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Abstract
Vertebrate lens development depends on a complex network of signaling molecules to coordinate
cell proliferation, migration and differentiation. In this study, we have studied the role of heparan
sulfate in lens specific signaling by generating a conditional ablation of heparan sulfate
modification genes, Ndst1 and Ndst2. In this mutant, N-sulfation of heparan sulfate was disrupted
after the lens induction stage, resulting in reduced lens cell proliferation, increased cell death and
defective lens fiber differentiation in later lens development. The loss of Ndst function also
prevented the assembly of Fgf/Fgfr complexes on the lens cell surface and disrupted ERK
signaling within the lens. We further demonstrated that Ndst mutation completely inhibited the
FGF1 and Fgf3 overexpression phenotypes, but Kras reactivation was sufficient to reverse the
Ndst deficient lens differentiation defect. The epistatic relationship between Ndst and FGF-Ras
signaling demonstrates that FGF signaling is the predominant signaling pathway controlled by
Ndst in lens development.
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INTRODUCTION
Vertebrate lens development requires a binary interaction between the optic vesicle and its
overlying ectoderm (Swindell et al., 2008). The first noticeable morphologic event is the
appearance of the optic vesicle, a neural ectodermal evagination of the diencephalon. The
expanding optic vesicle comes in contact with the overlying head ectoderm, inducing the
ectoderm to thicken into a cuboidal layer of cells known as the lens placode (Fig. 1A and B).
Tissue specification continues as the optic vesicle invaginates to form a double-layered optic
cup, while the lens placode invaginates to become the lens vesicle (Fig. 1C and D).
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Although all the cells in the early lens vesicle are capable of proliferation, soon after the
vesicle forms, the cells in the posterior hemisphere of the vesicle withdraw from the cell
cycle and elongate to form the primary lens fiber cells. Subsequent growth of the lens occurs
by proliferation of the epithelial cells lining the anterior lens hemisphere, which
continuously migrate toward the equator where they differentiate and elongate into
secondary lens fiber cells (Fig. 1E).

The proliferation and differentiation of the anterior lens epithelial cells into mature lens
fibers is controlled by a complex array of signaling pathways. In explant culture
experiments, Fgf1 and Fgf2 promoted lens epithelial cell proliferation and fiber cell
differentiation in a dose dependent manner (McAvoy and Chamberlain, 1989). Consistent
with this, transgenic mice overexpressing Fgfs in the lens consistently exhibited premature
differentiation of the anterior lens epithelial cells and abnormal lens growth (Lovicu and
Overbeek, 1998; Robinson et al., 1998; Robinson et al., 1995). Conversely, transgenic mice
expressing a truncated form of Fgfr1 or a secreted form of Fgfr3 as a soluble receptor
antagonist, exhibited lens fiber cell differentiation defects, while genetic ablation of Fgfr1–3
blocked lens fiber cell development. (Chow et al., 1995; Govindarajan and Overbeek, 2001;
Robinson et al., 1995a; Stolen and Griep, 2000; Zhao et al., 2008). Studies have also
demonstrated that BMP signaling is essential for cell differentiation during lens
development. The BMP signaling antagonist, noggin, interfered with fiber cell elongation in
explant culture, and this inhibition could be reversed by exogenous BMPs (Belecky-Adams
et al., 2002). In transgenic mice, a dominant-negative BMP receptor Alk6 (Bmpr1b)
inhibited lens fiber cell differentiation, while deletion of type I BMP receptors, Bmpr1a and
Acvr1, abolished lens development (Faber et al., 2002; Rajagopal et al., 2009). Finally, both
in vivo and in vitro studies have also implicated Wnt and Notch signaling in lens
morphogenesis (Cain et al., 2008; Lyu and Joo, 2004; Ogino et al., 2008; Rowan et al.,
2008; Smith et al., 2005; Stump et al., 2003).

We have studied lens development by focusing on heparan sulfate proteoglycans, which are
known to play important roles in many of the signaling pathways described above. Heparan
sulfate proteoglycans are glycoproteins with covalently linked sugar polymers, in which the
glycosaminoglycan polysaccharide side chains are heavily modified by deacetylation,
sulfation and epimerization (Esko and Selleck, 2002; Nybakken and Perrimon, 2002). These
modifications allow heparan sulfate to interact with numerous signaling molecules,
regulating their retention, transport and interactions with cell surface receptors. We have
previously shown that a systemic knockout of Ndst1, an N-deacetylation/N-sulfation gene
for heparan sulfate, disrupted both lens induction and lacrimal gland development (Pan et
al., 2008; Pan et al., 2006). During early lens development, we showed that ERK signaling
was down regulated in the Ndst1 mutants, but BMP and Wnt signaling appeared unaffected.

In this study, we examine the role of heparan sulfate in lens fiber development by disrupting
Ndst-mediated heparan sulfate modification after lens induction. This leads to reduced lens
epithelial proliferation, increased cell apoptosis and delayed primary lens fiber elongation.
Consistent with the role of heparan sulfate in FGF signaling, the assembly of FGF/FGFR
complexes on the lens cell surface is disrupted in Ndst null mutants. In a series of genetic
epistasis experiments, we show that Ndst deletion completely prevents FGF-induced lens
cell proliferation and differentiation, whereas constitutively activated Ras-ERK signaling
restores Ndst–deficient lens fiber elongation. Therefore, Ndst deficiency predominantly
disrupts FGF-Ras signaling during lens differentiation.
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MATERIALS AND METHODS
Mice

To generate the lens-specific Ndst mutants, we crossed the previously described Ndst1flox

mice and the Ndst2KO mice (kindly provided by Dr. Lena Kjellén, University of Uppsala,
Uppsala, Sweden) with the Le-Cre mice (kindly provided by Dr. Ruth Ashery-Padan, Tel
Aviv University, Tel Aviv, Israel and Dr. Richard Lang, Children's Hospital Research
Foundation, Cincinnati, OH) (Ashery-Padan et al., 2000; Forsberg et al., 1999; Grobe et al.,
2005). For genetic epistasis experiments, we used previously described transgenic FGF1
(OVE 371) and Fgf3 (OVE 391) mice, and obtained LSL-KrasG12D mice from the Mouse
Models of Human Cancers consortium (MMHCC) Repository at National Cancer Institute
(Robinson et al., 1998; Robinson et al., 1995b; Tuveson et al., 2004). The animals were
maintained in mixed genetic background. All experiments were performed in accordance
with institutional guidelines.

Histology and Immunohistochemistry
We performed routine hematoxylin and eosin histology according to a standard protocol.
After digital imaging, the maximum area of the lens for each sample was measured using the
ImageJ program (National Institute of Health, Bethesda, MD) and analyzed by the one-way
ANOVA test as previously described (Pan et al., 2010).

For immunoflourescent staining, we used a standard antigen retrieval protocol (Pan et al.,
2008; Pan et al., 2006), except that a Tyramide Signal Amplification kit (TSA™ Plus
System, PerkinElmer, Waltham, MA) was used to amplify the phospho-ERK staining signal
(Cai et al., 2010). The following antibodies were used: anti-E-Cadherin (U3254, BD
Biosciences, San Jose, CA), anti-phospho-ERK1/2 (#4370, Cell Signaling Technology,
Beverly, MA), anti-GFP (a gift from Dr. Pamela Silver, Harvard Medical School, Boston,
MA), anti-Pax6 (PRB-278P, Covance, Berkeley, CA), anti-Prox1 (both from Covance,
Berkeley, CA) and anti-heparan sulfate (10E4, Seikagaku, Tokyo, Japan). Anti-phospho-
Smad1 (PS1) antibody was kindly provided by Peter ten Dijke (Leiden University Medical
Center, Leiden, The Netherlands) and Carl-Henrik Heldin (Ludwig Institute for Cancer
Research, Uppsala, Sweden). Anti-α, β and γ crystallins are kindly provided by Dr. Sam
Zigler (National Eye Institute, Bethesda, DC).

Brdu analysis and TUNEL assays were also performed as previously described (Pan et al.,
2008; Pan et al., 2006). Cell proliferation and apoptosis rates were calculated as BrdU- or
TUNEL-positive cells versus DAPI-positive cells and analyzed by the Student’s t test.

Ligand and Carbohydrate Engagement (LACE) assay
The LACE assay was used to probe the in situ binding affinity of Fgf-Fgfr complexes to
heparan sulfate on lens sections as previously described (Allen and Rapraeger, 2003; Pan et
al., 2008; Pan et al., 2006). Recombinant Fgf1, Fgf3, Fgfr1b-Fc, Fgfr2b-Fc and Fgfr3b-Fc
were obtained from R&D Systems, Minneapolis, MN.

RESULTS
Generation of lens-specific Ndst mutants

We have previously shown that both Ndst1 and, to a lesser extent Ndst2, are expressed in the
E12.5 mouse lens (Pan et al., 2006). We thus crossed a floxed allele of Ndst1 and a knockout
allele of Ndst2 with the Le-Cre transgene to ablate both genes in the lens. In the newborn
Le-Cre;Ndst1flox/WT;Ndst2KO/KO (designated as Le-Cre;Ndstflox/+) pups, Ndst1flox and
Ndst1WT alleles were detected by genotyping PCR in the tail DNA, whereas only the
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Ndst1KO and Ndst1WT alleles were found in the lens DNA (Fig. 2A). In the homozygous Le-
Cre;Ndst1flox/flox;Ndst2KO/KO (designated as NdstCKO) pups, the Ndst1flox and Ndst1KO

alleles were present exclusively in tail or lens DNA, respectively (Fig. 2A). These results
demonstrated the lens-specific excision of the Ndst1flox alleles by the Le-Cre transgene in
the NdstCKO mutants.

We next examined the timing 2of heparan sulfate deficiency in the NdstCKO lens. At E10.5,
Le-Cre was already active in the invaginating lens placode as shown by its bicistronic
expression of GFP on the same transgene (Fig. 2B and C). Although we have previously
shown that the antibody 10E4 recognizes Ndst-dependent sulfation of heparan sulfates (Pan
et al., 2006), in both the control and the NdstCKO mutants, 10E4 staining in the basement
membranes of the lenses were unchanged (Fig. 2B and C, arrows), suggesting that the
heparan sulfate modification was unaffected at this stage. Only by E11.5 did the loss of
10E4 staining become visible at the anterior rim of the lens vesicle, but the posterior lens
cells still retained heparan sulfate staining (Fig. 2D and E, arrows and arrowheads). At
E14.5, the heparan sulfate 10E4 staining was now completely lost in all NdstCKO mutant
lens cells (Fig. 2F and G, arrows). Thus, the apparent delay in heparan sulfate deficiency
after Cre expression bypassed the lens induction defect previously observed in the systemic
Ndst1 mutants (Pan et al., 2006), allowing us to examine the role of the Ndst genes in later
lens development.

Ndst ablation resulted in severe lens defects
The NdstCKO lens phenotype first appeared after the closure of the lens vesicle. At E12.5,
when the wild type primary lens fiber cells have elongated from the posterior lens vesicle
toward the anterior rim, the NdstCKO lens remained a hollow vesicle (Fig. 3A and B,
arrows). Although the elongated lens fiber cells were eventually found in E14.5 NdstCKO

mutants, the fibers appeared disorganized with numerous vacuoles (Fig. 3C and D,
arrowhead). At E16.5, the vacuoles were still present in the NdstCKO mutant lenses, which
were also considerably smaller than the wild type controls (Fig. 3E and F, arrowhead). To
further explore the lens size defects, we next measured lens cell proliferation by BrdU
incorporation and apoptosis by TUNEL staining. At E12.5, the NdstCKO mutant had ectopic
BrdU positive cells in the posterior lens vesicle, but in the anterior half of the lens, its BrdU
index was statistically indistinguishable from that of the wild type (Fig. 3G, H and M,
arrowheads). At E14.5, however, the percentage of BrdU positive cells at the anterior rim of
the NdstCKO mutant lens was significantly reduced as compared to the wild type lens
epithelial cells (Fig. 3I, J and M). In contrast, the percentage of TUNEL positive cells in the
whole mutant lens were greatly increased (Fig. 3K, L and N, arrowheads). Therefore, both
cell proliferation defects and apoptosis contributed to the NdstCKO lens phenotype.

To further investigate the Ndst lens fiber cell elongation defects, we next examined
molecular markers of lens development. Pax6, a critical transcription factor for lens
determination and differentiation, was normally expressed throughout the nascent lens
vesicle at E10.5, but became restricted to the anterior lens epithelium at E12.5 (Fig. 4A,
arrow). In contrast, Pax6 expression persisted in the posterior lens vesicle of the E12.5
NdstCKO embryos (Fig. 4D, arrowhead). Prox1, another transcription factor uniformly
expressed in early lens vesicle, was normally up regulated in the posterior of the E12.5 lens
vesicle, where Prox1 promotes lens fiber cell differentiation (Fig. 4B, arrow). In the E12.5
NdstCKO mutant, Prox1 was again found in both the anterior and posterior of the lens vesicle
(Fig. 4E, arrowhead). Finally, the whole NdstCKO mutant lens vesicle also maintained the
expression of the epithelial marker, E-Cadherin, suggesting that the loss of Ndst function
prevented the timely differentiation of the lens epithelium into lens fibers at this stage (Fig.
4C and F, arrow and arrowhead). The ectopic Pax6, Prox1 and E-Cadherin expression
persisted at least until E14.5 (Fig. 4G–L, arrows and arrowheads), when lens fibers
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eventually arose in the NdstCKO mutant. Consistent with these molecular abnormalities, the
intensities of β- and γ-crystallins also appeared to be reduced in the E14.5 NdstCKO lens
(Fig. 4M–R, arrowheads). Notably, similar abnormal cell proliferation and apoptosis
coupled with aberrant lens gene expression patterns (Pax6, Prox1, E-Cadherin and
crystallins) have all been previously observed in the Fgfr1–3 deletion mutants (Zhao et al.,
2008), suggesting that Ndst may be required for FGF signaling during lens differentiation.

Ndst mutation disrupted FGF signaling
The strong phenotypic resemblance between Ndst and Fgfr mutants led us to further explore
FGF signaling in NdstCKO lens. We thus performed the Ligand and Carbohydrate
Engagement (LACE) assay by applying recombinant Fgf directly to lens tissue sections,
together with the extracellular domains of Fgfrs conjugated to an Fc domain. Previous
studies have demonstrated that endogenous heparan sulfate present on these sections can
stabilize the in situ assembly of Fgf/Fgfr complexes, which are detectable by antibodies
against the Fc domain (Pan et al., 2008; Pan et al., 2006). Fgf3 is known be expressed during
eye development and transgenic expression of Fgf3 has been shown to promote lens fiber
cell differentiation (Robinson et al., 1998; Wilkinson et al., 1989). Using the LACE assay,
we observed strong binding of Fgf3/Fgfr2b complexes, weak binding of Fgf3/Fgfr1b
complexes and almost no binding of Fgf3/Fgfr3b complexes on the basement membrane of
wild type lens cell surfaces (Fig. 5A–C, H–J and N–P, arrows), which is consistent with the
known binding pattern of Fgf3 with these specific Fgfr isoforms in cell culture studies
(Ornitz et al., 1996). Interestingly, the intensities of the LACE signals in the lens appeared to
follow an anterior-to-poster gradient, with the anterior lens epithelium exhibiting the
weakest Fgf/Fgfr complex binding (Fig. 5A, H and N, arrowheads). In the E14.5 NdstCKO

mutants, however, Fgf3/Fgfr complex binding was still present in the adjacent retina, despite
being lost in the lens (Fig. 5E–G, K–M and Q–S, arrowheads). These results confirmed that
N-sulfation of heparan sulfate by Ndst is necessary for Fgf3 binding to its cognate Fgfr
partners on the lens cell surface.

To investigate whether Ndst ablation disrupted FGF signaling during lens differentiation in
vivo, we took advantage of a previously characterized transgenic line that overexpresses
murine Fgf3 in the developing lens (henceforth denoted as Tg-Fgf3) (Robinson et al., 1998).
In E14.5 wild type controls, endogenous FGF signaling is known to promote ERK
phosphorylation in the bow region of the lens, where newly differentiated lens cells start to
elongate into lens fibers (Fig. 6A, E and I, arrows). Such phospho-ERK signals were
strongly diminished in the NdstCKO mutant lens, consistent with the idea that FGF signaling
was down regulated (Fig. 6B, F and J, arrowheads). In contrast, Tg-Fgf3 embryos exhibited
strongly elevated phospho-ERK levels at the anterior ridge of the lens, resulting in
premature elongation of lens epithelial cells and protrusion of lens material into the anterior
chamber of the eye (Fig. 6C, G and K, arrows). Remarkably, both the ERK hyper-
phosphorylation and the premature lens differentiation were completely suppressed in the
Tg-Fgf3; NdstCKO embryos, and the double mutant lenses remained much smaller than both
the wild type and the Tg-Fgf3 lenses (Fig. 6D, H, L and M, arrowheads). Therefore, the Ndst
mutation is epistatic to Fgf3 overexpression during lens development. To extend this finding
to other FGF family members, we next crossed NdstCKO mutant mice with another
transgenic line overexpressing a secreted form of human FGF1 (henceforth denoted as Tg-
FGF1), since murine Fgf1 is also known to be present in the developing lens (Robinson et
al., 1995b). At E17.5, while phospho-ERK activity was restricted in the wild type lens and
greatly reduced in the NdstCKO mutant lens, ERK phosphorylation in the Tg-FGF1 lens was
significantly elevated along the entire anterior rim, which expanded to acquire the
morphology of the differentiated lens fibers (Fig. 6N–P, R–T and V–X, arrow and
arrowheads). The Tg-FGF1; NdstCKO double mutants, however, still closely resembled the
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NdstCKO single mutant with respect to phospho-ERK staining and lens histology (Fig. Q, U,
Y and Z, arrowheads). Taken together, these results demonstrated that both Fgf3 and FGF1
signaling require Ndst function in lens development.

Genetic epistasis between Ndst and Kras signaling
Having demonstrated that the Ndst mutation is epistatic to FGF signaling at the lens fiber
cell differentiation stage, we next asked what is genetically downstream of Ndst.
Considering that the Ras-MAPK pathway is one of the main effector pathways of FGF
signaling, we chose to directly activate Ras signaling using an oncogenic allele of Kras
(LSL-KrasG12D), which is normally silenced by a transcriptional stop cassette flanked by a
pair of LoxP sites (Tuveson et al., 2004). When crossed with a Cre transgene, however, the
stop cassette can be cleaved to allow tissue-specific expression of the constitutively active
KrasG12D mutant. The advantage of this approach is that, as an allelic knock-in, KrasG12D is
expected to be expressed at the normal physiological level, avoiding the confounding effects
of Ras overexpression. Indeed, we did not observe any obvious lens phenotypes in the Le-
Cre; LSL-KrasG12D mutants (Supplementary Figure 1). On the other hand, the E13.5
NdstCKO mutants exhibited deficient primary lens fiber elongation, leaving the anterior
portion of the lens still empty (Fig. 7 B, arrowhead). As expected, ERK phosphorylation was
also significantly reduced (Fig. 7E, arrowhead). In comparison, phospho-ERK staining was
greatly elevated in the NdstCKO;LSL-KrasG12D lens. Importantly, lens fiber cells in the
double mutant fully elongated to reach the anterior rim of the lens, resulting in a significant
increase in the lens size (Fig. 7C, F and G). Therefore, Kras activation was sufficient to
restore lens fiber elongation in the NdstCKO mutants.

DISCUSSION
Heparan sulfate proteoglycans have been implicated in numerous signaling pathways, but
their functions in lens development are not well understood. We have previously shown that
Ndst1-mediated heparan sulfate biosynthesis is required for FGF signaling during lens
induction, but because of the early lens defects in the systemic Ndst1 knockout, the role of
Ndst1 in later lens development had not been explored (Pan et al., 2006). Ablation of
heparan sulfate 2-O sulfotransferase (Hs2st) has been reported to cause cataracts in mice
(Bullock et al., 1998). Similarly, mutation of perlecan (HSPG2), a heparan sulfate core
protein abundant in the lens capsule, is known to cause congenital cataracts in humans
(Arikawa-Hirasawa et al., 2001). Rossi and colleagues removed the heparan sulfate
attachment sites on murine perlecan, which resulted in lens capsule leakage and
degeneration but not an embryonic developmental defect (Rossi et al., 2003). These results
underlie the important function of heparan sulfate in maintaining the structural integrity of
the lens. Nevertheless, heparan sulfate proteoglycans have been shown to closely associate
with FGFs in the lens capsule (Lovicu and McAvoy, 1993; Schulz et al., 1997), suggesting
these glycoproteins may be important for lens maturation.

In this study, we have generated a deletion of Ndst (Ndst1 and Ndst2) in the lens. Previous
biochemical studies have demonstrated that the loss of Ndst prevents the N-sulfation of
heparan sulfate and reduced its overall sulfation level (Holmborn et al., 2004). Consistent
with this, we showed that the sulfation of heparan sulfate was disrupted in the Ndst
conditional knockout mutants after the lens induction stage. This led to a delay in lens fiber
cell differentiation and a significant reduction in the lens size. Importantly, we provided
several lines of evidence to support that Ndst ablation primarily affected FGF signaling in
lens development. First, we showed that both Fgfr/Fgfr interactions on the lens cell surface
and ERK signaling within the lens cells were abrogated in Ndst mutants. Second, Ndst
deletion completely suppressed the premature lens differentiation and abnormal lens growth
induced by FGF transgenic overexpression. Third, we showed that reconstitution of Kras
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signaling could overcome Ndst deletion to restore lens fiber elongation. We should note that
Ndst ablation did not affect lens placode development as recently reported in the Fgfr1/2
deletion mutant (Garcia et al., 2011). This is likely because of the timing of heparan sulfate
proteoglycan depletion, as we have shown that heparan sulfate appeared to have an
exceptionally slow turnover rate in the Ndst mutant lens. Finally, it has long been recognized
that there exists an anterior-posterior gradient of FGF signaling across the developing lens
(Lovicu and McAvoy, 2005), which is evident by the predominant ERK phosphorylation in
the posterior but not the anterior lens (see Fig. 7D for example). Intriguingly, our LACE
assay also revealed a similar pattern of heparan sulfate activities, by which Fgf/Fgfr
interactions were stabilized strongly in the posterior lens, but only weakly in the anterior
lens epithelium (See Fig. 6A, H and N). We would therefore like to propose that the
differential specificities of heparan sulfate in the lens contributes to the anterior-posterior
FGF signaling gradient, which in turn regulates the orderly proliferation, migration and
differentiation of the anterior lens epithelial cells into posterior lens fiber cells.

The rescue of the Ndst lens defect by activated Kras further suggests that defective FGF-Ras
signaling could account for most, if not all, of the Ndst mutant phenotype. This is surprising,
considering that heparan sulfate is known to regulate multiple growth factor signals,
including BMP and Wnt signaling, which are clearly important in lens differentiation.
Nevertheless, our conclusion is supported by the phenotypic comparisons between Ndst and
the previously reported FGF, BMP and Wnt signaling mutants at the lens fiber
differentiation stage. For example, both the Ndst and the Fgfr1/2/3 mutants exhibited
defective cell proliferation at E14.5 but not at E12.5, and their cell apoptosis rates were
greatly elevated (Zhao et al., 2008). Furthermore, these two mutants maintained ectopic
Pax6 and E-cadherin expressions during lens differentiation. This is in contrast to the
disruption of the canonical Wnt signaling at this stage by deleting β-catenin, which resulted
in the loss of Pax6 and E-cadherin expressions, but not TUNEL staining (Cain et al., 2008).
Conditional knockout of a BMP receptor, Acvr1(Alk2), indeed caused abnormal cell death in
the differentiating lens (Rajagopal et al., 2008). But unlike the Ndst mutant, the Acvr1 lens
actually exhibited increased cell proliferation during lens maturation. Finally, we showed
that the staining of phospho-Smad1, a downstream effector of BMP signaling, was
unchanged in in the Ndst mutant lens (supplementary Figure 2), supporting that BMP
signaling was unaffected. These results thus suggest, at least in lens development, the FGF
pathway is the intercellular signaling pathway most sensitive to the loss of Ndst function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram of vertebrate lens development
See text for details (adapted from Faber et al., 2002).
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Figure 2. Disruption of heparan sulfate in NdstCKO mutants
(A) Tail and lens DNA were collected from the new born Le-Cre;Ndst1flox/+;Ndst2KO/KO

(designated as Le-Cre;Ndstflox/+) and the homozygous Le-Cre;Ndst1flox/flox;Ndst2KO/KO

(designated as NdstCKO) pups. Genotyping PCR using primers to specifically detect the
Ndst1flox allele (top band, upper panel), the Ndst1WT allele (lower band, upper panel) or the
NdstKO allele (lower panel) confirmed that the complete conversion of the Ndst1flox allele to
the NdstKO allele in the lens. (B–G) Although the Le-Cre transgene expression was detected
in the E10.5 lens vesicle as shown by the GFP reporter (green fluorescence), heparan sulfate
10E4 staining (red fluorescence) appeared normal until E11.5 when staining was reduced
specifically in the anterior NdstCKO lens cell basement membranes (arrowhead in E) and was
not depleted in the entire NdstCKO lens until E14.5 (G). At least ten embryos of each
genotype were tested for 10E4 staining.
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Figure 3. NdstCKO mutant lens phenotype
(A–B) At E12.5, primary lens fiber cell elongation was delayed in NdstCKO mutant lenses
(arrows). (C–D) E14.5 NdstCKO mutant lens fibers were disorganized amid numerous
vacuoles (arrowhead). (E–F) Significant reduction in lens size and persistent lens vacuoles
(arrowhead) were observed in the E16.5 NdstCKO mutant. At least ten embryos of each
genotype were used for histology analysis. (G–N) Cell proliferation as shown by BrdU
incorporation was significantly reduced in the NdstCKO mutants at E14.5 but not at E12.5,
while cell death as shown by TUNEL staining was strongly elevated (Students t-test: N.S.,
not statistically significant; *P < 0.01; n=3).
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Figure 4. Defective lens cell differentiation in NdstCKO mutants
(A–F) In the E12.5 NdstCKO mutant, transcription factors Pax6 and Prox1 were
misexpressed in the posterior and anterior lens vesicle, respectively. Consistent with this, the
whole lens vesicle retains the lens epithelial marker, E-Cadherin. (G–L) Ectopic Pax6,
Prox1 and E–Cadherin expression was reduced but still detectable at E14.5 (arrowheads).
(M–R) α-, β-, and γ-Crystallins were present in the E14.5 NdstCKO mutant lens, but their
levels appeared reduced compared to wild type controls (arrowheads). Three embryos of
each genotype were tested for each staining.
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Figure 5. Loss of Fgf/Fgfr interactions on the NdstCKO lens cell surface
(A–S) In the presence of wild type heparan sulfate, the LACE assay showed that Fgf3 bound
with increasing affinity with Fgfr1b and Fgfr2b, but not Fgfr3b, on the lens cell surface
(arrows). Binding of Fgf3 to Fgfr1b and Fgfr2b was lost in the NdstCKO mutant lenses
(arrowheads). The lenses are outlined in dotted ovals. Three embryos of each genotype were
tested for each Fgf/Fgfr pair.
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Figure 6. Genetic epistasis between FGF signaling and Ndst
(A–L)Transgenic overexpression of Fgf3 in the wild type lens led to premature lens cell
differentiation (C, arrow) and increased ERK phosphorylation (G and K, arrows) at the
anterior of the lens. However, both the small lens size and reduced phospho-ERK staining
was not rescued in the Tg-Fgf3;NdstCKO embryos (D, H and L, arrowheads). (M) No
statistical significance (N.S.) was observed for NdstCKO (n=4) and Tg-Fgf3;NdstCKO (n=8)
by one way ANONVA test. (N–Y) Ndst mutation also completely blocked the lens anterior
epithelial expansion (Q, arrow) and elevated ERK phosphorylation (U and Y, arrows)
observed in the FGF1 transgenic overexpression lens (P, T and X, arrows). (R) The lens size
of NdstCKO (n=6) mutants is greatly reduced compared to the wild type (n=4, P<0.01), but it
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was no different compared to that of Tg-FGF1;NdstCKO(n=4, N.S., no statistical
significance) by one way ANONVA test.
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Figure 7. Kras signaling reversed the Ndst mutant phenotype
(A–F)The delay in lens fiber elongation in the E13.5 NdstCKO mutant (B, arrowhead) was
reversed by activation of Kras signaling in the NdstCKO;LSL-KrasG12D lens (C, arrow).
Consistent with this phenotypic rescue, phospho-ERK staining was also restored in the
NdstCKO;LSL-KrasG12D lens (compare E and F, arrow and arrowhead). (G) Quantification
of lens size. [One way ANOVA test: P<0.01 for the NdstCKO mutants (n=8) compared to
either the wild type (n=10) or the NdstCKO;LSL-KrasG12D (n=10).]
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