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Abstract

Purpose—The developing lens expresses at least three different FGF receptor genes (Fgfr1-3)
and FGFs have been shown to induce lens epithelial cells to differentiate into fiber cells both in
vitro and in vivo. While the loss of Fgfr2 alone does not prevent fiber differentiation and the loss
of Fgfr3 alone does not appear to affect lens development the independent role of Fgfrl in lens
development has not been reported. These experiments were conducted to determine if Fgfrl
plays an independent essential role in lens development.

Methods—To address this question, we took two complementary approaches. First, we
employed the aphakia (ak) lens complementation system to show that Fgfr1-deficient embryonic
stem (ES) cells were able to form a normal embryonic lens that maintains a normal pattern of
crystallin gene expression. Second, we employed the Cre-loxP system to achieve lens-specific
inactivation of Fgfr1l.

Results—Fgfrl-null embryonic stem cells were able to rescue normal embryonic lens
development in chimeric combination with aphakia mutant embryos. In addition, conditional
deletion of Fgfrl does not compromise lens development either before or after birth.

Conclusions—The results of both approaches suggest that lens epithelial cell integrity, cell
cycle regulation and lens fiber differentiation are intact in the Fgfrl-deficient lens. Overall, our
results demonstrate that Fgfrl is not cell autonomously essential for lens development and
suggests functional redundancy among different FGFRs with respect to lens fiber differentiation.
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Fax: 513-529-6900 Robinsm5@muohio.edu.
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INTRODUCTION

The vertebrate lens arises from head surface ectoderm in response to a series of inductive
interactions [reviewed in 1]. Lens development begins with the thickening of surface
ectoderm cells overlying the optic vesicle to form a lens placode, which subsequently
invaginates to form the lens pit. The lens pit then fuses and detaches from the surface
ectoderm to form the initially hollow lens vesicle. Cells lining the posterior part of the lens
vesicle withdraw from the cell cycle and elongate to form the primary lens fiber cells that
obliterate the vesicle cavity, while the anterior lens vesicle cells remain as the lens
epithelium. Secondary lens fiber cells subsequently withdraw from the cell cycle and
differentiate from the anterior epithelial cells as they are displaced toward the equatorial
region of the lens by continuous lens epithelial proliferation. Both primary and secondary
fiber cells lose their nuclei and cellular organelles upon maturation.

Much recent effort has focused on elucidating the molecular mechanisms of lens fiber
differentiation, and several pieces of evidence supports the hypothesis that fibroblast growth
factor (FGF) signaling plays an important role in this process. Members of the FGF family
exhibit dynamic spatio-temporal expression patterns in ocular tissues, suggesting that they
may be important for both morphogenesis and maintenance of the lens via both autocrine
and paracrine mechanisms [2-9]. Furthermore, FGFs were shown to stimulate explants of
lens epithelial cells from neonatal rats to proliferate, migrate, and differentiate into lens
fibers in a dose-dependent manner, a process reminiscent of endogenous lens fiber
differentiation [10, 11]. FGFs also stimulate these responses in lens epithelial cells from
adult animals, though with less potency, suggesting that FGFs may continue to induce lens
fiber cell differentiation throughout life [12]. More importantly, in vivo studies using
transgenic mice demonstrated that lens-specific expression of several different FGF ligands
induced lens epithelial cells to exit from the cell cycle prematurely and undergo ectopic fiber
differentiation [13-15].

Different members of FGF receptor family (Fgfr1-3) show distinct spatio-temporal
expression patterns during lens development, suggesting that they may play distinct roles in
lens fiber differentiation. Fgfr3 is expressed in both epithelial and fiber cells [16]. The Fgfr2
Ilicisoform is expressed throughout the lens epithelium, transitional zone and at a lower
level in maturing fibers while the Fgfr2 111b isoform is weakly expressed in the lens
epithelium but is upregulated in transitional zone where epithelial cells are committed to
fiber differentiation [16]. During early lens development, Fgfr1 is first detected in lens
vesicle and cornea, but its expression level increases with the onset of primary fiber cell
differentiation. Later, Fgfrl expression is highly upregulated in newly differentiated lens
fiber cells [17, 18]. Transgenic mice expressing secreted dimers or truncated (dominant
negative) versions of FGFRs show defects in lens growth and differentiation [19-22].
Furthermore, transgenic overexpression of a dominant-negative Fgfrl in the presumptive
lens ectoderm perturbs early lens morphogenesis, suggesting that FGF receptor signaling
might be required at the lens induction stage as well [23]. However, the functional
specificity of individual FGF receptors during lens development is poorly understood.
Fgfr3-null mice are viable and do not exhibit lens defects [24]. Fgfr2 plays an essential role
in the proper development of the trophoblast, and as a result, Fgfr2-null embryos die before
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the onset of lens fiber differentiation [25, 26]. This embryonic lethality can be rescued by
making aggregation chimeras with tetraploid wild-type embryos and Fgfr2-deficient diploid
embryos. Using this approach, Li et al showed that Fgfr2-deficient mice survive to birth
with lenses that clearly undergo morphological aspects of fiber cell differentiation [27]. In
addition, the lens is not among the many tissues affected by inactivation of the Fgfr2 I11b
isoform [28]. More recent experiments, utilizing a conditional mutant allele of Fgfr2 [29]
and the LeCre mouse strain where Cre expression initiates in the ocular surface ectoderm at
the lens placode stage [30] demonstrated that early inactivation of Fgfr2 leads to increased
lens cell apoptosis and inefficient cell cycle withdrawal upon fiber differentiation [31].
Mouse embryos homozygous for null mutations in Fgfrl die shortly after gastrulation as a
result of defects in mesoderm patterning [32-34]. Mice harboring hypomorphic Fgfrl alleles
can survive to birth without lens defects, but the presence of ~20% wild-type Fgfrl
transcripts in these mice made it difficult to evaluate the role of Fgfrl in lens fiber
differentiation [35].

To determine whether Fgfrl is specifically important for lens development, we utilized two
complementary approaches. First, we took advantage of the aphakia (ak) lens
complementation system that has been used successfully for evaluating the role of Rb1 in
lens development [36]. The recessive aphakia (ak) mutation is characterized by an arrest of
lens development shortly after lens pit formation as the result of a dramatic reduction in the
expression of the Pitx3 transcription factor [37, 38]. The cell-autonomous nature of the lens
defect in ak/ak mice, makes cells from these embryos unable to contribute to normal lens
development in chimeric mice. Therefore in ak/ak <> ES cell chimeras, lens fiber
development is entirely dependent on the ES cell contribution [36]. We demonstrated that
Fafr1-null embryonic stem (ES) cells are capable of forming lenses with normal
morphology that also maintained normal expression patterns of lens crystallins, thus
rescuing the lens deficit in aphakia mice. Second, we employed the Cre-loxP system to
inactivate Fgfrl in a tissue-specific manner using a transgenic mouse line that we generated,
MLR10 [39], which expresses Cre recombinase from the lens vesicle stage of lens
development, and a conditional mutant allele of Fgfrl created by the insertion of loxP sites
in introns 7 and 15, flanking the exons responsible for the transmembrane domain and the
majority of the tyrosine kinase domain of the receptor [40]. Morphological and gene
expression analyses of mice with lens-specific inactivation of Fgfrl showed normal
embryonic and postnatal lens development. Therefore, Fgfrl is not independently essential
in the lens developmental lineage for lens fiber differentiation.

METHODS

All animal experiments conformed to the ARVO Statement for Use of Animals in
Ophthalmic and Vision Research and were also performed according to protocols approved
by the Columbus Children's Hospital Institutional Animal Care and Use Committee.

Generation and analysis of ak/ak < Fgfr1AmMK/AIMK chimeras

The Fgfr1Amk/*+ ES cell clone C16 and the Fgfr1AMKAMK EQ cel| clone C5B were
generated as previously described [33]. The lens complementation system developed by
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Liegeois et al was used to generate ak/ak <+ Fgfr1AMKAMK chimeras [36]. Briefly, ES cells
were either injected into homozygous aphakia (ak/ak) blastocysts or aggregated with morula
stage ak/ak embryos before transfer back to pseudopregnant females. The embryos were
then allowed to develop to embryonic day 14.5 (E14.5) when they were collected for
analysis. Pregnant females carrying the ak/ak <+ Fgfrl ES cell chimeras were euthanized
and embryos were removed, fixed and stained for f-galactosidase activity with X-gal as
described [13, 39].

Generation of transgenic mice and genotyping

MLR10 transgenic mice, described previously [39], were made on an FVB/N inbred
background and crossed to mice carrying the null (Fgfr12K) and conditional (Fgfr1fox)
alleles of Fgfrl maintained on genetic background that was a mixture of 129SV, C57BL/6
and FVBI/N alleles. The Fgfr12MK allele was detected by PCR as described [32]. The Cre
transgene in MLR10 was detected by PCR with primers PR4 (5’-
GCATTCCAGCTGCTGACGGT-3") and CRE-AS (5’-
CAGCCCGGACCGACGATGAAG-3’) that generate a DNA fragment of 577bp. The
Fgfriflox allele was constructed as described [40] and amplified with primers Fgfrl i75’ (5’
AGGTTCCCTCCTCTTGGATGA-3") and Fgfrli73’: (5°-
CTGGGTCAGTGTGGACAGTGT-3’) that produce a PCR product of 332bp. The thermal
cycling condition: 95°C for 30 seconds, 56°C for 30 seconds, 72°C for 40 seconds, 35
cycles.

Histology, immunofluorescence and in-situ Hybridization

Embryos and adult eyes were fixed in 4% paraformaldehyde overnight at 4°C, processed
and embedded in paraffin. Embedded samples were sectioned at 5 um. For
immunofluorescence, paraffin-embedded ocular tissue sections on slides were
deparaffinized and rehydrated in an ethanol series ending in PBS. After blocking with 0.5%
bovine serum albumin and 1% Triton X-100 for 30 minutes at room temperature, tissue
sections were incubated with antibodies to a-crystallins (1:3000 dilution), B-crystallins
(1:3000 dilution) or y-crystallins (1:5000 dilution) (provided by Dr. J. Samuel Zigler Jr.,
National Eye Institute, Bethesda, MD) at 4°C overnight. After brief washes, the slides were
incubated with Cy-2 or Cy-3 labeled secondary anti-rabbit antibodies (Jackson
Immunoresearch Laboratories, West Grove, PA) for 1 hour at room temperature. The
sections were then counterstained with DAPI (Vector Laboratories, Burlingame, CA).

Radioactive in-situ hybridization on sections of E14.5 embryos with riboprobes specific for
FoxE3 (from Dr. Milan Jamrich, Baylor College of Medicine, Houston, TX), Pax6, Six3,
Prox1, p57KiP2, c-Maf, and Sox1 (kindly provided by Dr. Paul Overbeek, Baylor College of
Medicine) was performed as described previously [20]. At least four mutant lenses and four
control lenses were hybridized with each probe. After the hybridization was complete, the
slides were exposed to Kodak NTB-2 emulsion (Kodak, Rochester, NY) for 4-6 days at 4°C
before development.
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RNAse protection assay

Total RNA was extracted from 8 to 10 mouse lenses for each genotype at postnatal day 30
using TRIZOL (Invitrogen, Carlsbad, CA). A 415bp fragment of Fgfrl cDNA containing
exonic sequences from the region surrounding the second loxP site in the Fgfr1flox allele
(nucleotides 1990-2404 of GenBank accession number NM010206) was used as probe for
Fgfrl expression in an RNase protection assay. A 126bp fragment of hypoxanthineguanine
phosphoribosyl transferase (Hprt) cDNA (nucleotides 116-241 of GenBank accession
number NMO013556) was used as probe for internal control. The RNAse protection assays
were performed using RPAIII kit (Ambion, Austin, TX) according to manufacturer's
instructions. The alternatively spliced Fgfrl transcript from the Ffgr12™k allele was
amplified with primers Fgfrle55’ (5’-GAATTGGAGGCTACAAGGTTCGCTATGC-3’)
and Fgfrlel63’ (5’-TGTCGGGAAAGCTGGGTGAGTACTGG-3’), and the amplified band
was gel purified and sequenced to reveal a splice junction between exons 7 and 15.

Relative Real Time RT-PCR assay

Lenses from wildtype and MLR10 Fgfr1f1oX/flox mice were isolated at postnatal day 17 and
separated into lens fiber and epithelial fractions by peeling off and trimming lens capsules
with adherent epithelia. Lens fractions were pooled from 8 lenses from each genotype. Total
RNA for each fraction was isolated as described above. cDNA was synthesized from 5ug of
lens epithelium or fiber cell total RNA and mixed with 200ng of random hexamers
(Promega, Madison, WI) and 10nmol of dNTPs. The mixture was heated to 60°C for 5
minutes before addition of 40 units of RNASEOUT RNAse inhibitor and 15 units of
SUPERSCRIPTII reverse transcriptase (Invitrogen). The reaction was carried out in 50mM
Tris-HCI (pH 8.3), 75mM KCI, 5mM MgCl, and 10mM DTT at 25°C for 10 minutes
followed by 50 minutes at 42°C. Then the reaction was heated to 70°C for 15 minutes
followed by incubation with 20 units of RNase H (Invitrogen) at 37°C for 30minutes. Real-
time relative RTPCR reactions included cDNA prepared from isolated lens fiber or lens
epithelial RNA, 0.5 uM each of forward and reverse primers in QuantiTect SYBR Green
PCR Master Mix (Qiagen Inc.) in a total volume of 25 ul. Quantitative PCR amplification
was performed using ABI Prism 7700 Sequence Detection System equipped with Sequence
Detector v1.6.3 software (Perkin-Elmer Applied Biosystems Inc., Foster City, CA) for data
acquisition and analysis. Wild type Fgfrl transcripts were amplified with primers Fgfr1e95’
(5’-GAATTGGAGGCTACAAGGTTCGCTATGC-3) and Fgfr1el03’ (5’-
TGTCGGGAAAG CTGGGTGAGTACTGG-3"). Cycling parameters for Fgfrl transcripts
were: 94°C for 1 minute and 20 seconds, 65°C for 1 minutes, 72°C for 1 minute and 30
seconds, 35 cycles. As internal control for RT-PCR, Hprt transcripts were amplified with
primers HprtE2S from exon 2 (5’-AGCGATGATGAACCAGGTTA-3’) and HprtE4AS
from exon 4 (5’-GTTGAGAGATCATC TCCACC-3’). Hprt transcripts were amplified
under following conditions: 95°C for 30 seconds, 57°C for 30 seconds, 72°C for 1 minute,
35 cycles. Amplification of correct PCR products was evaluated by agarose gel
electrophoresis and further confirmed by sequencing analysis with dye terminator and ABI
373 Sequencer (Perkin-Elmer Applied Biosystems Inc.). Amplification reactions of serial
dilutions of plasmids carrying cDNA fragments encompassing these primers were conducted
in parallel to generate standard curves for each primer pair. The relative quantity of

Mol Vis. Author manuscript; available in PMC 2014 December 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao et al.

RESULTS

Page 6

transcripts in different cDNA samples was calculated using this standard curve. And the
quantity of Fgfrl transcripts was normalized against the amount of Hprt transcripts in the
same sample. The quantitation was carried out in triplicate. To assess the purity of the
epithelial RNA fraction, relative real-time RT-PCR was carried out as described above to
compare the expression of yD-crystallin in the epithelial and fiber RNA samples using
primers GUNIVF (5’-CTGCTGGATGCTCTATGAGC-3’) and GDR (5’-
TTCCGTGAACTCTATCACTTGGC -3’) as described [41].

Lens complementation assay with ak/ak <> Fgfr1AtmKIAtTK chimeras

Since Fgfr1AMKAMK (homozygous Fgfrl-null) embryos die shortly after gastrulation, ES
cell clones carrying the Rosa f-ge026 (Rosa26) transgene [42] and either heterozygous or
homozygous for Fgfr12™k allele [33] were used in a chimeric analysis with ak/ak embryos
to test the ability of Fgfrl-null cells to contribute to normal lens development. X-gal staining
for LacZ activity revealed the ES cell contributions in the chimeras (Figure 1). Fgfr1*/*
ak/ak cells occasionally rescued the perigastrulation lethality of Fgfrl deficiency in the
chimeras and allowed us to evaluate the lens-forming capacity of Fgfr1AMKAIMK ES cel|s
(Table 1). We subjectively designated anything over 20% overall ES cell contribution to the
chimeric embryo as high degree chimeras. Seven ak/ak <+Fgfr1AMK+ embryos were
generated, four of which showed high degree chimerism and complete rescue of the ak/ak
lens deficit (Figure 1C). In these embryaos, the morphology of lenses derived from ES cells
was indistinguishable from wild-type controls, indicating complete rescue of lens defects
relative to ak/ak embryos (Figure 1B, D, H). Two high percentage ak/ak+«sFgfr1Amk/+
chimeras were born and survived to adulthood, and both displayed, by gross observation,
normal development of the lens and other eye structures compared to adult ak/ak mice (data
not shown). In contrast, a significant portion of chimeras made with Fgfr1AmK/Amk g5 cel|s
were lost during early embryonic development due to lethality associated with
homozygosity for the Fgfr12MK allele. As a result, the majority of surviving ak/
ak«>Fgfr1AmkiAmk exhibited relatively less contribution from Fgfr1AMKAmK EQ cel|s
(Table 1). Nonetheless, live embryos displaying relatively high contribution from
Fgfr1Amk/Atmk Eg cells were obtained (Figure 1E) though they were rare and never survived
beyond birth (Table 1). Further histological analysis showed that lenses derived from
Fgfr1MmKIAMK ES cells maintained a normal morphology compared to wild-type controls,
thus rescuing the ak/ak lens phenotype and restoring normal anterior segment structure
(Figure 1B, F, H). Neither wild-type nor ak/ak E14.5 embryos showed evidence of LacZ
expression upon X-gal staining (Figure 1A, B, G, H).

To analyze lens fiber differentiation in the Fgfrl-deficient lenses, expression of lens a-, -
and y-crystallins were studied by immunofluorescence. In the E14.5 wild-type lens, a-
crystallins were expressed in both lens epithelial and fiber cells (Figure 2A). In lenses
derived from Fgfr1AmK/AMK ES cells, a similar expression of a-crystallins was detected,
whereas in ak/ak lens, a-crystallins were only weakly expressed in the most posterior
regions of the degenerating lens (Figure 2B, C). Expression of differentiation-specific - and
v-crystallins was restricted to the lens fiber cells of both the wild-type and Fgfrl-deficient
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lenses (Figure 2D, E, G, H). In contrast, ak/ak lenses expressed p-crystallins at a barely
detectable level and no y-crystallin expression was detected (Figure 2F, I). Therefore, the
ak/ak <> Fgfr1AmKAmK chimeras demonstrated that there is no cell autonomous requirement
for Fgfrl in normal embryonic lens fiber differentiation.

Lens-specific inactivation of Fgfrl by MLR10 transgenic mice

Although the high degree ak/ak « Fgfr1AMKAMK chimeras exhibited complete rescue of the
ak/ak lens defects, significant ES cell contributions in these chimeras invariably resulted in
neural tube defects inconsistent with postnatal survival. The difficulty of getting enough
high degree ak/ak <> Fgfr1AMKAIMK chimeras with lens rescue prevented us from
performing further molecular analyses and made it impossible to evaluate the effect of null
mutation in Fgfrl on postnatal lens development. To address this problem, we took a
conditional gene targeting approach using the Cre-loxP system to inactivate Fgfrl in a lens-
specific manner. To drive Cre expression to the lens, we used MLR10 transgenic mice,
where ocular Cre expression is restricted to the lens, commencing at the lens vesicle stage of
development [39]. We also utilized mice carrying a conditional allele of Fgfrl (Fgfriflox)
which has two loxP sites introduced separately into introns 7 and 15 of the Fgfrl gene
through homologous recombination in ES cells [40]. Cre recombinase recognizes the
inserted loxP sites within Fgfrl and catalyzes the deletion of exons 8 through 15 encoding
the transmembrane domain and most of intracellular tyrosine kinase domain. Previous
reports using these mice suggest that the loxP sites do not interfere with the expression of
Fgfrl prior to Cre mediated recombination, and several different Cre recombinase
transgenes have been shown to efficiently delete exons 8-15 in vivo to generate a loss-of-
function mutation in Fgfrl [35, 40, 43, 44]. The novel allele generated after Cre-mediated
recombination, Fgfr12floX does not appear to act in a dominant-negative manner and instead
behaves similarly to Fgfrl-null alleles described previously [32, 45].

Mice heterozygous for both the Fgfr12tMK allele and the Cre transgene (MLR10/Fgfr1Amki+)
were crossed with Fgfr1fox mice. In the resulting transgenic compound heterozygotes of
both targeted Fgfrl alleles, MLR10/Fgfr1AtmK/flox Cre recombinase needs only to recombine
one Fgfr1floX allele in each lens cell to inactivate the Fgfrl gene. While MLR10 transgenic
mice have been shown to efficiently delete a loxP flanked neo gene in both the lens
epithelium and lens fiber cells of Cre reporter mice [39], we sought to directly determine the
efficiency of Cre-mediated recombination and inactivation of the Fgfr1flox allele. Therefore,
we conducted an RNAse protection assay using adult lens total RNA. The 415bp probe used
in the assay was derived from the Fgfrl cDNA sequence containing exons 14 through 16.
Since the Fgfr12MK allele has exons 8 to 14 deleted, and the Fgfr1floX allele targets exons 8
to 15, this probe could detect not only wild-type Fgfrl expression but also potential
alternative transcripts generated by the Fgfr12Mk and Fgfriflox alleles respectively. The
415hp-protected fragment, specific for the wild-type Fgfrl transcript, was detected in total
RNA from both the wild-type adult lens and E15.5 whole embryos (Figure 3A, lanes 6 and
7). However, in lens total RNA from the MLR10/Fgfr1AMK+ mice, both a 415bp protected
wild-type Fgfrl transcript and a smaller hybridizing band was observed (Figure 3A, lane 5).
The size of the smaller fragment was consistent with an alternatively spliced transcript
joining exons flanking the neo cassette from the Fgfr1Atk allele. This was confirmed by
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amplifying MLR10/Fgfr1AmK/+ |ens total RNA through RT-PCR using PCR primers
derived from sequences in exons outside the targeted region. Sequence analysis of this Fgfrl
product showed that exon 7 had been spliced to exon 15 (Figure 3B), leading to frameshift
mutation and premature stop codon downstream of this aberrant splice junction. In total lens
RNA from MLR10/Fgfr1foX* adult mice, only the wild- type Fgfrl transcript was detected.
No alternative transcripts were observed, indicating that the Fgfr12floX allele generated after
Cre-mediated recombination is a true null allele in that the remaining Fgfrl sequences did
not drive the expression of a detectable transcript (Figure 3A, lane 4). Also, it does not
appear, according to the RNAse protection experiment, that the expression of the wild-type
allele was upregulated in the presence of a non-functional Fgfrl allele (Fig. 4A, lanes 4 and
5). However, in lenses from MLR10/Fgfr1AmK/flox mice the transcript from Fgfr12MK allele
was consistently detected, but the wild-type Fgfrl transcript was absent, suggesting that Cre
recombinase in MLR10 transgenic mice had recombined the Fgfr1f°X allele and inactivated
Fafrl expression efficiently (Figure 3A, lane 3). Similarly, when a probe derived from
exonic sequences targeted by both Fgfrl mutant alleles was used in an RNAse protection
assay, wild-type Fgfrl expression was absent from adult lens total RNA from MLR10/
Fgfr1Amkiflox (data not shown). Furthermore, quantitative RT-PCR analysis on whole lens
RNA revealed that Fgfrl expression was almost entirely eliminated from lens of MLR10/
Fgfr1Amk/flox mice (data not shown).

Given the fact that the bulk of the lens consists of lens fibers, whereas the epithelial cells
only constitute a small portion of the lens, it is likely that analysis of RNA extracted from
the whole lens may not accurately reflect the efficiency of Cre-mediated Fgfrl inactivation
in the epithelial lineage. To address this possibility, we carried out quantitative RT-PCR
analyses of Fgfrl expression in the epithelial and fiber cells of lenses from MLR10/
Fgfrafloxflox mice collected at weaning age. The results indicated that Fgfrd transcripts in
MLR10 mice homozygous for the conditional Fgfrl mutation contained only 3.9% the
amount of Fgfrl transcripts present in the wildtype lens epithelial cells. Similarly the lens
fiber cells from these mice contained only 6.1% of the transcripts present in wildtype fiber
cells (Fig. 3C). Therefore, Cre recombinase expressed by the lens of MLR10 transgenic
mice was clearly able to efficiently recombine and inactivate the Fgfr1floX allele in the entire
lens. The purity of the lens epithelial cell RNA fraction was assessed by relative expression
of yD-crystallin transcripts by a similar real time RT-PCR assay. The lens epithelial RNA
sample used produced only 0.17% of the signal generated by the fiber cell RNA fraction for
yD-crystallin (data not shown).

Embryonic and postnatal lens development in mice with lens-specific inactivation of Fgfrl:
Litter sizes were normal in crosses between MLR10/Fgfr12MK*+ and Fgfr1floX* mice, and
different genotypes were distributed according to normal Mendelian ratios. No obvious
developmental abnormalities were detected in any of the resulting genotypes. Histological
analyses showed normal morphology of the MLR10/Fgfr1AMIox [enses relative to that of
wild-type control lenses at E14.5 and adult stage (Figure 4A-F).

To determine if MLR10/Fgfr1Amk/flox jenses were normal at the molecular level, we
analyzed lens sections for the expression of genes critical for normal lens development. In-
situ hybridization for detection of FOXE3, Pax6 and Six3 mRNA demonstrated an unaltered
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pattern of expression in MLR10/Fgfr1Atmk/flox £14 5 embryonic lenses relative to the wild-
type control lenses (data not shown). Normal expression of FoxE3, Pax6, and Six3
suggested that proliferation and maintenance of lens epithelial cells were intact in the
absence of Fgfrl.

To investigate genes thought to be important for cell cycle regulation during fiber cell
differentiation in MLR10/Fgfr1AmK/flox mice, the expression pattern of p57XiP2 and Prox1
was studied by radioactive in-situ hybridization on E14.5 lens sections. The pattern of
expression for these genes was also unchanged in the MLR10/Fgfr1Atmk/Iox mice (data not
shown). Therefore, it appeared that the regulation of genes controlling cell cycle withdrawal
in the developing lens was not affected by the absence of Fgfrl.

Likewise, in situ hybridization demonstrated that the expression patterns of c-Maf and Sox1,
transcription factors thought to be important for lens fiber differentiation, were unchanged in
the lens fiber cells of MLR10/Fgfr1AmK/flox £14 5 embryos (data not shown). Thus, the
expression of these transcription factors suggested that lens fiber differentiation was normal
in MLR10/Fgfr1Amk/flox mice. Immunofluorescence analyses with antibodies against a- and
-crystallins performed on tissue sections of E14.5 day lenses from both MLR10/
Fgfr1Atmkiflox and wild-type embryos failed to reveal any differences (data not shown),
providing further evidence that, within the lens, Fgfrl is not essential for lens fiber
differentiation.

DISCUSSION

Although there is evidence suggesting that FGF signaling is likely to play an important role
in lens induction [23], lens cell proliferation and fiber cell differentiation [reviewed in 46],
the essential ligands and receptors for these processes remain elusive. The family of FGF
receptor tyrosine kinases that bind FGFs with high affinity are at the top of this signaling
cascade, and activation of extracellular regulated kinase (ERK) is likely to be a required
endpoint of FGF-induced lens cell proliferation and fiber differentiation [47]. Since previous
studies demonstrated that lens fiber differentiation is not prevented in mouse embryos
carrying null mutations of either Fgfr3 or Fgfr2 genes, we hypothesized that if any single
FGF receptor gene is essential for lens fiber differentiation, it was most likely to be Fgfrl.
Null mutations of Fgfrl lead to embryonic lethality prior to ocular induction, therefore the
function of Fgfrl in lens development could not be elucidated in Fgfrl-null mice.

To address whether Fgfrl plays a role during lens development, we took advantage of
aphakia complementation system and a tissue-specific knockout approach. We
demonstrated that, although complete rescue was rare, ES cells lacking Fgfrl expression are
capable of forming morphlogically normal lenses that expresses a-, - and y-crystallins in a
normal pattern. We also demonstrated, by both RNAse protection and relative real-time RT-
PCR, that Cre-expressing MLR10 transgenic mice can efficiently recombine the conditional
(loxP-flanked) allele of Fgfrl creating lenses where the majority of cells completely lack
Fgfrl transcripts.
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Using these two complementary approaches we have demonstrated that the expression of
Fofrl is not cell autonomously required for lens fiber cell differentiation. This conclusion is
based on several pieces of evidence. First, cells exhibiting normal fiber cell morphology
were produced both by cells homozygous null for Fgfrl in ak/ak <+ FgfrlAMK/AMK chimeras
and in cells that were compound heterozygous for the Fgfr1-null and recombined
conditional allele. We also examined molecular aspects of fiber cell differentiation in lens
cells lacking Fgfrl expression. FOXE3 is expressed in the lens epithelial cells and plays an
important role in the proliferation and survival of the lens epithelium [48]. No change in the
expression of FOXE3 was detected in Fgfrl-deficient lens cells. The transcription factors
Pax6 and Six3 are expressed in the lens and neural retina and play important roles in
regulating ocular development [49-51]. In addition, mutual regulation of these two
transcription factors in the developing lens has been suggested previously [52]. Since FGF
signaling is likely to play a role in regulating Pax6 expression in developing lens [23], we
looked at the expression patterns of both of these genes, and again, no differences were
detected between wild-type and Fgfrl deficient lens cells. During lens development,
proliferating lens epithelial cells withdraw from the cell cycle at the equatorial region of the
lens and initiate fiber differentiation. Cell cycle regulators such as p57%iP2 and Prox1 are
essential in mediating this cell cycle exit. p57kiP2 blocks cell cycle progression by inhibiting
the activity of cyclin-dependent kinases and lens fiber cells in p57XiP2-deficient mice exhibit
inappropriate fiber cell proliferation [53]. Prox1 may act indirectly in this process by
regulating the expression of p57kiP2[54]. Both Prox1 and p57XiP2 appeared to be expressed
normally in Fgfrl deficient lens cells. The transcription factors c-Maf and Sox1 have been
shown to mediate high-level expression of crystallin genes in the lens, and are essential for
normal lens fiber differentiation [41, 55-58]. The expression patterns of these transcription
factors as well as the expression patterns of a-, - and y-crystallins in the Fgfrl-deficient
lenses were indistinguishable from those of the wild-type lenses. Therefore, from
morphological, cell cycle and differentiation-specific gene expression analyses, Fgfrl-
deficient lens cells were not compromised in their ability to undergo fiber cell
differentiation.

Neither the chimeric nor the conditional knockout approaches could definitively
demonstrate that Fgfrl was dispensable for the initiation of lens induction. This is because,
in the case of the chimeras made between Fgfrl null and ak/ak embryos, we did not
demonstrate that Fgfrl null cells could independently undergo lens induction in the absence
of neighboring ak/ak cells as the aphakia deficiency only becomes evident subsequent to
initial lens induction. In the case of the conditional Fgfrl deletion by the MLR10 Cre
transgenic mice, Cre transgene expression does not commence until the lens pit stage,
subsequent to lens induction. However, the fact that Fgfr1-null ES cells are capable of
differentiating into apparently normal fiber cells demonstrates that there is no cell
autonomous requirement of FGFRL1 for lens fiber development and normal morphology in
mice even in cell lineages that never express Fgfrl.

The notion that no single Fgfr gene is essential for lens fiber differentiation seems to
contradict previous evidence suggesting the importance of FGF receptor signaling in lens
fiber differentiation or promotion of lens cell proliferation or survival [19-21, 59]. However,
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it is possible that different Fgfr genes exhibit functional redundancy in mediating lens fiber
differentiation. In support of functional redundancy, although Fgfr3-deficient mice do not
demonstrate lens defects, lens-specific expression of a secreted version of FGFR3 leads to
delayed lens fiber differentiation and reduced ERK phosphorylation levels in vivo,
suggesting that Fgfr(s) other than Fgfr3 are present to transduce FGF signals in the lens
[22]. The redundant nature of Fgfrs during lens fiber differentiation may also explain the
severe lens defect observed in transgenic mice overexpressing dominant-negative FGFR1
that can heterodimerize with other FGFRs and therefore abolish the functions of multiple
Fgfrs simultaneously [20, 21, 60]. Moreover, the expression pattern of different Fgfrs during
lens development is characterized by their increased expression in regions of the lens where
fiber differentiation occurs. Thus, it is possible that these FGFRs all contribute to lens fiber
differentiation. Recent evidence, however, demonstrates that Fgfr2 does play a role in lens
development that can't be entirely compensated for by the normal expression of other Fgfr
genes [31]. Conditional deletion of different Fgfr genes in combination or at different stages
of lens development will likely reveal additional requirements for Fgfr signaling in the
induction or maturation of lens cells.
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Figure 1.
Histological analysis of ak/ak <+ Fgfr1AMKAMK chimeras. ES cell-derived tissues were

identified by the B-galactosidase expression. X-gal staining was performed on wild-type (A,
B), ak/ak «+ Fgfr1&mk'+ (C, D), ak/ak< Fgfr1AmMKAmk (E F) and ak/ak (G, H) embryos at
E14.5. Both whole mount pictures (A, C, E, G) and embryonic eye sections (B, D, F, H) are
shown. The presence of rescued lens that stained positive for X-gal in ak/ak <>
Fgfr1Amk/Atmk (F) demonstrates that Fgfri-deficient ES cells are capable of forming lenses
with normal morphology. The arrow in (E) indicates a neural tube defect in the ak/ak <
Fgfr1MmKIAMK chimera. Although the lenses in (D) and (F) are completely ES-cell derived,
the lack of penetration of the X-gal staining reagents in whole mount embryos prevented the
staining of the deep lens fibers. Scale bars: 100um.
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Figure2.
Analysis of crystallin gene expression in lenses derived from Fgfr1AmKAIMK ES cel|s,

Expression of a-crystallins (A-C), B-crystallins (D-F) and y-crystallins (G-1) were analyzed
by immunofluorescence with specific antibodies. The expression of these lens structural
proteins in rescued lenses from ak/ak <+ Fgfr1AMK/AIMK chimeras (B, E, H) are shown
together with those of wild-type (A, D, G) and ak/ak (C, F, 1) control lenses. Lenses derived
from Fgfr1AmK/AMK £ cells expressed these crystallin genes at levels comparable to those
of wild-type lenses. Notice a-crystallins are expressed in both the lens epithelial and fiber
cells. Whereas -, and y-crystallins expression was only detected in the lens fiber cells. In
ak/ak lenses, a-, and B-crystallins were expressed at very low level and no y-crystallin
expression was observed. Scale bar: 100um.
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Figure 3.
Lens-specific inactivation of Fgfrl by MLR10 transgenic mice. An. RNAse protection assay

using an Fgfrl cDNA probe spanning exons 14 to 16 detected a 415 bp protected fragment
indicative of the wild-type Fgfrl transcript in whole embryo E15.5 total RNA (Lane 7), as
well as in adult lens total RNA from wild-type (Lane 6) and heterozygous animals (Lanes 4,
5). In lens RNA from MLR10/Fgfr12mk'+ an additional 305 bp protected fragment was
detected, which indicated alternative splicing of the Fgfr12™K allele (Lanes 3 and 5). In lens
RNA from MLR10/Fgfr12mkiflox mice, the wild-type transcript was absent indicating the
floxed allele of Fgfrl was recombined efficiently by the Cre recombinase (Lane 3). B.
Sequencing of the PCR-amplified smaller transcript revealed an alternative transcript where
exon 7 was spliced onto exon 15 because of the deletion of genomic sequence spanning
exon 8 through exon 14 in the Fgfr12tMK allele. C. Quantitative real time-PCR analysis of
Cre-mediated Fgfrl inactivation in the lens epithelial and fiber cells. In the lens epithelium
of MLR10/Fgfrafloxflox mice, the level of Fgfri transcripts was only 3.87% that of the wild
type lens epithelium. Similarly, lens fiber cells from MLR10/Fgfr12mk/flox mice only retain
6.11% of Fgfrl transcripts relative to wild type lens fibers. Error bars represent the standard
deviation present in samples analyzed in triplicate.
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MLR10/Fgfr14tmk/lox Control

Figure4.
Morphology of the eye from MLR10/Fgfr1AmK/flox mice, E14.5 embryo (A) and 30-day-old

adult mice (P30) (C, E) lenses from MLR10/Fgfr1Amk/lox mice were compared to wild-type
age-matched control lenses (B, D, and F). The equatorial regions of adult lenses (boxed in C,
D) were shown under higher magnification (E, F). Notice the size and morphology of Fgfrl-
deficient lens was indistinguishable from that of wild-type controls. The retinal degeneration
seen in the adult MLR10/Fgfr1Amk/flox moyse (C, E) is unrelated to either the Cre transgene

or the Fgfrl mutations and is the result of homozygosity for the rd1 mutation segregating in

the mixed genetic background. Scale bar: 200pum.
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Table 1

Generation of ak/ak chimeras with Fgfr1AMKAIMK ang Fgfr1 A+ ES cells

Chimera Total Embryos | Non-chimeric Chimeric Neural Tube Defect LensRescue
Low | High None | Partial | Full

ak/ak »Fgfr1omk/+ 85 80 1 4 0 1 1 8

ak/ak ¢»Fgfr1Amk/atmk 56 46 7 3 2 7 11 2
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