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Abstract

During eye lens development, regulation of Wnt/B-catenin signaling is critical for two major
processes: initially it must be silent in the lens placode for lens development to proceed, but
subsequently it is required for maintenance of the lens epithelium. It is not known how these
different phases of Wnt/B-catenin activity/inactivity are regulated. Secreted frizzled related
protein-2 (Sfrp2), a putative Wnt-Fz antagonist, is expressed in lens placode and in lens epithelial
cells and has been put forward as a candidate for regional Wnt/p-catenin pathway regulation. Here
we show its closely-related isoform, Sfrp2, has a complimentary pattern of expression in the lens,
being absent from the placode and epithelium but expressed in the fibers. As mice with single
knockouts of Sfrp1 or Sfrp2had no defects in lens formation, we examined lenses of Sfrp1,Sfrp2
double knockout (DKO) mice and showed that they formed lens placode and subsequent lens
structures. Consistent with this we did not observe ectopic TCF/Lef activity in lens placode of
DKOs. This indicates that Sfrpl and Sfrp2 individually, or together, do not constitute the putative
negative regulator that blocks Wnt/B-catenin signaling during lens induction. In contrast, Sfrpl
and Sfrp2 appear to have a positive regulatory function because Wnt/B-catenin signaling in lens
epithelial cells was reduced in Sfrp1,Sfrp2 DKO mice. Lenses that formed in DKO mice were
smaller than controls and exhibited a deficient epithelium. Thus Sfrps play a role in lens
development, at least in part, by regulating aspects of Wnt/B-catenin signaling in lens epithelial
cells.
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Introduction

Canonical Wnt/B-catenin signaling is one of the fundamental signaling pathways that is
required for embryogenesis and maintenance of the adult body. Development of conditional
alleles of (-catenin in the form of constitutively-active and loss-of-function mutations, as
well as availability of tissue-specific Cretransgenic mice have enabled researchers to
identify critical roles for canonical Wnt pathways in many tissues (reviewed in Grigoryan et
al., 2008)). These studies have shown that the canonical Wnt pathway is essential in many
systems for cell fate determination and progenitor cell expansion during embryogenesis and
for controlling stem cell populations in adult tissues/organs. Since Wnt/B-catenin signaling
controls such fundamental processes, understanding its regulation is an important step
towards opening up pathways for tissue regeneration, disease prevention and treatment.

The eye lens is derived from a region of head ectoderm. Initially a broad region of surface
ectoderm has lens-forming potential but lens is formed only at a specific site and this is now
known to be determined by the signaling activities of members of the BMP and FGF growth
factor families (Gunhaga, 2011). Proper positioning of the lens placode in the ectoderm
depends on BMPs and FGFs playing roles in medial-lateral restriction, whilst rostral-caudal
restriction is determined by Whnt signaling activity at the late gastrula stage. Wnt promotes
generation of neural crest cells at the caudal region so that the presumptive lens/olfactory
placode is derived from the rostral Wnt-free region. For lens induction Wnt activity is not
required, rather the evidence points to it suppressing the acquisition of lens fate. A
conditional knockout (KO) of B-catenin in surface ectoderm does not block lens induction
(Kreslova et al., 2007; Smith et al., 2005); interestingly, in this case caudal expansion of lens
induction is observed and ectopic lens lineage cells are detected in the vicinity of the future
nose region (Kreslova et al., 2007; Smith et al., 2005). Conversely, activation of the Wnt/p-
catenin pathway in surface ectoderm by expressing constitutively-active -catenin
completely inhibits lens formation (Kreslova et al., 2007; Miller et al., 2006; Smith et al.,
2005). Thus, taken together these observations indicate that for lens induction to take place,
the B-catenin pathway needs to be turned off whereas for non-lens regions, -catenin
signaling must be activated in order to prevent acquisition of a lens lineage. This regional
activation/inactivation of the B-catenin pathway appears to be a key process that is required
for lens lineage specification but currently it is not understood how this patterning is
regulated in the ectoderm.

The mature lens is comprised of two types of cells, the anterior lens epithelium and the
differentiated lens fibers. The fibers are the main cellular constituent and form the bulk of
the lens. The epithelial cells are proliferative and provide new cells that differentiate into
fibers as the lens grows throughout life. In contrast to its inhibitory role in lens induction,
Whnt/B-catenin signaling activity has been shown to be required for formation and
maintenance of a normal lens epithelial monolayer. A complete epithelium does not form in
the absence of the Lrp6 co-receptor that is required for Wnt/B-catenin signaling (Stump et
al., 2003). Also, depletion of B-catenin after the lens induction stage results in a diminished
layer of lens cells that do not express characteristic epithelial cell markers and proceed to
premature differentiation (Cain et al., 2008). In contrast, forced activation of B-catenin
signaling causes expansion of the epithelial layer and delays fiber differentiation (Martinez
et al., 2009). These early and late embryonic stage experiments indicate that during lens
development there are two phases of Wnt/B-catenin pathway activity; the first phase
negatively regulates lens induction whereas the second phase is required for the formation
and maintenance of a normal epithelial sheet. Since B-catenin is expressed both in lens
placode and lens epithelial cells some regulatory factor(s) must play a role in determining
temporal and spatial patterns of Wnt/B-catenin signaling activity.
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As several Wnt ligands, Frizzled (Fz) receptors and co-factors that are required for Wnt/p-
catenin signaling are expressed in the surface ectoderm, changes in their expression patterns
may be responsible for the regional activation/inactivation of the canonical Wnt/p-catenin
pathway in the presumptive lens area. Similarly, the B-catenin pathway may be regulated by
spatial and temporal patterns of expression of Wnt/Fz suppressors. For example, Sfrp2, a
putative Wnt/Fz antagonist, is expressed in the mouse lens placode at E9.5 and has been
recognised as one of the earliest marker of lens induction (Wawersik et al., 1999). Sfrp2
expression appears to be regulated by Pax6, an essential transcriptional factor for lens
placode formation, and it has been proposed that Pax6 induces Sfrp2 which in turn
suppresses B-catenin pathway activity during lens placode formation (Duparc et al., 2006;
Machon et al., 2010; Shaham et al., 2009; Wawersik et al., 1999). Consistent with this,
abnormal Wnt/B-catenin signaling activity in the lens placode has been reported in the Pax6
KO mouse (Machon et al., 2010).

If Sfrp2 is the putative suppressor of B-catenin activity in the lens placode, then its depletion
may activate the -catenin pathway and in this case lens induction would be blocked.
However, our finding here is that the conventional double knockout (DKO) of Sfrp2with its
functionally redundant isoform, SfrpZ, did not block lens induction and subsequent lens
development. No ectopic Wnt/B-catenin signaling was detected in the lens placode of the
DKO mice, rather this pathway remained silent as observed in lens of wild type mice. Thus
Sfrpl and Sfrp2 do not appear to provide the putative negative regulatory influence that
downregulates Wnt/B-catenin activity during lens induction. However, these Sfrps do exert
some regulatory function because the DKO mice showed reduced Wnt/B-catenin signaling
activity in the lens epithelial layer around E13.5. This was not accompanied by a change in
proliferation rate, although the DKO lenses were small and the epithelium was incompletely
formed. Taken together, these results indicate that Sfrps regulate lens development,
specifically through controlling the proportion of Wnt/B-catenin signaling cells in the
epithelium.

Materials and methods

Animals

The use of animals in this study conformed to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the use of animals in Ophthalmic and Vision
Research. Generation of SfrpZ and Sfrp2 KO mice was described previously (Satoh et al.,
2006). The Sfrp1 allele was knocked-out by replacement of the first exon of the SfrpZ allele
with a nuclear-localisation-signal-tagged LacZ cassette. Sfrp2was knockedout by deletion
of the 5' transcription regulation region and the following first exon. Generation of the TCF/
Lef-lacZ transgenic mice was described previously (Mohamed et al., 2004). The reporter
lacZis driven by the Asp68 promoter and upstream x6 TCF/Lef response elements. To
distinguish the /acZallele of the TCF/Lef line from that of the Sfrp1 line we used the
following primers designed specifically for the TCF/Lef-lacZ construct for genotyping;
Hsp68-F2 agatcatcgccaacgaccag; gal-R2 gggttttcccagtcacgacg. The PCR program was
optimized to; 95°C 1 min x1; 95°C 15 secs, 60°C 15 secs, 72°C 10 secs (x40); 72°C 7 mins.
The PCR product size is about 200bp.

In situ hybridization

Dissected embryos were fixed with 4% PFA overnight and frozen in OCT compound
(Tissue Tek) after gradual cryoprotection with 15% and 30% sucrose/PBS. Cryosections
were hybridized with DIG-labelled riboprobes at 72°C overnight. Positive signals were
detected by BCIP/NBT AP Substrate kit (SK-5400 Vector Lab). PCR fragments amplified
from a cDNA library or genomic DNA with T7-tagged primer sets were used for riboprobe
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synthesis by T7 RNA polymerase (10881767001, Roche) with DIG RNA Labeling Mix
(11277073910, Roche). PCR primer sets used were; Sfrpl 911/930
ACGAGTGTCCCACCTTCCAG and Sfrpl T7 -635/-616
TAATACGACTCACTATAGGGCTCCCACCCAAACCCTTAGC, which extends exon 3
to 3' UTR of Sfrp transcript; Sfrpl -2320/-2339 GGCCCGAAAGCTGCATGATC and
Sfrpl T7 -2857/-2838 TAATACGACTCACTATAGGGAGCAGCCAACATGCCATCC,
which reside in 3' UTR of SfrpZ; Sfrp2 90/109 GCCCGACTTCTCCTACAAGC and Sfrp2
T7 654/635 TAATACGACTCACTATAGGGCTCTTTGTCTCCAGGATGA, which
extends exon 1-3 of Sfrp2.

X-gal staining

To detect B-galactosidase (B-gal) activity we followed the X-gal staining method previously
described (Robinson et al., 1995). Briefly whole embryos (E9.5 — E11.5), embryonic heads
(E12.5 - E16.5) or eyes (E18.5 and P1) were fixed with 2% PFA/1xPBS for 30 min at RT
and rinsed twice in PBS for 5 min each. Fixed samples were incubated in staining solution
(4 mM potassium ferricyanide /4 mM potassium ferrocyanide/1 mg/ml X-gal (Sigma
B4252)/0.1% deoxycholic acid sodium salt (Sigma D6750)/0.2% Nonidet P-40 /2 mM
MgCl, in PBS for overnight at RT with light shield on rotator. Next morning samples were
rinsed in PBS for 1 hr and then followed by post-fixation with 10 % NBF for 1 hr at RT
before paraffin embedding and sectioning. Images were observed with Zeiss Axioskop 2
mot/AxioCam CCD camera or Leica M60/DFC480 CCD camera.

Immunofluorescent staining

Results

Immunofluorescent staining of paraffin sections was performed by the method described
previously (Sugiyama et al., 2009). Antibodies used in this study were as follows; rabbit
antibodies against CP49 (2981, (Sandilands et al., 1995)), Pax6 (Covance PRB-278P,
1:300), B-catenin (H102, Santa Cruz sc-7199, 1:200) and c-Maf (M-153, Santa Cruz
sc-7866, 1:40), and mouse monoclonal antibodies against f-actin (clone AC15, Sigma
Ab441, 1:1,000), E-cadherin (clone 36, TDL/BD 610182, 1:800), Prox1 (Chemicon/Merck
AB5475, 1:2,000), AP-2a (3B5, DSHB, supernatant 1:1) and BrdU (clone G3G4, DSHB,
concentrate, 1:50). For nuclear staining Pl (Molecular Probes/Invtrogen 1:5,000) was used.
Coverslips were mounted with Aqua Poly/Mount (Polysciences 18606, diluted with dH,0 as
Agua Poly: dH,0 = 4:1) and images were taken by Zeiss LSM/Pascal confocal system. For
BrdU counting analysis, pregnant mice were injected intraperitoneally with BrdU (100 pg/g
body weight) 1 hr before euthanasia and embryo collection.

Sfrp expression patterns

Because Sfrps regulate important signaling pathways, and their distribution patterns provide
clues about their domains of activity, they have generated considerable interest and several
studies have reported on their expression in mouse eyes.

Expression of Sfrpl is restricted to lens fibers—For Sfrpl in the mouse eye, a
variety of different expression patterns have been described but no consensus has yet been
reached (Chen et al., 2004; Esteve et al., 2011a; Leimeister et al., 1998; Liu et al., 2003).
Initially we obtained several antibodies against Sfrp1 for immunostaining but none of the
staining showed depletion in our KO mouse tissue samples (data not shown). Since this
discrepancy may indicate technical difficulties for Sfrp1 detection by immunostaining, we
examined Sfrpl expression using a different approach. In a reporter mouse model we
detected B-gal activity which is driven by an endogenous SfrpI promoter/enhancer and has
been shown to reflect endogenous expression of SfrpI (Satoh et al., 2006). We also
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conducted an /n situ hybridization analysis for Sfrp1 to see how this related to the results
from the reporter study.

First, to assess the specificity of our /n situ hybridization probe we examined Sfrp1
expression in the lens of E14.5 mice. We showed that SfrpZ was consistently detected in
lens fibers with slightly enhanced intensity in the cortical region (Fig. 1A). This signal was
absent from SfrpZ KO samples (Fig. 1B, C); thus confirming the specificity of the SfrpZ
probe. For the developmental pattern we showed that SfrpZ was barely detected in the lens
cells at lens pit stage (Fig. 1G), whereas a weak signal was evident in the outer layer of the
developing retina. By the time of lens pit/vesicle separation from the surface ectoderm
(E11.5), a strong signal for SfrpI was detected in the posterior cells (Fig. 1H). After closure
of the lens vesicle lumen at E12.5, SfrpI was detected mainly in the primary lens fibers (Fig.
11). Using the reporter mouse we did not detect Xgal labeling (blue signal) during lens
placode, lens pit or lens vesicle stages (Fig. 1J, K). The earliest signal was observed in the
fully elongated innermost primary fibers around the time of lens vesicle lumen closure (Fig.
1L). The number of X-gal positive fibers increased as new fibers were added and the signal
was most prominently detected in the older (innermost) fibers (Fig. 1M-O). Since the p-gal
induced in this mouse line was tagged with a nuclear localization signal, the X-gal staining
was mainly detected in nuclei but with stronger staining some cytoplasmic signal was also
detected. B-gal activity was highly specific to lens fibers and we did not detect any X-gal
staining in other parts of the eye (i.e. retina, cornea etc.), at least until postnatal day 0. Thus,
in situ and reporter methods show essentially similar results in that the expression of SfrpZ
was restricted to the fibers. The main difference was that the /n situ method appears to be
more sensitive because it detects SfprI expression in the presumptive primary fibers at
E11.5, whereas the reporter method did not detect signal in the primary fibers until
elongation was well advanced at E12.5. Also at later developmental stages the observation
that the signal was most prominent in the more mature fibers indicates that a certain amount
of transcription or translation (ie. f-galactosidase) product needs to accumulate to produce
blue staining.

It was also noted that the intensity of X-gal staining was relatively weak in lenses of Sfrpl
heterozygotes (Fig. 1M) compared to stronger staining in lenses of SfrpZ homozygote mice
(Fig. 1N). We did not see any compensatory activation of the SfrpI enhancer/promoter with
removal of a Sfrp2allele; i.e. intensity of the Sfrpl X-gal signal was not altered in

Sfrp2*”*, */~ or 7, but rather reflected the copy number of the modified SfrpZ allele. This is
evident in Figure 1N and O (that shows two lenses from mice homozygous for the Sfrp1-
lacZtransgene but heterozygous (N) or homozygous (O) for the Sfrp2 deletion allele);
however, the intensity of X-gal signal was not affected by the change of Sfrp2allele number
as both lenses had similarly strong staining. The intensity of X-gal staining in brain also
correlated with transgene copy number in whole mounts but again was independent of Sfrp2
allele number (Supplementary Fig. S1IE-G). This result indicates that the expression level of
SfrpI mRNA is stoichiometric to its copy number and Sfrp2 depletion does not alter the
level of Sfpr1 transcription.

Sfrp2 expression in lens is transitory—Several studies have also reported on
expression of Sfrp2in the mouse eye but, unlike Sfrp1, they are all in general agreement. A
distinctively localised and temporally regulated expression pattern for Sf7p2in lens has been
described by /n situ hybridization experiments (Chen et al., 2004; Esteve et al., 2011a;
Leimeister et al., 1998; Liu et al., 2003; Wawersik et al., 1999) (see summary in Fig. 8).
These studies show that Sfor2 expression is first detected in lens placode (Chen et al., 2004;
Wawersik et al., 1999) and then throughout the lens pit-stage of morphogenesis (Chen et al.,
2004; Esteve et al., 2011a). On the formation of the lens vesicle, Sfro2 mMRNA becomes
restricted to anterior lens epithelial cells and is absent from primary lens fibers (Chen et al.,
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2004). This polarised expression of Sfrp2is maintained after lens vesicle lumen closure and
during secondary fiber cell induction (Esteve et al., 2011a; Leimeister et al., 1998; Liu et al.,
2003) but becomes predominantly restricted to the incipient germinative zone of the
epithelium just above the lens equator (Chen et al., 2004) before being undetectable in the
lens epithelium around E16.5 and beyond (Chen et al., 2004; Leimeister et al., 1998; Liu et
al., 2003). During the current studies we confirmed this pattern of Sfrp2expression by in
situ hybridisation. We also confirmed the veracity of this result by showing that the
characteristic lens expression pattern for Sfrp2in the germinative zone of the E14.5 lens was
absent in the Sfrp2 KO sample (Fig. 1D-F).

Taken together, these results indicate that Sfrp transcripts have non-overlapping expression
patterns with Sfrp2in the lens, at least during embryogenesis. Non-overlapping expression
is also evident in other eye tissues and head structures (Supplementary Fig. SIA-D). A
diagrammatic overview of SfrpZ and Sfrp2expression in relation to TCF/Lef activity in the
developing eye is presented in Figure 8.

Double knockout of Sfrpl and 2 does not block lens induction

Previous analysis of SfrpZ and Sfrp2 KO mice have shown that single gene KO
(Sfrpl™=:Sfrp2**, Sfrp1** :Sfrp2~~, Sfrpl™":Sfrv2*/~, or Sfp1*/~;Sfp2~") did not
exhibit any particular defects but DKOs (Sfrpl™~:Sfrp2") were embryonic lethal by E16.5
displaying a small-sized body with short snout, truncated back bones and short limbs (Satoh
et al., 2006). In our colony, some DKO embryos survived until E18.5 (Fig. 2A-C). In these
mice we frequently observed exencephaly, eyelid closure defects and protruded gut (Fig.
2C). We also noticed that on occasion, DKO embryos displayed an open neural tube at the
lower part of the back (Misra and Matise, 2010) (Fig. 2C arrow).

We examined lens formation in Sfrp1,;5frp2 DKO embryos at E12.5 (Fig. 2D-F), E16.5 (Fig.
2G-l) and E18.5 (Fig. 2J-L). We did not see any defect in lens formation in SfrpZ and Sfrp2
single KO (Sfrpl™~,Sfip2"*, Sfp1~~,Sfrp2*~, Sfip1** :Sfrp2~~, or Sfp1*/~;Sfrp27") so
that these genotypes served as control tissues (Fig. 2D, G, J). In contrast, DKO lenses were
small in size and showed severe and variable eye development defects; DKO embryos with
closed eyes tended to have mildly affected lenses that tended to be round in shape (Fig. 2E,
H, K), whilst DKO embryos with an open eyelid defect had smaller lenses that progressively
developed a more flattened shape (Fig. 2F, I, L). In addition to the lens defects, severe
defects were evident in the layering of retina. The iris, vitreous and cornea also developed
abnormalities as previously reported (Esteve et al., 2011a; Esteve et al., 2011b). Overall eye
defects tended to be more severe in embryos with open eyelid defects compared with those
with closed eyelids. Importantly, all of the DKO embryos we analysed formed lenses, albeit,
abnormally.

The lenses of Sfrp1,Sfrp2 DKOs expressed lens epithelial and fiber cell markers similar to
control lenses at E18.5 (Fig. 3). CP49 (also known as BFSP2) is a lens fiber-specific
intermediate filament that is expressed during lens fiber differentiation (Ireland and Maisel,
1984; Sandilands et al., 1995). We detected CP49 expression in Sfrp1,;5frp2 DKO lens
fibers as well as in control tissues along with prominent B-actin staining (Fig. 3A-D). Pax6 is
one of the lens epithelial cell markers that is critical for lens induction and lens epithelial
cell maintenance/differentiation (Grindley et al., 1995; Shaham et al., 2009). Although the
lens epithelial cell layer of DKOs was invariably thinner than in controls, we detected Pax6
expression in the epithelium of DKO lenses with a similar intensity to control tissues and, as
in controls, this immunoreactivity similarly diminished during fiber differentiation (Fig. 3E-
J). We also found E-cadherin was expressed in both control and DKO lenses. In controls,
down regulation of E-cadherin occurred sharply at the lens equator (Fig. 3K-M) (Nose and
Takeichi, 1986). This loss of E-cadherin was also observed in DKO lenses (Fig. 3N-P).
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Thus, the shift from the epithelial state to the onset of fiber differentiation, as well as the
spatial patterns of protein synthesis appear to be normal in DKO lenses.

We next proceeded to examine the induction of early lens marker expression in Sfrp1,Sfrp2
DKO lenses (Fig. 4). A prospero-related homeobox protein, Prox1, and a Maf family
transcription factor, cMaf, are essential for lens fiber differentiation starting from E11.5
(Kawauchi et al., 1999; Ring et al., 2000; Wigle et al., 1999). In control lenses these proteins
were detected predominantly in the nuclei of elongating primary lens fibers and to a lesser
extent in the anterior lens epithelial cells at E11.5 (Fig. 4A, C). Similar distribution of Prox1
and cMaf was detected in DKO lenses (Fig. 4B, D). A retinoic acid responsive protein
family member, AP-2a transcription factor, is essential for lens vesicle separation from the
surface ectoderm that occurs around E11 to form a lens vesicle (Pontoriero et al., 2008).
AP-2a expression was confined to the anterior lens epithelium and overlying surface
ectoderm in control embryos (Fig. 4E) and this expression pattern was retained in DKO
embryos at E11.5 (Fig. 4F). In addition to the normal expression of Pax6 in early lens
(Esteve et al., 2011a), the normal induction and distribution pattern of these lens markers
suggests fundamental lens induction/formation processes are maintained in Sfrp1,Sfrp2
DKO embryos.

TCF/Lef activity in lens

So far transcriptional activity of the canonical Wnt/B-catenin pathway in lens has been
reported using 4 independently established reporter lines [TOPGAL (DasGupta and Fuchs,
1999), BAT-gal (Maretto et al., 2003), BAT /acZ (Nakaya et al., 2005) and TCF/Lef-lacZ
(Mohamed et al., 2004)]. Consistent with the fact that Wnt/B-catenin signaling is not
required during lens induction, reporter activity has never been detected in the presumptive
lens region of surface ectoderm or lens placode [TOPGAL (Miller et al., 2006; Smith et al.,
2005; Zhou et al., 2008), BAT-gal (Kreslova et al., 2007), BAT /acZ (Song et al., 2007) and
TCF/Lef-lacZ (Liu et al., 2006)]. However, results from analysis of conditional KOs of -
catenin or conventional KOs of Lrp6in the lens has indicated a role for the Wnt/B-catenin
pathway in the formation/maintenance of the lens epithelium during lens morphogenesis
(Kreslova et al., 2007; Smith et al., 2005; Stump et al., 2003). Although both TOPGAL and
BAT-gal reporter lines have not shown transcriptional activity in lens epithelial cells
(Kreslova et al., 2007; Miller et al., 2006; Smith et al., 2005), the TCF/Lef-lacZ line showed
transient activity in lens epithelial cells between E11.5 and E14.5 (Liu et al., 2003; Liu et al.,
2006).

Here we extend previous studies and provide a detailed analysis of the TCF/Lef-lacZ
reporter line. In the TCF/Lef-lacZ transgenic mouse, no -gal activity was detected in the
presumptive lens region at E9.5 (Fig. 5A). In contrast, strong X-gal labeling (blue stain) was
detected in the mesenchymal cells that lie between the surface ectoderm and the
neuroectodermal outpocketing as was similarly observed in the BATlacZ line (Song et al.,
2007) (Fig. 5A). However, by E10.5 these mesenchymal cells have been excluded from this
area as surface ectoderm and optic vesicle make close contact (Fig. 5B). The first 3-gal
activity was detected in the dorsal outer layer of the optic vesicle around E10.5 and at this
stage no activity was seen in the lens pit cells (Fig. 5C). Interestingly the first -gal activity
in lens was found asymmetrically in the cells at the rim of the lens pit on the ventral side
(Fig. 5D, E). After closure of lens pit, the 3-gal positive cells were detected in the lens
epithelial cells around the anterior pole at E12.5 (Fig. 5F). After secondary fiber
differentiation, B-gal positive cells were still predominantly present in the central region of
the epithelium; few, if any, positive cells were present towards the epithelial periphery
where the germinative zone develops (Fig. 5G, H). This asymmetric pattern was reciprocal
to the B-gal pattern in developing retina where the positive cells were found at the rim of the
optic cup opposite the peripheral lens epithelium (see also Fig. 8 for schematic summary).
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The proportion of cells with 3-gal activity in the lens epithelium gradually diminished after
E16.5 (Fig. 51). However, in postnatal lenses a small population of lens epithelial cells were
still positive for B-gal activity. These were most readily detected in a whole lens view of the
anterior lens surface (Fig. 5J, K). This analysis of TCF/Lef activity indicates that the Wnt/p-
catenin pathway is active in lens epithelial cells throughout embryogenesis, longer than
previously reported, and this activity persists in postnatal lenses.

The spatiotemporal distribution of TCF/Lef activity in lens appears to be accompanied by
the expression of Lrp6, a co-receptor of Frizzled for Wnt/B-catenin signal activation
(Supplementary Fig. S2). The Lrp6 signal was first detected in the epithelial cells of the lens
pit (Fig. S2B), about the time as when the first TCF/Lef activity became detectable. Then
Lrp6signal was observed in most cells of the lens vesicle at E11.5 (Fig. S2C) and then in
cells of the lens epithelium from E12.5 onwards (Fig. S2D-F). The expression of Lrp6
generally overlapped with TCF/Lef activity but did not match completely; for example we
noticed the Lrp6 signal was slightly stronger in the periphery of the lens epithelium
(germinative zone) whilst TCF/Lef activity was more intense in the centrally situated
epithelial cells. Lrp5expression was not detected in the lens at any stage examined (E9.5
and E18.5; S2G, |, and data not shown).

TCF/Lef activity in Sfrpl and Sfrp2 double knockout lenses

If Sfrpl or Sfrp2 is a putative suppressor of Wnt/B-catenin activity in presumptive lens
region, it would be expected that TCF/Lef-lacZ activity would be enhanced in Sfro DKO
lenses. To test this we examined B-gal activity in lens placode by generating

Sfrp1,Sfrp2; TCF/Lef-lacZ mice. As shown in Fig. 6A and B, no -gal activity was detected
in the lens placode at E9.5 of DKO mice similar to the situation in control lines of mice.
Between E10.5 and E11.5, when lens pit develops and pinches off, f-gal activity was
detected in DKOs in some cells on the ventral side of the developing lens and then in the
central region of the epithelial layer just as in control lenses (Fig. 6C-F). In contrast,
reduction of B-gal activity in the dorsal retina tips of the DKO mice was clearly observed at
E11.5 with this reporter line (Fig. 6E, F). This is consistent with a previous report by Esteve
and colleagues that showed the absence of expression of LefZ and AxinZ2, as well as the lack
of the non-phosphorylated active form of nuclear B-catenin, in the optic cup (Esteve et al.,
2011b). After E12.5 when secondary fiber cells have started differentiating, B-gal activity
from the SfrpZ KO allele was also detected in the central lens fibers (cf. Fig. 1). However B-
gal activity of the TCF/Lef-lacZallele was readily distinguishable from the Sfrp1 allele-
derived B-gal activity because of its different localisation (i.e., TCF/Lef-lacZ is expressed in
lens epithelial cells). We detected 7CF/Lef-lacZ activity in lens epithelial cells of DKO
lenses from E12.5 to E15.5 and then observed that the signal was reduced after E16.5 as was
the case in controls (Fig. 6G-J and data not shown). However, we noticed that X-gal positive
epithelial cells in the DKOs appeared to be reduced in number compared with controls (Fig.
61, 1", J, J*). Statistical analysis showed that there were significantly fewer X-gal positive
cells in DKO lenses at E13.5 and E14.5 (Fig. 6M). Again reduction of X-gal staining was
consistently observed at the distal tips of the optic cup of DKOs from E12.5 to E16.5 (Fig.
6G-J, data not shown). These results indicate that Sfrpl and Sfrp2 individually, or together,
do not constitute the putative negative regulator that blocks Wnt/B-catenin signaling during
lens induction. In contrast, the presence of Sfrpl and Sfrp2 appear to have a positive
regulatory function towards maintaining the episode of prominent B-catenin signaling that
occurs in the differentiating epithelium between E11.5 and E15.5.

Deletion of Sfrpl and Sfrp2 does not affect proliferation rate

Given the earlier studies that showed conditional KO of B-catenin in lens epithelial cells
around E12.5 caused a significant reduction in proliferation rate (Cain et al., 2008), it was
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thought that the reduced Wnt/B-catenin signaling activity in the epithelium of the DKO mice
might be associated with a reduced rate of proliferation. To investigate this possibility, BrdU
was injected into pregnant mice and embryos were collected after one hour. Counts of
BrdU-labeled cells showed that there was no statistical difference in rate of BrdU
incorporation between controls and DKOs at all the ages examined between E11.5 to E18.5
(Fig. 7). These observations showed that knocking out both SfrpZ and Sfrp2 did not
significantly alter the rate of lens epithelial cell proliferation; consequently, the reduction in
numbers of TCF/Lef active cells in the epithelium of DKO mice could not simply be
attributed to a reduced rate of cell proliferation in this region.

Discussion

Inactivation of Wnt/B-catenin pathway in lens placode is not regulated by Sfrpl and Sfrp2

Because of the highly localised and strong expression of Sfrp2 in lens placode and its
reported antagonistic activity on Wnt/Fz signaling, we and others conjectured that this Sfrp
was important for suppression of Wnt/B-catenin signaling at this stage of lens development.
However, the current study has shown that depletion of both Sfrp and Sfrp2did not block
lens induction. Consistent with this we did not observe ectopic Wnt/B-catenin signaling
activation in the lens placode in DKO embryos. Thus Sfrpl and Sfrp2 are not involved in the
suppression of the Wnt/B-catenin pathway that is required for lens morphogenesis to
proceed.

This leaves the question open as to how Wnt/B-catenin signaling is suppressed early in lens
morphogenesis. It is possible that other members of the Sfrp family, such as the closely
related Sfrp5, could contribute to regulation of the Wnt/B-catenin pathway during lens
placode stage. Note that among the five members of the vertebrate Sfrp family, phylogenetic
analysis has shown that Sfrp1, Sfrp2 and Sfrp5 form a subgroup that is distinct from other
family members (Bovolenta et al., 2008; Mii and Taira, 2011). However, the observation
that Sfrp1,;Sfrp5 DKO or Sfrp2;:Sfrp5 DKO mice are normal (Satoh et al., 2008), as well as
the fact that we could not detect Sfrp5 transcripts from embryonic eye samples by RT-PCR
indicates that Sfrp5 is unlikely to be a key regulator of ocular developmental processes.
Another possibility is that other inhibitor families, such as the Dkks, may be involved in
suppressing Wnt/B-catenin signaling. In addition, other mechanisms could involve down-
regulation or absence of Lrp5 or 6 as the presence of a member of this family of co-receptors
is required for Wnt/B-catenin pathway activation. Our /n situ hybridization experiments
supports this idea since no expression of Lrp6was detected in the lens placode (Fig. S2A).
Consistent with this, Lrp6 depletion did not block lens induction (Smith et al., 2005; Stump
et al., 2003; Zhou et al., 2008). Thus absence of Lrp6 may contribute to keeping the Wnt/p-
catenin pathway inactive during early stages of lens development. Lrp5 is known to have a
role in hyaloid vessel regression in postnatal eyes (Kato et al., 2002) but so far there is no
evidence for involvement of Lrp5 in early eye development. We also did not detect distinct
Lrp5expression in lens during development between E9.5 to E18.5 (Fig. S2G and data not
shown). One further possibility is that the non-canonical Wnt/planar cell polarity (PCP)
pathway, that is purported to be inhibitory to the canonical pathway (Grumolato et al., 2010;
Torres et al., 1996)), and known to operate at later stages of lens development (Chen et al.,
2008; Sugiyama et al., 2010), may predominate at this stage in lens morphogenesis. Further
work will be required to address this range of possibilities.

It has been known for some time now that Pax®6 is critical for eye development and much
attention has been focussed on understanding mechanisms of Pax6 regulation and how this
influences a wide range of developmental processes. In recent studies of Pax6-depleted
embryos with no lenses (as is consistent with earlier studies), it was reported that Wnt/f3-
catenin pathway activity was upregulated (Machon et al., 2010). Given earlier studies that
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indicated Sfrp2expression in lens placode is regulated by Pax-6 (Duparc et al., 2006;
Machon et al., 2010; Shaham et al., 2009; Wawersik et al., 1999), it was suggested that the
upregulation of Wnt/B-catenin signaling activity was due to the absence of Pax6-induced
Sfrp2. Since we have shown that Sfrps are not involved in the suppression of Wnt/B-catenin
signaling activity in the eye, Sfrps are unlikely to be the mediators downstream of Pax6 that
suppress this pathway.

Sfrps regulate TCF/Lef activity in lens epithelial cells

Although it appears that Sfrp1 and Sfrp2 do not play a role in Wnt/B-catenin pathway
regulation during lens induction our studies have shown that they are involved in the
maintenance of Wnt/B-catenin signaling in lens epithelial cells. Specifically, we detected a
significant reduction in the number of cells positive for TCF/Lef activity in lens epithelial
cells at E13.5 and E14.5. Moreover, the observation that depletion of SfrpZ and Sfrp2did
not impact on cell proliferation rate in the central epithelium (where the TCF/Lef activity
was detected; see Fig 5) indicates that the reduction in numbers of cells with TCF/Lef
activity was not simply a consequence of a reduced rate of cell proliferation in this region.
This also raises the question of how to explain the small size of the lens in DKO embryos.
To ensure that reduced proliferation in DKO lenses was not a contributing factor, we
extended our BrdU incorporation studies to include the germinative zone of the epithelium.
Statistical analysis showed, as with the central epithelium, there were no significant
differences in BrdU incorporation rates between control and DKO lenses at either E14.5 or
E16.5 [E14.5 control 38.3% (1,671, n=8), DKO 39.0% (610, n=4); E16.5 control 28.6%
(1,613, n=6), DKO 30.5% (817, n=4). P<0.05]. Furthermore, apoptosis in the DKO lenses is
unlikely to be the cause of their small size since we did not find any evidence for
enhancement of apoptosis in DKO lenses (Supplementary Fig. S3). One possibility could be
that, given the role of the canonical Wnt pathway for controlling stem cell populations in
adult tissues/organs (reviewed in Grigoryan et al., 2008), the TCF/Lef active cells represent
a stem-like cell population. Adult stem cells are recognised as a cell population that can self-
renew and also produce transiently amplifying cells for tissue regeneration or long term
homeostasis. Given the reduced numbers of these putative stem cells, this could also lead to
reduced numbers of fast dividing transiently amplifying cells available to differentiate into
fibers, and in this way may account for the small lens formation in DKO with no change of
proliferation rate.

Sfrpl and Sfrp2 expression pattern and TCF/Lef activity

By using a LacZ reporter driven by the endogenous Sfrp enhancer/promoter construct we
showed that Sfrp1is expressed only in differentiating and mature lens fibers (Figure 8,
purple). This expression pattern is complementary to Sfrp2as its expression is restricted to
the developing germinative zone epithelium (Figure 8, green). Furthermore in lens and
retina, Wnt/B-catenin signaling activity (Figure 8, red) is excluded from, but bordered by,
the regions of Sfrp and Sfrp2 expression. Other studies have shown that SfrpZ and Sfrp2
are essential for optic cup periphery specification and their removal caused inactivation of
the Wnt/B-catenin pathway and transdifferentiation of optic cup periphery into neural retina
(Esteve et al., 2011b). Despite their obvious importance for development of this region, both
Sfrps were shown to be absent from the optic cup periphery. In our current study, we
showed that removal of SfrpI and Sfrp2resulted in reduced Wnt/B-catenin signaling activity
in the central lens epithelium and it was also noted that both Sfrps were absent from this
region. A common feature of these two studies is that the KO of SfrpZ and Sfrp2 caused a
reduction of Wnt/B-catenin signaling activity in the region adjacent to where expression of
these two proteins was detected. These results fit well with the proposal by Mii and
colleagues that Sfrps, contrary to the commonly promoted view that they are inhibitory, act
as carriers of Wnt ligands to spread and enhance their diffusion and increase their signaling
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range (Mii and Taira, 2009). Further studies will be required to determine if this intriguing
possibility is applicable to the lens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Sfrp expression patternin lens

(A-1) /n situhybridization for Sfrp1 (A-C, G-1) and Sfrp2 (D-F) expression in the
developing eye. Sfrp1 was consistently detected in lens fibers (If) with slightly enhanced
intensity in the cortical region (A). This signal was depleted from SfrpZ KO samples (B, C).
Sfrp2 was detected in the germinative zone (arrows) of the lens epithelium (le) and the
neural retina (nr; D, E) and these signals were absent in the Sfrp2 KO sample (F). Note the
sections A and D, B and E, and C and F, respectively were obtained from the same embryos
(at E14.5). Sfrp1 was barely detected in the lens cells at lens pit stage (E10.5, G) whereas a
weak signal was evident in the outer layer of the developing retina (r). By the time of lens
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pit/vesicle (Iv) separation from the surface ectoderm a strong signal for SfrpZ was detected
in the posterior cells (at E11.5, H). After closure of the lens vesicle lumen SfrpZ was
detected mainly in the primary lens fibers (at E12.5, I). (J-O) The B-galactosidase derived
from the SfrpI knock-in locus was monitored by X-gal staining. The nuclear-localisation
signal conjugated to this enzyme resulted in blue stain development that was predominantly
localized to the nucleus. (J, K) No X-gal staining was observed at E10.5 (J) and E11.5 (K)
during lens pit and lens vesicle stages. (L) The first positive signal was detected at E12.5 in
centrally located primary lens fibers. (M-O). Intensity of X-gal staining correlated with the
copy number of the SfrpZ knock-in allele; the lens with a single copy (i.e. heterozygote)
showed weaker X-gal stain (M) compared to the lens with two copies of the SfrpZ knock-in
allele (i.e. homozygote, N). Removal of the Sfrp2 gene did not affect the intensity (or
pattern) of X-gal staining because a similar intensity of X-gal staining was evident in Sfrp2
heterozygote (N) and Sfrp2 KO (O) lenses. Images shown were obtained from E14.5
embryos. Scale bars for A-F, G-L, M-O 200 pm.
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Fig. 2. Lensformation in Sfrpl;Sfrp2 DK Os

(A-C) Embryonic appearance at E18.5. In contrast to the normal appearance of
Sfrn1~~:Sfrv2*/~ control embryo (A), Sfrn1,Sfip2 DKOs (B, C) are small and have
characteristically truncated snouts, short limbs and round backs. Occasionally, DKOs also
show exencephaly, eyelid closure defect, open neural tube (arrow) and protruded guts (C).
(D-L) H&E staining of transverse paraffin sections of eyes at E12.5 (D-F), E16.5 (G-I) and
E18.5 (J-L) for controls (D, G, J), DKOs with closed eyelid (E, H, K) and with open eyelid
defect (F, I, L). At E16.5 and E18.5, the open eyelid DKO eyes were not covered by a
developing eyelid (I, L). Compared to control lenses, DKO lenses were small and had
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abnormal shapes. DKOs with closed eyelid tended to have round-shaped lenses whereas
DKOs with open eyelid defect tended to be more variable but progressively developed a
more flattened shape. Defects were also seen in development of the retina and vitreous and
these tended to be more prominent in the mice with open eyelids. Scale bars for D-F 200
pum, G-I 400 pm, J-L 400 pm.
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Fig. 3. Lensfiber and epithelial cell markersare expressed normally in Sfrpl;Sfrp2 DK O lenses
at E18.5

Transverse paraffin sections of control and DKO lenses were immunostained with the
antibodies indicated and fluorescent signals were imaged by confocal microscopy. (A-D)
CP49 is a lens-specific intermediate filament protein which is expressed during fiber
differentiation (A). In DKO lenses (C) CP49 expression is detected in differentiated fibers as
observed in controls. Expression pattern of B-actin also appeared similar in control and DKO
lenses (B, D). (E-J) Pax6 is a lens epithelial cell marker which is highly expressed in lens
epithelial cells and diminishes gradually during fiber differentiation (E). Normal expression
pattern of Pax6 is maintained in Sfrp1,;5frp2 DKO lens (H). Higher magnification images
(F,G, 1,J), counter stained with PI to visualise nuclei, show that Pax6 is localised to nuclei.
(K-P) E-cadherin is another lens epithelial cell marker that disappears immediately at the
equator at the commencement of fiber differentiation (K). In the DKO lens, E-cadherin is
similarly strongly expressed in the epithelium and is lost immediately below the equator (N).
In the higher magnification views (L, M, O, P), the sharp loss of E-cadherin at the lens
equator is evident. Immunostaining for -catenin also shows a similar distribution pattern
between control and DKO. Scale bars for A-E, H, K, N 200 um, F, G, I, J, L, M, O, P 200
um.
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Control DKO

AP-2a

Fig. 4. Induction of early lensmarkersin Sfrpl;Sfrp2 DKO lenses (E11.5)

Confocal images of paraffin sections immunostained with antibodies indicated in the panels
(green). Each panel was paired with Pl counterstaining to show nuclei (purple). (A, B) Prox1
is induced in the lens placode and at the lens vesicle stage Prox1 is detected in the
elongating primary fibers (A). A normal pattern of expression of Prox1 is maintained in
Sfrp1,Sfrp2 DKO lenses (B). (C, D) cMaf is another lens marker with its expression induced
in the lens placode and which is subsequently detected in the anterior lens epithelial cells as
well as being significantly increased in elongating fibers of the lens vesicle (C). cMaf
expression is also maintained in Sfrp1,;Sfro2 DKO lenses (F). (E, F) AP-2a is detected in
the anterior lens cells in both control (E) and DKO lenses (F). Scale bar 100um.
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Fig. 5. TCF/Lef reporter activity during lensformation (E9.5-P1)

Coronal paraffin sections of TCF/Lef-lacZ transgenic embryos were reacted with X-gal to
detect B-gal activity (A-1). Dorsal to left and ventral to right in all images. (A) At E9.5,
strong -gal activity is detected in neural crest-derived mescenchymal cells between surface
ectoderm and optic vesicle but signal is absent in presumptive lens region. (B, C) At E10.5,
B-gal reactivity is still not evident in lens placode (B) and lens pit (C). At this stage, X-gal
staining is evident in the outer layer of the optic cup on its dorsal side. (D, E) At E11.5, two
slices from a same eye through the centre of the lens vesicle (D) and slightly off-centre
where lens vesicle is still fused with surface ectoderm (E) are shown. At the neck of lens pit/
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vesicle blue B-gal activity is asymmetric, being predominantly present on the ventral side.
(F) At early E12.5, B-gal activity is present centrally in the anterior layer of the lens vesicle.
In the optic cup, X-gal staining is detected at the distal half of the outer layer and the distal
tip of the inner layer (presumptive neural retina). (G, H) At late E12.5 and E14.5, X-gal
staining is present in the central lens epithelial cells, distal tips of neural retina and distal
portion of RPE. (I) At E16.5, X-gal staining in the central lens epithelial cells becomes
weaker but is clearly stronger at the distal tips of the optic cup where the ciliary body and
iris forms. (J, K) At P1, the whole lens viewed at high magnification shows that cells with
B-gal activity are scattered throughout the epithelium. Scale bars for A-1 100 um, J 1 um, K
100 pm.
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Fig. 6. TCF/Lef activity in Sfrpl;Sfrp2 DK O lenses detected by X-gal staining

Staining results were shown for controls (A, C, E, G, I) and Sfrp1,;Sfrp2 DKO (B, D, F, H,
J). (A, B) At E9.5, no ectopic activation of TCF/Lef activity is evident in DKO lens placode.
(C, D) At E10.5, normal induction of TCF/Lef activity is detected in cells on the ventral side
of the neck of the lens pit in the DKO eye (D). (E-H) At E11.5 and 12.5, TCF/Lef activity is
present in the anterior lens epithelial cells of the DKO lens vesicle (F, H) similar to controls
(E, G); however, the X-gal staining at the distal tips of optic cup is dramatically reduced in
DKO eyes. (I, J) At E13.5, in contrast to relatively abundant X-gal staining in control lens
epithelial cells (1), fewer positive cells are found in DKO lens epithelium (J). Enlarged
images are shown in I'and J'. (M) X-gal positive cells were counted and shown as numbers
per 100 um of epithelium. There are significantly fewer X-gal positive cells in DKO lenses
at E13.5 and E14.5 than in controls. X-gal stained cells were counted from at least three
non-sequential sections per samples. Total length examined per sample was about 900 pm
(control E13.5), 600 um (DKO E13.5), 1,800 um (control E14.5) and 1,000 um (DKO
E14.5). Counted sample numbers were indicated in the chart (n). The mean value of each
sample was analysed by the two-tailed t-test. Scale bars for A-H 100 um, I, J 100 um.
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Fig. 7. BrdU incorporation rate does not change in Sfrpl;Sfrp2 DK O lenses

Pregnant mice were injected with BrdU (100 pg/g body weight) 1 hour before collection of
embryos. Incorporated BrdU was visualised by immunostaining with anti-BrdU antibody.
(A, B) Confocal images of incorporated BrdU (green) and counterstained PI (purple) in the
E14.5 lens. BrdU positive cells and total cell numbers were counted in the central
epithelium. Scale bar 200 um. (C) Mean value of incorporated BrdU (%) in lens cells of lens
pit (E11.5), lens epithelial cells located anterior to lens lumen/lens fibers (E12.5) and central
lens epithelial cells (E14.5, E16.5 and E18.5). Statistical analysis (two-tailed t-test, a=0.001)
does not show any significant differences between controls and DKOs at all ages. Sample
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number (n) and cells counted were as follows; E11.5 control 1,054 (6), DKO 1,207 (8),
E12.5 control 4,748 (18), DKO 2,140 (10), E14.5 control 1,814 (8), DKO 720 (4), E16.5
control 1,617 (6), DKO 1,103 (4), E18.5 control 2, 347 (10), DKO 1,534 (7). Scale bar 200
pm.
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Fig. 8. Non-overlapping distribution of Sfrpl and Sfrp2 expression and TCF/L ef activity

Sfrp2 mRNA is detected in developing lens cells at lens placode (E9.5) and lens pit stages
(E10.5). It becomes restricted to a band of cells above the lens equator at E11.5 and is not
detectable in lens after E16.5 (see Chen et al, 2004). Sfrp1 expression is not detected in lens
cells until the lens pit stages and then becomes strongly expressed in the elongating primary
fibers of the lens vesicle at E11.5. Strong expression persists in fibers through all embryonic
stages with slightly more prominent expression detected in cortical fibers. TCF/Lef activity
is first detected at the ventral edge of lens pit at E10.5 and then found in the central lens
epithelial cells after E11.5. The number of cells showing TCF/Lef activity in the lens
epithelium diminishes after E16.5. Sfrp2expression and TCF/Lef activity show
complementary patterns in the developing retina. Although Sfrp? and Sfrp2 do not show
overlapping patterns of expression, it is only in DKOs of SfrpZ and Sfrp2 that abnormal
development of both lens and retina is evident. Moreover, analysis of DKOs reveals that
Sfrp1 and Sfrp2 do not have a suppressive effect on TCF/Lef activity in eye but rather
appear to act as enhancers of TCF/Lef activity in adjacent cells.

Dev Biol. Author manuscript; available in PMC 2014 December 15.



