherin and α-catenin strongly co-localized at the vertices of the fiber cells (Fig. 10A,
arrow) and on the short sides of the fibers, where N-cadherin is concentrated (Fig. 10C).
Additionally, α-catenin accumulated strongly at the basal tips of the fibers where they
associated with the lens capsule (Fig. 10B, asterisk). In contrast, the regular hexagonal shape
of the fiber cells was lost in the lenses of the Dlg39 mice (Fig. 10D-F). The co-localization
of α-catenin and N-cadherin also was affected. The punctate accumulation of these proteins
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at the vertices was lost. In some fibers, these proteins appeared to overlap along the entire
membrane whereas in other fibers, they overlapped on only a portion of the membrane (Fig.
10D, arrows). The accumulation of α-catenin at the basal tips was reduced (Fig. 10B,
asterisk, 10E). The disruption in cell shape and pattern of co-localization of α-catenin and N-
cadherin in the lenses of the Dlg39 mice suggested that the association of α-catenin with β-
actin might also be affected. To address this possibility, transverse sections were double
immunostained with anti-α-catenin and anti-β actin antibodies. In control lenses these
proteins strongly co-localized at the vertices (Fig. 10G, arrow) where β-actin is concentrated
(Fig. 10I, arrow). In contrast, this co-localization was lost in the fiber cells of the Dlg39
mice (Fig. 10J). In some cells, β-actin and α-catenin staining was observed along the entire
membrane; however, overlap was absent or sporadic (Fig. 10J-L, arrows). Together these
data indicate that loss of Dlg-1 leads to changes in the distribution and levels of factors
involved in cell adhesion that correlate with defects in fiber cell structure.

The disruption in the pattern of β-actin immunostaining and loss of the normal hexagonal
shape of the fiber cells suggested that there may be defects in the organization of the
underlying actin cytoskeleton. To determine if this was the case, frozen sections from lenses
of P2 control Dlg10 and Dlg39 mice were stained with phalloidin to visualize filamentous
actin and analyzed by confocal microscopy. In the lenses of the control mice, actin filaments
were highly organized and staining was very strong at the apical (Fig. 11A, arrow, 11D) and
basal tips (not shown) of the fiber cells. In contrast, in the lenses of the Dlg10 and Dlg39
mice, actin staining appeared highly disorganized. The intensity of staining at the apical tips
of the fiber cells frequently appeared to be reduced (Fig. 11 C, box) and suture defects were
apparent (Fig. 11B, C, asterisks). Interestingly, actin organization in the epithelium appeared
unaffected by loss of Dlg-1 (Fig. 11D, E). Taken together, these results indicate that the
deletion of Dlg-1 in the lens is sufficient to affect the organization the actin cytoskeleton in a
fiber cell autonomous manner.

Effect of loss of Dlg-1 on the localization of ZO-1
The PDZ protein ZO-1 is specifically localized to the apical membrane in the epithelial cells
of the lens, although it is widely distributed in the fiber cells (Nielsen et al., 2003; Nguyen et
al., 2005). To determine if the conditional deletion of Dlg-1 in the lens vesicle affected
apical-basal polarity, longitudinally oriented paraffin sections from lenses of day E17.5
control and Dlg10 mice were immunostained with anti-ZO-1 antibody and the sections
viewed by confocal microscopy. In the central epithelium, ZO-1 localization was restricted
to the apical membranes of epithelial cells in lenses from control mice (Fig. 12A, arrow). By
contrast, ZO-1 was observed on all membranes of the central epithelial cells from the Dlg10
mice (Fig. 12B). Interestingly, in the transition zone, ZO-1 remained restricted to the apical
surface of the epithelial cells in the lenses from the Dlg10 mice (Fig. 12E). In addition, ZO-1
distribution in the central fiber cells appeared more diffuse in lenses from the Dlg10 mice
(Fig. 12B) as compared to controls (Fig. 12A). Localization of ZO-1 in the epithelium of
lenses from Dlg39 mice was indistinguishable from ZO-1 staining in control mice (Figs.
12C, F). Thus, this result suggests that apical-basal polarity is affected in specific regions of
the epithelium when Dlg-1 is ablated in the lens and that this effect is epithelial cell
autonomous.

DISCUSSION
Cell polarity and adhesion are thought to be key determinants in organismal development
and in the maintenance of epithelial structure and tissue architecture. In this study, we
addressed the hypothesis that Dlg-1 is required for regulating these essential aspects of
epithelial cell biology during the development of the mouse ocular lens. We show that loss
of Dlg-1 specifically affects epithelial cell integrity, growth and survival. Independently,
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loss of Dlg-1 affects fiber cell structure, differentiation and survival. We show that these
defects correlate with defects in cell adhesion, cytoskeletal organization, and apical-basal
polarity factors. Finally, we show that the loss of Dlg-1 leads to reduced levels of α-catenin,
MIP26 and activated pERK1/2, factors that are essential for maintaining normal cell
architecture and fiber cell differentiation. Thus, we provide evidence that Dlg-1 is required
for multiple independent aspects of lens formation in an epithelial and fiber autonomous
manner.

Dlg-1 is required for maintaining the structural integrity of the epithelium
By conditionally targeting deletion of Dlg-1 in the lens as early as E10.5, we found that loss
of Dlg-1 by day E13.5 resulted in a disorganized epithelium characterized by irregular cell
shape and positioning, areas of multilayering, and an increase in total cells (Figs. 2, 3, and
4). One possible explanation for the multilayering is that there may be defects in the
orientation of cell division, which was occasionally observed (data not shown). Although
multilayering could contribute to the disorganized appearance of the epithelium, the vast
majority of the epithelium is not multilayered (Figs. 2 and 3); and therefore, additional
factors, are likely to be involved. Prior studies have suggested that Dlg is a negative
regulator of G1/S phase transition (Ishidate et al., 2000;Brumby et al., 2004;Nagasaka et al.,
2006). Furthermore, lenses of day E19.5 Dlggt/gt embryos showed increased total epithelial
cell number and proliferating cells in the transition zone (Nguyen et al., 2003). Therefore,
altered cell cycle regulation in the lens epithelium of Dlg10 embryos prior to E13.5 may
contribute to the increased total number of cells in the epithelium at day E13.5 and 17.5.
However, as by P2 there was no disparity in epithelial cell number between Dlg10 mice and
controls (Fig. 4), any effect that loss of Dlg-1 in the epithelium might have on cell cycle
regulation is temporally regulated. The increased number of TUNEL positive cells in the
epithelium at this age suggests that apoptosis is involved (Fig. 5). However, apoptosis may
only be one factor since the increase in TUNEL positive cells was small. Further studies will
be required to elucidate the role of Dlg-1 in cell cycle regulation in the epithelium.

One additional factor that could contribute to the irregularities in cell shape and
disorganization of the epithelium might be the defects of apical-basal cell polarity. Studies
in Drosophila indicate that Dlg is required for proper apical-basal polarity and the formation
and maintenance of adherens junctions (Bilder et al., 2003). In our study, we found that the
tight junction protein and polarity marker ZO-1 was no longer restricted to punctate regions
on the apical surfaces of the central epithelial cells in the lenses of the Dlg10 mice; instead,
ZO-1 was also observed along the basolateral surfaces (Fig. 12). Of note, tight junctions are
found only in the central epithelium in the lens (Lo et al., 2000; Zampighi et al., 2000) and,
therefore, tight junctions may be compromised in the Dlg-1 deficient epithelium. Another
factor that could contribute to irregularities in cell shape in the epithelium might be the
defects in cell-cell adhesion. Previous mammalian cell culture studies have shown that Dlg-1
localizes to sites of cell-cell adhesion (Reuver and Garner, 1998). In our study, we observed
that the normal distribution of E-cadherin in the epithelial cell membranes and its overlap
with α-catenin was disrupted in the epithelium of Dlg10 mice (Fig. 8), suggesting that loss
of Dlg-1 in these cells resulted in defects in cell-cell adhesion. Thus, loss of Dlg-1 in the
lens alters the distribution and levels of polarity and adhesion factors, suggesting that Dlg-1
is required for the formation and/or maintenance of apical-basal polarity and adherens
junctions in the lens.

In our study we have identified the first in vivo example of a requirement for Dlg-1 to
properly localize polarity factors such as ZO-1 and adhesion factors such as E-cadherin.
Interestingly, changes in ZO-1 or E-cadherin distribution were not observed in the urogenital
tract defects in Dlggt/gt (Naim et al., 2005) or Dlg-1 null (Iizuka-Kogo et al., 2007) mice.
Thus, the loss of Dlg-1 has tissue specific effects on cell polarity and adhesion in the mouse.
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One possible explanation for this difference is that in the urogenital tract other factors such
as other Dlg family members may have redundant roles and/or can compensate for the loss
of Dlg-1.

Dlg-1 is required in fiber cells for cell structure and differentiation
In both the Dlg10 and Dlg39 models, loss of Dlg-1 resulted in multiple defects in fiber cell
morphology including defects in the organization of the bow region, fiber cell elongation
and suture defects, loosely packed fibers and vacuoles, and defects in the concave curvature
of the fibers (Figs.2 and 3). In addition, TUNEL positive nuclei were retained in the lens
nucleus (Fig. 5H, I, K, L), suggesting, at least, a delay in the denucleation program. The fact
that these same phenotypes were observed in the fiber cell specific Dlg39 model indicates
that Dlg-1 plays a fiber cell autonomous role in lens development. Furthermore, the
observation that TUNEL positive nuclei were observed in the cortical fibers only at P2 (Fig.
5H, I, K, L) whereas defects in differentiation were already apparent at E17.5 (Figs. 2E-I,
6A-F), may suggest that these defects accumulated over time and eventually become severe
enough to trigger apoptosis. Alternatively, there may be temporally dependent signals
required to trigger apoptosis in the lenses of the Dlg10 and Dlg39 mice.

The morphology and movement of fiber cells are greatly dependent on the plasticity of cell-
cell adhesion, cell-matrix adhesions and the interaction of these adhesions with the
underlying cytoskeleton (Zelenka, 2004). In particular, N-cadherin is required for fiber cell
differentiation (Pontoriero et al., 2008) and linkages involving N-cadherin (Ferreira-
Cornwell et al., 2000) and the actin cytoskeleton (Maddala et al., 2008) have been shown to
be important in this process. We have shown previously that Dlg-1 is highly concentrated in
the apical and basal tips of the fiber cells, where it strongly co-localizes with N-cadherin
(Nguyen et al., 2005). In this study, we showed that the morphological abnormalities
observed in the lenses of the Dlg10 and Dlg39 mice (Figs. 2 and 3) were associated with a
disruption in the overlap between N-cadherin and α-catenin (Figs. 9A-D, 10A-F) and α-
catenin and β-actin (Fig. 10G-L) in cortical fiber cells. Additionally, the organization of the
actin cytoskeleton (Fig. 11) was disrupted, particularly in the apical regions of the fiber
cells, which may result from a disruption of the zonula adherens, a region where Dlg-1 is
normally found to be highly concentrated and to strongly co-localize with N-cadherin
(Nguyen et al., 2005). At the basal capsule, the accumulation of α-catenin (Fig. 10B, E) and
regular organization of the fiber cell tips with respect to the lens capsule was affected (Figs.
9I-K). Taken together, the data indicate that Dlg-1 deficiency may lead to the observed
structural defects in the fiber cells because of defects in cell adhesion-cytoskeletal linkages.
Defects in fiber cell elongation, abnormal accumulation of nuclei in the transition zone,
disorganization of the actin cytoskeleton and extensive vacuolization of fiber cells have been
observed in the lenses of mice conditionally ablated for Cdh2 (N-cadherin) (Pontoriero et
al., 2008). These similarities in the phenotypes of the Dlg-1 deficient and Cdh2 deficient
lenses support the hypothesis that Dlg-1 is a modulator of N-cadherin function.

Interestingly, α-catenin staining appeared to be reduced in the fiber cells of the Dlg10 and
Dlg39 mice (Figs. 9E-G, 10B, E), an observation that was confirmed by immunoblot
analysis using fiber cell protein extracts from Dlg39 mutants (Fig. 7). To our knowledge, a
role for Dlg-1 in maintaining α-catenin levels has not been previously reported. The
pronounced disorganization of the actin cytoskeleton may be a consequence of the reduced
level of α-catenin and aberrations in the signaling pathways that are associated with
cytoskeletal organization. It has recently been shown that increased concentrations of α-
catenin allow for this molecule to homodimerize resulting in its ability to interact with actin
filaments (Drees et al., 2005). Cytoskeletal organization also has been shown to be
compromised when RhoGTPase activity is inhibited in the fiber cells (Maddala et al., 2008).
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Future studies will be required to elucidate the mechanism through which loss of Dlg-1
results in reduced α-catenin levels and disorganization of the actin cytoskeleton.

Dlg-1 as a modulator of ERK1/2 activation
In our study, we tested the effect of loss of Dlg-1 on the expression of the lens fiber cell
differentiation markers β crystallin, MIP26 (Graw, 1997; Chepelinsky, 2003) and the
upregulation in the levels of pERK1/2 (Lovicu and McAvoy, 2001). We observed no
apparent change in the level or pattern of β-crystallin expression (Figs. 6J-L and data not
shown). This is consistent with previous reports showing by immunofluorescence that
upregulation of β-crystallin during fiber cell differentiation is pERK1/2 independent (Lovicu
and McAvoy, 2001), We also observed a small reduction in MIP26 (Fig. 7), although the
pattern of MIP26 expression was not affected (Fig. 6G-I). Reduced MIP26 is consistent with
the findings of Golestaneh et al. (Golestaneh et al., 2004) who found that pharmacologically
inhibiting ERK activity in the rat explant system resulted in reduced MIP26 expression.
Interestingly, we found that the levels of pERK1/2 appeared to be reduced in the newly
differentiating fiber cells of both Dlg10 and Dlg39 mice (Fig. 6A-F). Analysis of fiber cell
extracts from Dlg39 mice confirmed that levels of pERK1/2 were reduced, whereas the
levels of total ERK1/2 were unaffected (Fig. 7). This is the first report suggesting a role for
Dlg-1 in regulating ERK activation.

One explanation for the reduced levels of pERK1/2 with the loss of Dlg-1 is that cell
adhesion (Figs. 7, 9, 10) and the actin cytoskeleton are disrupted (Fig. 11). In keeping with
Dlg-1's role as a scaffolding molecule, associated with this disruption is the failure to
assemble the correct protein complexes for efficient ERK phosphorylation. Scaffolding
proteins have been shown to be necessary to correctly localize ERK1/2 to the protein
complexes for phosphorylation (Ramos, 2008). One known protein is the scaffolding and
actin binding molecule, IQGAP1, which can bind several members of the ERK1/2 pathway
and can activate ERK1/2 in response to growth factor stimulus (Brandt and Grosse,
2007;Ramos, 2008).

Another possible explanation for reduced levels of pERK1/2 in the Dlg-1 deficient fiber
cells is that Dlg-1 modulates growth factor signaling pathways that impact fiber cell
differentiation through ERK activation. It has been established that FGF signaling is
necessary for fiber cell differentiation (McAvoy and Chamberlain, 1989; Chow et al., 1995;
Robinson et al., 1995; Lovicu and Overbeek, 1998; Robinson et al., 1998; Stolen and Griep,
2000; Zhao et al., 2008) and that FGF induced differentiation requires sustained pulses of
pERK1/2 activity (Iyengar et al., 2007). Other growth factor signaling pathways such as
BMP (Faber et al., 2002), TGFβ (de Iongh et al., 2001; Faber et al., 2002), integrin (Walker
et al., 2002; Simirskii et al., 2007) and noncanonical Wnt signaling (Chen et al., 2004; Chen
et al., 2006; Chen et al., 2008) also are known to influence fiber cell differentiation and
these signaling pathways have been linked to upregulation of pERK1/2 (Walker et al., 2002;
Golestaneh et al., 2004; Lyu and Joo, 2004; Iyengar et al., 2007). Similarities in the lens
phenotypes of mice in which the FGF (Chow et al., 1995; Robinson et al., 1995; Stolen and
Griep, 2000), Wnt (Chen et al., 2008), and integrin (Walker et al., 2002) pathways are
inhibited suggest these may be plausible targets for Dlg-1. Further experiments are needed
to determine which pathway or pathways and signaling cascades are modulated by Dlg-1 in
the lens.

Conclusions
Dlg-1 is required in both the epithelium and the fiber cell compartment for regulating
epithelial structure and fiber cell differentiation and may do so, at least in part, through the
regulation of cell polarity, cell-cell adhesion and cytoskeletal organization. Our findings also
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describe novel roles for Dlg-1 in maintaining α-catenin and MIP26 levels and pERK1/2
activation, which are essential for maintaining normal cell architecture and fiber cell
differentiation.

EXPERIMENTAL PROCEDURES
Animal Maintenance and Use

All experiments using mice conformed to the Public Health Service Policy on Humane Care
and Use of Laboratory Animals and ARVO statement for the Use of Animals in Ophthalmic
and Vision Research and were approved by the Institutional Animal Care and Use
Committee of the University of Wisconsin School of Medicine and Public Health.

Generation of Dlg-1 Mutant Mice
A 7.1kB fragment encoding exons 7-9 of Dlg-1 was isolated from a murine strain 129/Sv
CITB BAC library and used to generate the targeting vector via recombineering (Liu et al.
2003) (see Figure 1A). The linearized vector was electroporated into R1 embryonic stem
(ES) cells and ES cells containing the integrated vector were identified by Southern Blot
analysis. Three karyotypically normal clones containing the targeted allele were
microinjected into C57BL/6J blastocysts. The resulting chimeras were bred to C57BL/6J
mice and agouti progeny were tested for germline transmission of the mutant allele by
Southern Blot analysis of tail DNA and by PCR. The construction of the targeting vector,
generation of gene targeted ES cell clones and generation of chimeric mice were carried out
in the University of Wisconsin Biotechnology Center's Transgenic Animal Facility.

Female Dlg-1fn/+ mice were mated to male EIIAcre transgenic mice (Lakso et al 1999) and
the F1 mosaic progeny were mated to C57Bl/6J, 129X1SvJ or FVB/nJ females and mice
with the conditional allele (Dlg-1f/+ mice) or null allele (Dlg-1+/− mice) were identified by
PCR screening Dlg 5′ and Dlg-1 I8R (conditional allele) or Dlg 5′ and Dlg-1 3′ (Table 1). To
conditionally delete Dlg-1 in the lens, first Dlg-1f/+ mice were mated to either homozygous
MLR10 or homozygous MLR39 mice (Zhao 2004). Progeny containing the floxed allele
were identified using Dlg 5′ and DlgI8R primers. Progeny containing cre were identified by
PCR using Pr4 and creAS (Zhao et al., 2004). Next, Dlg-1f/+;MLR10 and Dlg-1f/+;MLR39
progeny were mated to Dlg-1f/+ mice. To confirm lens specific cre mediated deletion,
genomic DNA isolated from microdissected lenses, lens fibers, the rest of the eye and tail
was subjected to PCR amplification using Dlg5′ and Dlg3′ primers.

Western Blotting
Whole lenses or fiber cells were dissected from P2 and neonatal lenses and protein was
isolated using 1X RIPA buffer with protease inhibitors. 100μg of protein lysate from
Dlg-1+/+, Dlgf/f, Dlg f/+10, Dlg10 or Dlgf/+39, Dlg39 mice were run on a 7.5% acrylamide
gel. Lung protein extracts from Dlg-1+/+ and Dlg-1−/− were also prepared and used as
controls (Fig. 1C). Proteins were transferred to PVDF membrane. Blots were blocked in 5%
nonfat dry milk dissolved in 1X phosphate buffered saline-tween 20 (PBST) or 5% bovine
serum albumin (BSA) in tris buffered saline-tween 20 (TBST), for pERK1/2. Membranes
were probed for three hours with the antibodies and concentrations listed in Table 2 diluted
in blocking solution. Membranes were washed in 1X PBST or 1X TBST and were then
incubated for one hour with goat anti-mouse HRP (Pierce) or donkey anti-rabbit HRP (GE
Healthcare Life Sciences) diluted in blocking solution. After incubation with the secondary
antibodies, blots were washed and bands were visualized using Enhanced
Chemiluminescence Plus Kit (ECL Plus, GE Healthcare Lifesciences) and exposed to film
or scanned on a StormScanner densitometer. As a loading control, blots were incubated with
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mouse anti-GAPDH diluted in blocking solution, washed, and then were incubated with goat
anti-mouse HRP.

Histological Analysis
Embryos from E13.5 and eyes from day E17.5, P2 and P24 Dlg-1+/+, Dlg-1f/f, Dlg10 and
Dlg39 mice were dissected and fixed overnight in 4% paraformaldehyde (PFA) at 4°C,
washed with 1X phosphate buffered saline (PBS) and dehydrated in increasing
concentrations of ethanol. Embryos were oriented for coronal sectioning and eyes were
oriented for either longitudinal or transverse sectioning. Both were embedded in paraffin.
5μm sections were cut, stained with hematoxylin and eosin, and viewed by light microscopy.
The total cell number in the epithelium was determined by counting nuclei under a light
microscope at 40X magnification. At least 3 animals per genotype per age and 2 slides per
animal per age were used. Statistical significance was determined by the Wilcoxon Rank
Sums test (two-sided) and p<0.05 was considered statistically significant. To assess lens
clarity, lenses from control and Dlg10 mice were viewed under a dissecting microscope.

Determination of Apoptosis
Day E17.5 and P2 eyes from Dlg-1+/+, Dlg-1f/f, Dlg10 and Dlg39 mice were fixed,
embedded in paraffin, and sectioned as described above. Sections were subjected to TUNEL
analysis using ApopTag® Plus Fluorescein In Situ Apoptosis Detection Kit (Chemicon)
according to the manufacturer's instructions. Sections were counterstained with propidium
iodide (PI) and viewed by confocal microscopy to visualize TUNEL positive and PI positive
nuclei.

Immunofluorescence
Day E17.5 and P2 eyes from Dlg-1+/+, Dlg-1f/f, Dlg10 or Dlg39 mice were fixed, embedded
in paraffin, and sectioned as described above. For protein detection on longitudinally
oriented sections, sections were deparaffinized in xylenes and rehydrated using graded
ethanols. Sections were boiled in 0.1M sodium citrate, pH 6.0, for 3 minutes at 60% power
and were then trypsinized for 10 minutes at RT in a humidified chamber. For pERK, antigen
retrieval was accomplished by boiling in 0.1M sodium citrate, pH 6.0, for 30 minutes in a
rice cooker and then washed in 1X PBS. For transverse oriented sections, sections were
trypsinized for one hour at RT. After antigen retrieval, all sections were blocked in 5% horse
serum diluted in 1X PBS for 1 hour at RT. The blocking solution was removed and sections
were incubated with primary antibodies diluted in blocking solution as described in Table 3
for 1 hour at RT up to overnight at 4°C. Sections were washed in 1X PBS and were
incubated with the appropriate secondary: FITC conjugated horse anti-mouse (Vector
Laboratories) or AlexaFluor 568 conjugated goat anti-rabbit (Molecular Probes). All
secondary antibodies were diluted in 1X PBS. Sections were incubated for 1 hour at RT,
then washed and viewed by confocal microscopy.

To visualize filamentous actin, cryosections of P2 Dlg-1+/+, Dlg-1f/f, Dlg10 and Dlg39 eyes
were fixed in 4% PFA for 2 hours at 4°C and were then incubated in 10% and 20% sucrose
for 1.5 hour each at 4°C and then overnight in 30% sucrose at 4°C. 10μm tissue cryosections
were fixed in 4% PFA/0.25% Triton-X 100 for 10 minutes at RT, permeabilized with 0.2%
Triton X-100 for 10 minutes at RT, and blocked O/N at 4°C with 5% horse serum. Sections
were incubated with AlexaFluor 568-phalloidin (Molecular Probes) diluted 1:1000 in
blocking solution for 1 hour at RT, washed and then viewed by confocal microscopy.
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Figure 1. Generation of Dlg-1 conditional mutant mice
A: Diagram showing the targeting vector and steps to generate the Dlg-1 conditional
knockout. Shown is a portion of the WT allele highlighting exons 7-9 and arrows to indicate
the location for PCR primers a and b (see Table 1, PCR primer combination 1, primer a=Dlg
5′ forward and primer b=Dlg8R reverse) for genotyping. The targeting vector (V) is shown,
indicating lox P sites (arrowheads), placement of the positive selection neomycin marker
(neo) and the negative selection Herpes simplex virus thymidine kinase (tk) marker after
exon 9. Shown is the targeted allele (T) carried by the correctly targeted ES cell clones that
were used to generate chimeras. Shown is the floxed allele (F), which was generated after
mating to EIIAcre mice to remove the neo marker is shown. Arrows indicate locations for
PCR primers a and b (See Table 1, primer combination 1), which were used for routine
genotyping of the mice. Finally, the conditional knockout (CKO) allele is shown, which
results from lens specific cre induced deletion of exon 8. Arrows indicate locations of PCR
primers a and c (see Table 1, PCR primer combination 2, primer c=Dlg 3′ reverse) which
were used to verify that exon 8 had been deleted specifically in lens DNA. B: Lens-specific
cre mediated deletion of exon 8. PCR primers a and c were used to amplify DNA fragments
from lens and tail samples of mice with the indicated genotypes. The band representing the
wild type allele is 1058 bp while the band representing the floxed alleled is 1273 bp. The
380 bp band representing the deleted allele is observed when PCR was carried out on DNA
from Dlg-1 mutant lenses, and on tail samples from mice heterozygous or homozygous for
the germline null allele. C: Western blot analysis from whole lens (Dlg10) or fiber extracts
(Dlg39) from P2 mice of the indicated genotypes showing reduced levels of Dlg-1 in lenses
from CKO mice as compared to a GAPDH loading control. To demonstrate the specificity
of the antibody, protein extracts from Dlg-1+/+ and Dlg-1−/− lung samples were blotted at
the same time.
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Figure 2. Morphological defects in lenses from Dlg-1 mutant embryos
Longitudinally oriented, paraffin embedded samples from E13.5 (A-D) and E17.5 (E-M)
control (A,C,E,H,K), Dlg10 (B,D,F,I,L) and Dlg39 (I,M) mice were sectioned and the
sections then stained hematoxylin and eosin. Shown are representative sections. A-B: Eyes
from E13.5 control (A) and Dlg10 (B) embryos. C-D: Higher magnification view of the
epithelium from E13.5 control (C) and Dlg10 (D) mice showing the disorganized epithelium
in the lens of the Dlg10 mice. Boxes indicate regions of multilayering. E-G: Lenses from
E17.5 control (E), Dlg10 (F) and Dlg39 (G) embryos. Lenses of the Dlg10 (F) and Dlg39
(G) mice showed defects in anterior and posterior suture formation (asterisk). H-J: Higher
magnification view of epithelium from control (H), Dlg10 (I) and Dlg39 (J) E17.5 embryos
highlighting defects in the organization of the epithelial cells specifically in the epithelium
of the Dlg10 mice (boxes). K-M: Higher magnification view of transition zones of lenses
from control (K), Dlg10 (L) and Dlg39 (M) mice highlighting defects in the normal “C”
shape of the fiber cells (lines) and positioning of fiber cell nuclei in the bow region of the
Dlg10 mice (box). e=epithelium, f=fibers. Scale bar=100μm for A, B, E-G and 50 μm for C,
D, H-M.
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Figure 3. Morphological defects and cataract formation in lenses from postnatal Dlg-1 mutant
mice
Longitudinally oriented, paraffin embedded eye sections from control, Dlg10 and Dlg39
postnatal mice were stained with hematoxylin and eosin. Shown are representative stained
sections. Whole lenses from control and Dlg10 mice were also examined for cataract
formation. A-C: Low magnification view of lenses from control (A), Dlg10 (B) and Dlg39
(C) P2 mice. Posterior suture defects are readily apparent in the lenses of Dlg10 and Dlg39
mice (asterisk). D-F: Higher magnification view of the epithelium from control (D), Dlg10
(E) and Dlg39 (F) P2 mice. The epithelium from the lenses of the Dlg10 mice show
irregularities in the organization and appearance of the nuclei, vacuoles (arrow) and regions
of loosely packed cells lacking nuclei (box). G-I: Higher magnification view of the
transition zone in lenses of the control, Dlg10 and Dlg39 P2 mice. In (I) the eosin staining
was weaker, suggesting defects in the packing of the fibers in Dlg39 mice (I, Box). Also,
nuclei did not bow upwards, but instead extended into the posterior region of the lens
(arrows). Additionally, fibers did not maintain their normal “C” shape (lines). e=epithelium,
f=fibers. J: Whole lenses from control and Dlg10 P24 mice were viewed under a dissecting
microscope. Lenses from Dlg10 mice exhibited cataracts. K-L: View of the bow region
from control (K) and Dlg10 (L) P24 mice. Compared to the tight bow region of the control
lenses, the bow region in the lenses of the Dlg10 mice was broader and many nuclei had
failed to migrate anteriorly (box). Denucleation appeared delayed, as the cortical fiber
region was expanded and rounded nuclei were observed encroaching on the center of the
lens (arrow). M-N: High magnification of the epithelium in the bow region of control (M)
and Dlg10 (N) mice. Compared to controls, the nuclei in the epithelium of the Dlg10 lenses
were disorganized, sometimes being multilayered, and irregularly shaped (arrows). Scale
bar=100μm for A-C, G-I, K-L and 50μm for D-F, M-N.
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Figure 4. Increased total cell number in the lens epithelium of Dlg10 embryos
The total number of cells in the lens epithelium of control and Dlg10 E13.5, E17.5 and P2
mice were counted on hematoxylin and eosin paraffin embedded section from the center of
the lens. The total number of cells in the epithelium of Dlg10 mice at E13.5 and E17.5 was
greater than in controls (p<0.05) while at P2 the total number of cells in epithelium of
mutant and control mice were not different. At least 3 animals per genotype per age and 2
slides per animal per age were used.
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Figure 5. Induction of apoptosis in lenses of postnatal Dlg-1 mutant mice
Longitudinally oriented, paraffin embedded eyes sections from E17.5 (A-F) and P2 (G-L)
control (A,D,G,J), Dlg10 (B,E,H,K) and Dlg39 (C,F,I,L) mice were subjected to fluorescein-
TUNEL assay (green) and counterstained with propidium iodide (PI, red). A-C: Low
magnification view of lenses from E17.5 control (A), Dlg10 (B) and Dlg39 (C) mice. At
E17.5, no apoptotic cells were observed in lenses from control, Dlg10 or Dlg39 mice except
for the occasional cell in the epithelium (B, arrow). Shown are defects in nuclear
organization in the fiber cell compartment of Dlg10 and Dlg39 mice (arrowheads). D-F:
Higher magnification view of lenses in (A-C). Box indicates the high density of nuclei often
observed in this region of lenses from the Dlg10 mice. G-I: Low magnification view of
lenses from P2 control (G), Dlg10 (H) and Dlg39 (I) mice. Apoptotic cells are readily
detected in the center of the lenses from Dlg10 and Dlg39 mice (arrows) and nuclei are also
mislocalized (arrowheads). Lenses from Dlg10 mice also showed an increase in the number
of apoptotic cells in the epithelium as compared to controls. J-L: Higher magnification
views of lenses in (G-I) highlighting apoptotic nuclei in the cortical fibers and center of the
lenses (arrows) from Dlg10 and Dlg39 mice and in the epithelium of the Dlg10 mice.
e=epithelium, f=fibers. Scale bar=100 μm for A-C, G-I and 50μm for D-F, J-L.
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Figure 6. Reduced accumulation of pERK in transition zone of lenses from Dlg10 and Dlg39
mice
Longitudinally oriented, paraffin embedded eye sections from P2 control (A,D,G,J), Dlg10
(B,E,H,K) and Dlg39 (C,F,I,L) mice were subjected to immunoflourescence analysis for
three markers of fiber cell differentiation. A-C: Merged images of control (A), Dlg10 (B)
and Dlg39 (C) lenses stained with To-PRO3 (blue nuclei) and an anti-pERK antibody (red).
D-F: Unmerged images corresponding to A-C show anti-pERK staining (red) only. White
boxes show the patchy and reduced accumulation of pERK staining in the transition zone in
Dlg10 (E) and Dlg39 (F) mice. G-H: Sections from control (G), Dlg10 (H) and Dlg39 (I)
mice were immunostained with anti-MIP26 antibodies. The pattern of MIP26
immunostaining was not altered in lenses of Dlg10 or Dlg39 mice as compared to controls.
J-L: Sections of control (J), Dlg10 (K) and Dlg39 (L) mice were immunostained with anti-β
crystallin antibodies. The pattern of β-crystallin immunostaining was not altered in lenses of
Dlg10 or Dlg39 mice as compared to controls. e=epithelium, f=fibers. Scale bar=50μm.
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Figure 7. Reduced levels of pERK1/2, α-catenin and MIP26 in Dlg39 fiber cells by immunoblot
analysis
100μg of RIPA protein lysates from the fiber cells of control and Dlg39 P2 mice was
immunoblotted for pERK1/2, total ERK1/2, α-catenin, MIP26 and GAPDH, which served as
a loading control, as described in Experimental Procedures and Table 2. Total pERK1/2
levels were reduced in Dlg39 mutants while ERK1/2 levels appeared unchanged. Total α-
catenin and MIP26 levels were also reduced in fiber cell extracts from Dlg39 mice as
compared to extracts from control mice. Two pools each of control and Dlg39 lens fiber
cells (consisting of 18-21 lenses in each pool) were analyzed.
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Figure 8. Mislocalization of E-cadherin in the epithelium of Dlg10 mice
Longitudinally oriented, paraffin embedded eye sections from control (A,D), Dlg10 (B,E)
and Dlg39 (C,F) E17.5 embryos were subjected to double immunofluorescence with anti-E-
cadherin (green) and anti-α-catenin (red) antibodies. Shown are representative images of a
portion of the central epithelium (e) and underlying fiber cells (f). A, D: Merged image (A)
of E-cadherin and α-catenin immunostaining on control lenses showing overlap (yellow) in
staining along the basal surface of the epithelial cells. The unmerged E-cadherin only image
(D) shows the punctate staining for E-cadherin along the apical membrane (arrows) and
weak staining along the lateral membranes. B, E: Merged image of E-cadherin and α-
catenin staining on lenses of Dlg10 embryos (B) showing a lack of overlap along the basal
surface of the epithelial cells and ectopic overlap along basal and lateral membranes. The
unmerged E-cadherin only image (E) shows diffuse staining on the apical surface (arrows),
and the ectopic staining on the lateral surfaces. (arrows). C, F: Merged image (C) showing
overlap in E-cadherin and α-catenin staining in lenses from Dlg39 mice. The pattern of co-
localization of E-cadherin and α-catenin is the same as the control, as is the distribution of
E-cadherin along the membrane surfaces (F). The intense red staining of the lens capsule in
(C) is artifactual, as it was observed in sections stained with secondary antibody only.
e=epithelium, f=fibers. Scale bar=50μm.
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Figure 9. Disruption of N-cadherin and α-catenin co-localization in the fiber cell compartment of
Dlg-1 mutant mice
Longitudinally oriented, paraffin embedded eye sections from control (A,C,E,G,I), Dlg10
(B,F,J) and Dlg39 (D,H,K) E17.5 embryos (A,B,E,F) and P2 (C,D,G,H, I, J, K) mice were
subjected to double immunofluorescence with anti-N-cadherin (green) and anti-α-catenin
(red) antibodies. Shown are representative images of the transition zones (A-H) and
posterior (I-L) regions of the lenses. A, C: Merged image of N-cadherin and α-catenin
immunostaining in lenses from control E17.5 (A) and P2 (C) mice showing co-localization
(yellow) along the lateral membranes and posterior tips of fiber cells (arrows). B, D: Merged
image of N-cadherin and α-catenin immunostaining in lenses from Dlg10 (B) and Dlg39 (D)
mice showing reduced co-localization and reduced α-catenin staining. E, G: Unmerged
images showing strong α-catenin staining along the membranes and posterior tips in control
E17.5 (E) and P2 (G) lenses (arrows). F, H: Unmerged images showing reduced α-catenin
staining in lenses of Dlg10 (F) and Dlg39 (H) mice (arrows). I: Immunostaining for N-
cadherin posterior to the transition zone in lenses from control E17.5 embryos. Note the
reorientation of the basal tips of the fiber cells along the capsule from concave to convex
(white arrowheads vs. yellow arrowheads) and the highly ordered arrangement of the fiber
cells. J, K: Immunostaining for N-cadherin posterior to the transition zone in lenses from
Dlg10 (J) and Dlg39 (K) P2 lenses. Note that the basal tips of the fibers are randomly
organized with respect to the capsule (yellow arrowheads). Also note the disruption of fiber
cell organization. f=fibers. Scale bar=50μm.
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Figure 10. Disrupted fiber cell shape and co-localization of N-cadherin, α-catenin and β-actin in
the fiber cells of Dlg39 mice
Transversely oriented, paraffin embedded eye sections from control (A-C, G-I) and Dlg39
(D-F, J-L) mice were subjected to immunostained with anti-α-catenin (red) and anti-N
cadherin (green) antibodies (A-F) or anti-α-catenin (red) and anti-β-actin (green) antibodies
(G-L). Shown are representative high resolution images taken from the region just posterior
to the transition zone. A-C: Merged and unmerged images of α-catenin (red) and N-cadherin
(green) staining in control lenses. (A) Shown is the punctate, overlap in α-catenin and N-
cadherin staining (yellow) at the vertices of the hexagonally shaped fiber cells in the lenses
of the control mice (arrow). (B, C) Unmerged images showing the staining for α-catenin
(red) on all the membranes and staining for N-cadherin (green) primarily at the vertices and
short sides of the fiber cells. Also shown is the concentration of α-catenin at the basal tips of
the fiber cells (asterisk in B). The green staining of the lens capsule is artifactual, as it was
observed in sections stained with secondary antibody only. D-F: Merged and unmerged
images of α-catenin and N-cadherin staining in Dlg39 lenses. (D) Shown is the disrupted,
nonuniform shape of the fiber cells. Overlap in staining for α-catenin and N-cadherin is
sometimes observed along the entire length of the sides of the fiber cells whereas in other
cells, overlap is absent (see arrows). (E, F) Unmerged images showing the irregularities in
the staining for α-catenin and N-cadherin (arrows). Also notice the accumulation of α-
catenin at the basal tips is reduced in the lenses of the Dlg39 mice. G-I: Merged and
unmerged images of α-catenin (red) and β-actin (green) staining in control lenses. (G)
Shown is the concentrated, punctate, overlap in α-catenin and β-actin staining (yellow) at the
vertices of the hexagonally shaped fiber cells (arrow). (H, I) Unmerged images showing the
staining for α-catenin (red) on all the membranes and for β-actin (green) concentrated at the
vertices of the fiber cells. Also shown is the concentration of α-catenin at the basal tips of
the fiber cells (asterisk in H). J-L: Merged and unmerged images of α-catenin and β-actin
staining in Dlg39 lenses. (J) Shown is the disrupted, nonuniform shape of the fiber cells.
Overlap in staining for α-catenin and β-actin at the vertices is reduced. Some membranes
stained for both α-catenin and β-actin in a mainly non-overlapping pattern (arrows). (K, L)
Unmerged images showing the irregularities in the staining for α-catenin and staining for β-
actin (arrows). c=lens capsule; f=fiber cell compartment. Scale bar=50 μm.
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Figure 11. Disrupted actin organization in lenses of Dlg-1 mutant mice
Longitudinally oriented, cryosections of eyes from control (A, D), Dlg10 (B, E) and Dlg39
(C) P2 mice were stained with phalloidin to visualize filamentous actin. Shown are
representative sections. A, D: In controls, actin is concentrated at the basal and apical
surfaces of epithelial cells. At the apical ends of the fiber cells actin has a uniform pattern
and is highly concentrated. B, E: In lenses from Dlg10 mice, actin accumulation in the
epithelium appeared normal. However, in the fibers actin organization was disrupted where
anterior sutures normally form (asterisk). C: In lenses from Dlg39 mice, actin accumulation
was decreased in the apical ends of the fiber cells (box) and actin organization was
nonuniform, especially where the suture forms. e=epithelium, f=fibers. Scale bars=50μm.
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Figure 12. Mislocalization of the apical polarity marker, ZO-1, in the central epithelium of lenses
of Dlg10 embryos
Longitudinally oriented, paraffin embedded eye sections from E17.5 control (A,D), Dlg10
(B,E) and Dlg39 (C,F) embryos were immunostained with anti-ZO-1 antibodies. A:
Immunostained control lenses (A), showed ZO-1 localized exclusively to the apical
membrane of the cells in the central epithelium and apical tips of the fiber cells (arrow).
Immunostained lenses of Dlg10 embryos (B) showed ZO-1 on all membranes of central
epithelial cells and showed discontinuous staining on the apical membrane (arrows). C:
Immunostained lenses of Dlg39 embryos showed staining in the epithelium that was
indistinguishable from that of control lenses. D-F: In the transition zone, immunostaining
showed localization of ZO-1 at the apical surface of epithelial cells in lenses from control
mice (D) as well as in lenses from Dlg10 (E) and Dlg39 (F) mice (arrows). e=epithelium,
f=fibers, asterisk=fiber cell elongation defect. Scale bars=50μm.
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Table1

PCR Primer Combinations

Combination Primer
Names

Sequence Expected Size Identifies

1 Dlg5′
Forward

5′ CAT CAT GGT TGA AGT GCT
CTG GGC 3′

Wt=540bp
Floxed=753bp

Dlg-1 Wt
and Floxed

Alleles

DlgI8R
Reverse

5′AAA TGT GGC CTG AGG ATC
TAC CTC CG 3′

2 Dlg5′
Forward

5′ CAT CAT GGT TGA AGT GCT
CTG GGC 3′

Wt=1058bp
Floxed=1273bp

CKO=380bp

Wt, CKO,
and Floxed

allele

Dlg3′
Reverse

5′ GGA AGG AAA CTC ACG GAT
GGT CC 3′

3 Pr4 5′ GCA TTC CAG CTG CTG ACG
GT 3′

Cre Band= 577bp Cre
transgene

CreAS 5′ CAG CCC GGA CCG ACG ATG
AAG 3′
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Table2

Primary Antibodies for Western Blotting

Western Primary Antibodies Company Dilution

Mouse anti-Dlg-1 Stressgen, BD Biosciences 1:1000

Mouse anti- α Catenin Zymed 1:1000

Rabbit anti-Active ERK
(pERK)

Cell Signaling 1:1000

Rabbit anti-ERK Promega 1:1000

Rabbit anti-MIP26 Alpha Diagnostics 1:2500

Mouse anti-GAPDH Chemicon 1:10,000
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Table3

Primary Antibodies for Immunofluorescence

Immunofluorescence
Antibodies

Company Dilution

Rabbit anti-Active ERK
(pERK)

Cell Signaling 1:50

Rabbit anti-MIP26 Alpha Diagnostics 1:250

Rabbit anti-β Crystallin Gift

TO-PRO 3 Invitrogen 1:500

Mouse anti-b-actin Sigma 1:100

Mouse anti-E-Cadherin BD Biosciences 1:100

Rabbit anti-α-Catenin Sigma 1:250

Mouse anti-N-Cadherin BD Biosciences 1:100

Mouse anti-ZO-1 Zymed Laboratories 20μg/ml

Dev Dyn. Author manuscript; available in PMC 2011 January 5.


