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Early development of the lens and retina depends upon reciprocal
inductive interactions between the embryonic surface ectoderm
and the underlying neuroepithelium of the optic vesicle. FGF
signaling has been implicated in this signal exchange. The docking
protein FRS2« is a major mediator of FGF signaling by providing a
link between FGF receptors (FGFRs) and a variety of intracellular
signaling pathways. After FGF stimulation, tyrosine-phosphory-
lated FRS2« recruits four molecules of the adaptor protein Grb2
and two molecules of the protein tyrosine phosphatase Shp2,
resulting in activation of the Ras/extracellular signal-regulated
kinase (ERK) and phosphatidylinositol-3 kinase/Akt signaling path-
ways. In this report, we explore the role of signaling pathways
downstream of FRS2« in eye development by analyzing the pheno-
types of mice that carry point mutations in either the Grb2- (Frs2a4)
or the Shp2-binding sites (Frs2a?f) of FRS2a. Although Frs2o?#4F
mice exhibited normal early eye development, all Frs2a?7?F em-
bryos were defective in eye development and showed anophthal-
mia or microphthalmia. Consistent with the critical role of FRS2« in
FGF signaling, the level of activated extracellular signal-regulated
kinase in Frs2a?f2F embryos was significantly lower than that
observed in wild-type embryos. Furthermore, expression of Pax6
and Six3, molecular markers for lens induction, were decreased in
the Frs2a?f2F presumptive lens ectoderm. Similarly, the expression
of Chx10 and Bmp4, genes required for retinal precursor prolifer-
ation and for lens development, respectively, was also decreased
in the optic vesicles of Frs2a2f2F mice. These experiments demon-
strate that intracellular signals that depend on specific tyrosine
residues in FRS2« lie upstream of gene products critical for induc-
tion of lens and retina.

FGF receptor | mouse eye development | signal transduction

In vertebrates, development of the ocular lens begins with a
reciprocal inductive interaction between the presumptive lens
region of the embryonic head surface ectoderm and the under-
lying presumptive retina of the optic vesicle. Inductive signaling
initiates a series of events that include lens pit invagination,
formation of the lens vesicle, and differentiation of the lens fiber
cells that confer the properties of transparency and refractility
on the mature lens. FGF signaling pathways have been impli-
cated in the development of the lens and neural retina (1, 2).
Cellular responses to FGFs are mediated by four receptor
tyrosine kinases, designated FGF receptor (FGFR)1-FGFR4 (3,
4). FGFRs are activated by binding of FGF and heparin to the
extracellular ligand-binding domain, thus stimulating FGFR
dimerization and transautophosphorylation (5, 6). The activated
FGFR phosphorylates a variety of signaling proteins (i.e., Shc,
phospholipase Cvy, and STAT1), including the docking protein
FRS2« and its close homologue, FRS2, resulting in a coordi-
nated assembly of a signaling complex that transmits multiple
signaling pathways (3, 7-13). Disruption of the Frs2a gene
results in early embryonic lethality due to multiple defects in
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FGF signaling, indicating a critical role of FRS2a in early
embryogenesis (ref. 10 and unpublished data). Using mouse
embryonic fibroblasts (MEFs) isolated from Frs2a~/~ mice, we
have demonstrated that FRS2« functions as a focus for assembly
of a multiprotein complex that controls the Ras/extracellular
signal-regulated kinase (ERK) signaling cascade and the phos-
phatidylinositol (PI)-3 kinase/Akt antiapoptic signaling pathway
(10). The two members of the FRS2 family, FRS2« and FRS23
(9, 13), contain myristyl anchors and phosphotyrosine-binding
domains at their N termini followed by a long region containing
multiple tyrosine phosphorylation sites. We have shown that
four tyrosine residues on FRS2« serve as binding sites for the
adaptor protein Grb2, and two tyrosines serve as a binding site
for the protein tyrosine phosphatase Shp2 (7-9). Complex
formation between tyrosine-phosphorylated FRS2« and Shp2
leads to tyrosine phosphorylation of Shp2 by FGFR, resulting in
recruitment of an additional Grb2 molecule by the tyrosine-
phosphorylated protein tyrosine phosphatase. Experiments with
transfected Frs2a~/~ MEFs expressing tyrosine phosphorylation
site mutants of FRS2« have shown that Shp2-binding sites play
a primary role in FGF stimulation of the Ras/ERK signaling
cascade, whereas Grb2-binding sites on FRS2« are primarily
responsible for recruitment of Gab1, phosphatidylinositol (PI-3)
kinase stimulation, and recruitment of the ubiquitin ligase Cbl
(8, 10, 12).

When the FGF-dependent signaling pathway is inhibited
within the cells of the lens placode, lens morphogenesis and
development are defective, and expression of the lens induction
marker Pax6 is diminished (14). Because loss- and gain-of-
function analyses indicate that Pax6 is critical for lens develop-
ment (15-19), regulation of Pax6 by FGFR activity suggests this
pathway has a central role in lens induction (2). Available data
also suggest that the FGF-dependent signaling pathway has an
important role in retinal development. When the lens placode is
surgically removed, development of the retina ceases unless
recombinant FGF ligands are provided (20). In this setting, the
transcription factor Mitf appears to be a critical downstream
mediator (21). Combined, these observations raise the possibility
that the FGF pathway is involved in both directions of the
reciprocal inductive exchange that initiates development of lens
and retina. Furthermore, it was proposed that FGF signaling
cooperates with the activity of bone-morphogenetic proteins
(Bmps) in regulating early eye development (2).

Here, we show that an FRS2a mutant mouse in which the two
tyrosine residues serving as the Shp2-binding sites are mutated
(Frs20°F) has a variably penetrant defect in early eye develop-

Abbreviations: FGFR, FGF receptor; En, embryonicday n; ERK, extracellular signal-regulated
kinase; PI-3, phosphatidylinositol.
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ment that can result in anything from microphthalmia to an-
ophthalmia. In severe cases, expression of Pax6 and Six3 in the
lens placode and of Chx10 in the presumptive retina is greatly
diminished or absent, indicating a failure of inductive signaling
in both tissues. This conclusion is reinforced by the observation
that severely affected embryos do not develop eyes. These data
contrast with the absence of early eye development defects in
mice in which the four Grb2-binding sites of FRS2a were
mutated (Frs2a*F). These results show that FGFR-dependent
signaling pathways that lie downstream of phosphotyrosine
residues that function as Shp2-binding sites are critical for
inductive signaling. Finally, we show that in the Frs2a?f?f
mutant, expression of Bmp4 is all but lost from the optic
primordium, suggesting that FGF signaling is upstream of Bmp4
function in a pathway regulating eye development.

Materials and Methods

Gene Targeting. The 129sv/EV mouse genomic fragments encod-
ing the Grb2- or Shp2-binding sites were replaced with the
mutated cDNA fragments (7, 8). Standard techniques were used
for gene targeting. The floxed neo cassette was deleted by
crossing with transgenic mice (22) that express cre recombinase
in the germline. PCR genotyping was performed by using the
primers: 5'-AGAATGGTGGCACAAACCAATAATCC-3’
and 5'-CAATTCTTAACACCCACAAGGCCG-3’ (for details,
see Supporting Text, which is published as supporting informa-
tion on the PNAS web site).

Immunoprecipitation and Immunoblot Analysis. The embryonic day
14.5 embryos (E14.5) were homogenized and solubilized in lysis
buffer, and the lysates were subjected to immunoprecipitation
and immunoblotting with indicated antibodies as described (13).

In Situ Hybridization. The Frs2«, Frs2B, Six3, Rx, and Bmp4 RNA
probes are as described (13, 25, 32, 33). Whole-mount and section
RNA in situ experiments were performed as described (13).

Immunofluorescence Experiments and Paraffin Histology. The fol-
lowing antibodies have been used for immunostaining of frozen
sections: rabbit polyclonal anti-Pax6 antibodies (1:2,000) (Co-
vance, Princeton, NJ; PRB-228P): rabbit polyclonal anti-Chx10
antibodies (1:750) (Exalpha, Maynard, MA; X1180P), anti-
ERK?2 antibodies (1:300) (Cell Signaling Technology, Beverly,
MA), and Alexa Fluor secondary antibodies (Molecular Probes).
Immunostaining with anti-pERK antibodies (antibodies that
recognize specifically the activated form of ERK2) (Cell Sig-
naling Technology) was performed by using the TSA biotin
system following the manufacturer’s protocol (Perkin-Elmer).

Paraffin sections were prepared for hematoxylin/eosin stain-
ing by using standard methods (23).

Treatment with FGFR Tyrosine Kinase Inhibitor SU5402. Embryos
were treated with 40 uM SU5402 (Calbiochem) in 2 ml of RPMI
medium 1640 with 0.1% DMSO and 1% BSA, preequilibrated at
37°C/5% CO, for 1 h before fixation, as described (24). Control
embryos were incubated in 2 ml of RPMI medium 1640 with
0.1% DMSO and 1% BSA and preequilibrated at 37°C, 5% CO,
for 1 h.

Results

Biochemical analyses have shown that FRS2a represents a
bifurcation point for activation of the PI-3 kinase and ERK
signaling pathways in response to FGF stimulation (10). To
understand how these pathways might contribute to the biolog-
ical effects of FGFs, we generated mutant mice expressing forms
of FRS2« that lacked either the Shp2-binding sites (Y436 and
Y471, the 2F mutant) or the Grb2-binding sites (Y196, Y306,
Y349, and Y392, the 4F mutant) by gene targeting (see Fig. 6,
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which is published as supporting information on the PNAS web
site).

Frs2c:2F/2F Mutant Mice Have an Embryonic Lethal Phenotype. Initial
analysis indicated that very few Frs2a?f?F embryos of 129sv
background reached advanced stages of development. To min-
imize this problem, the Frs2a*/?F and Frs2a™# mice were
backcrossed onto the outbred Swiss—Webster strain (Taconic
Farms), and agouti heterozygotes were selected for breeding.
We analyzed them in the sixth to ninth generations. Although the
Swiss—Webster strain from Taconic Farms carries the mutant
allele Pdeb™! that leads to retinal degeneration postnatally, it is
not likely to interfere with the developmental stages analyzed.
No gross abnormality was detected in heterozygous mice.
Screening of >150 offspring older than 3 weeks and 56 newborn
(postnatal day 0) pups derived from Frs2a/?F intercrosses failed
to identify viable homozygotes (see Table 1, which is published
as supporting information on the PNAS web site). Furthermore,
at E9.5 and E17.5, the frequency of viable Frs2a?f?F embryos
was subMendelian at 16.9% (12/71) and 9.1% (5/55), respec-
tively. This suggested that Frs2a?f?F embryos had a recessive
lethal phenotype, and that they were lost over a range of
embryonic stages. Additional investigation of these mice has
shown that Frs2o?f?F embryos exhibit a variety of developmen-
tal defects, such as branchial arch, limb, and heart defects (N.G.,
I.L., and J.S., unpublished results), some of which are likely to
be lethal. The details of these defects will be described else-
where. In contrast to Frs2a*72F mice, Frs2o*"*F mice could
survive as adults albeit at the reduced frequency of 8.8% (7/80)
from heterozygous intercrosses. The frequency of Frs2a*F/4F
embryos surviving at E17.5 was Mendelian at 27.1% (13/48).
Some newborn Frs2a*™#F pups did not suckle and died by
postnatal day 1 (21/110, 19.1%), but those that did survive
were healthy and fertile. There were no obvious morphological
defects except an eyelid development defect that arose with low
penetrance.

Frs2o?F/2F Mutant Mice Exhibit a Variably Penetrant Eye Defect.
Surveying the gross morphology of mutant embryos revealed
that all Frs2a?f?F embryos had severe defects in eye develop-
ment. Approximately 70% of the Frs2a??f embryos had bilat-
eral microphthalmia, and of the rest, ~30% had bilateral an-
ophthalmia or microphthalmia on one side and anophthalmia on
the other (Fig. 14). The severity of microphthalmia was variable
(compare Fig. 1 B and E). Frs2aF?F embryos clearly had normal
evagination of the optic vesicle (the future neural retina and
retinal pigmented epithelium) from the diencephalon at E9.5
(Fig. 1J). This phenotype is very similar to that of Pax65¢75¢
embryos and contrasts with that of the Rx (25) and LAx2 (26)
mutants, where an optic vesicle is never formed. The Frs2a* 74
embryos, on the other hand, showed no abnormalities in the
major structures of the eye at E14.5 (Fig. 1K) or the day of birth
(Fig. 1L), with the exception of the aforementioned eyelid
development defect.

We examined the expression patterns of the two members of
the FRS2 family Frs2a and Frs2f during the early phase of eye
development using in situ hybridization analyses. We previously
reported (13) that Frs2a is expressed ubiquitously as early as
ES8.5. Indeed, at E9.5 also, Frs2a is expressed ubiquitously (Fig.
1M), mainly in the forebrain, eye primordia, first and second
branchial arches, otic vesicle, and limb bud (Fig. 1M). A hori-
zontal section of a labeled embryo at the level of the eye
primordium showed high Frs2a expression in the surface ecto-
derm, including the presumptive lens and the distal part of the
optic vesicle that is the presumptive retina (Fig. 10). By contrast,
the expression of Frs2f is very low in eye tissues (Fig. 1P). The
sense probes of Frs2a showed no staining, confirming the
specificity of the in situ hybridization analyses (Fig. 1N).
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Fig. 1.  Frs2a?f?F mice have a variably penetrant eye phenotype. (A-l)
Whole-mount embryos that are wild type (A, D, and G) or Frs2a?f?F homozy-
gotes where eye development is either mildly (B, E, and H) or severely (C, f, and
1) affected. (A-C) E14.5. (D-/) E15.5. At higher magnification (G-/), microph-
thalmia (H) or anophthalmia (/) is clearly apparent. (J) E9.5 wild-type (Left) and
Frs2a?F2F embryos showing formation of the optic vesicle. (K and L) Frs2a4F4F
mutant mice have no microphthalmia or anophthalmia apparent at E14.5 (K)
and are smaller than wild type at the day of birth (L). In situ hybridizations
using Frs2a antisense (M) and control sense (N) probes on wild-type E9.5
embryos. (O) Cryosection of the eye region of the embryo shown in (M). (P) In
situ hybridization on E9.5 embryo using Frs2p antisense probe. ov, optic
vesicle; br, branchial arch; op, otic pit; Ib, limb bud; and Ip, lens placode.

The early stages of eye development are well defined mor-
phologically. After the optic vesicle makes contact, the overlying
surface ectoderm thickens to form the lens placode. The lens
placode first invaginates to form the lens pit and then separates
from the surface ectoderm to form the lens vesicle. Coordinately,
the distal optic vesicle invaginates to form the optic cup, with
the inner layer, the presumptive retina, developing into the
neuroretina and the outer layer forming the retinal pigment
epithelium.

Histological analysis (Fig. 2) revealed that the Frs2a?f?F
embryos had a variably penetrant defect in these early stages of
eye development. At E9.5, morphological defects in the
Frs2a?F?F eye are subtle, but the placodal thickening in the
wild-type presumptive lens region (Fig. 24) is absent from
mutant embryos (Fig. 2B, arrowhead). At E10.5, mildly affected
mutant eyes were slightly smaller than those of wild type (Fig. 2
Cand D). In severely affected mutants, eye development had not
advanced beyond E9.5, and the optic vesicle and presumptive
lens ectoderm remained (Fig. 2E). At E11.5, the mildly affected
mutant optic cup was smaller than that of wild type (Fig. 2 F and
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Fig. 2.

Frs2a2F12F mice exhibit defective early and late eye development.
Hematoxylin/eosin-stained sections through the eye region of embryos of the
indicated ages and genotypes. Ipl, lens placode; ple, presumptive lens ecto-
derm; ov, optic vesicle; Ip, lens pit; pr, presumptive retina; lv, lens vesicle; rpe,
retinal pigment epithelium. In L the dashed red line indicates the boundary of
pigment epithelial tissue.

G), whereas in severely affected eyes, the optic vesicle was
distorted and became separated from the surface ectoderm by
the intervening mesenchyme (Fig. 2H, arrowhead). In mildly
affected mutant eyes at E13.5, differentiation of lens fiber cells
had occurred, but eyes were smaller than those of wild types or
heterozygotes (Fig. 2 I and J). More severely affected eyes were
in the process of degeneration at E13.5 (Fig. 2K). Those that
were most severely affected had no morphological indication of
lens or retina development and, according to pigmentation,
showed a transformation of presumptive retina into retinal
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Fig. 3. ERK activation is diminished in the eye region of Frs2a?2f mice.
Cryosections from E9.5 embryos of the indicated genotypes. Aand B, Cand D,
Eand F, Gand H, / and J, and K and L are the same sections. E, G, /, and K are
bright-field images. Immunofluorescence labeling with antibodies that rec-
ognize specifically the activated form of ERK2 (pERK) (B, D, F, and H) and ERK
(Jand L). (A and C) Nuclei are labeled blue with Hoechst 33258. (C and D) The
embryo was treated for 1 hr with the FGFR kinase inhibitor SU5402. (D Inset)
A magnified and merged image of the two images indicated in squares in (C
and D) showed nuclear localization of pERK in a few cells. Secondary anti-
bodies were green for B and D and red for Fand H.

pigment epithelium (Fig. 2L). The major feature of the E15.5
Frs2a?T?F eye was reduced in size, and this was apparent in both
the lens and the retina (Fig. 2 M and N).

Reduced ERK Activation in Primordial Eye of Frs2«a22F Mice. Because
Shp2 recruitment has been shown to be critical for FGF stim-
ulation of ERK (8, 10, 27, 28), we have explored ERK activation
in the eye primordium during the interaction between the
presumptive lens and retina at E9.5 by staining eye tissue with
antibodies that recognize specifically the activated form of
ERK2. As might be expected given previous demonstrations of
a requirement for FGFR activity in lens (29) and retina induc-
tion (21), activated ERK2 could be detected in the lens placode
and the distal part of the optic vesicle (Fig. 3 A and B).
Importantly, labeling for activated ERK2 was greatly diminished
when embryos were treated with FGFR inhibitor SU5402 (Fig.
3 C and D) (24). Thus, ERK activation in the lens placode and
distal optic vesicle depends upon the tyrosine kinase activity of
FGFR, as might be expected given previous analysis (24).
Interestingly, in the Frs2a?F?F mutant eye primordia, activation
of ERK2 was very low in both the optic vesicle and overlying
surface ectoderm (compare Fig. 3 E and F with G and H). This
was true for all four mutant embryos assessed and indicated that,
as might be expected, ERK2 activation depends on the integrity
of FRS2a. The amount of ERK2 in these tissues was similar
regardless of embryo genotype, as revealed by staining with
anti-ERK?2 antibodies (Fig. 3 J and L).

Impaired Expression of Pax6, Chx10, Six3, and Bmp4 in Frs2«?F/2F Mice.
To understand the developmental pathways in which FRS2«
functions, we next examined the expression of several genes that
are important in early eye development and thus serve as useful
markers of inductive signaling.

The transcription factor Pax6 is critical for eye development
and is known to have an essential autonomous function in lens
development (15, 18). An intense region of Pax6 immunoreac-
tivity can be detected in the wild-type lens placode (Fig. 44) and
is a response to lens induction signals (29). In Frs2a??F embryos
at E9.5 (Fig. 4B), Pax6 is not up-regulated in the presumptive
lens ectoderm. Similarly, at E10.5, the wild-type pattern of Pax6
labeling is strong in the lens pit and weaker in the optic cup (Fig.
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Fig. 4. Frs2a2F2F mice exhibit defective lens and retina induction. Immuno-
fluorescence labeling for Pax6 (A-D) and Chx10 (E-H) of eye-region cryosec-
tions from mice of the indicated ages and genotypes. Ipl, lens placode; ov,
optic vesicle; ple, presumptive lens ectoderm; Ip, lens pit; pr, presumptive
retina.

4C). In severely affected E10.5 embryos where lens pit and optic
cup invagination have failed, Pax6 is detectable, although at
much reduced levels (Fig. 4D). In particular, in Frs2o?f?F
embryos at both E9.5 (Fig. 4B) and E10.5 (Fig. 4D), the Pax6
level and distribution closely resemble the preinduction pattern
observed at E8.75 (30).

Chx10 is a homeodomain transcription factor with an impor-
tant role in retinal progenitor cell proliferation (31). It is first
expressed in the central presumptive retina at E9.5 (Fig. 4E) and
depends upon inductive signals from presumptive lens (21). In
wild-type embryos, Chx10 continues to be detectable at E10.5 in
the invaginating optic cup (Fig. 4G). In Frs2a?F?F embryos,
Chx10 immunoreactivity is absent (Fig. 4 F and H). This indicates
that inductive signaling from the presumptive lens to the pre-
sumptive retina is disrupted.

Six3 is one of the Six/sine oculis family of homeobox genes
(32). At E9.5, the Six3 transcript is present in the optic vesicle and
overlying surface ectoderm in wild-type embryos (Fig. 54).
However, in the Frs2a?M?F mutant, expression of Six3 was
reduced in both the optic vesicle and surface ectoderm; the
reduction was more pronounced in the surface ectoderm (Fig.
5B). Epistatic analysis suggests that, in the lens lineage, Six3 lies
downstream of Pax6 (18). This observation provides further
evidence that the integrity of FRS2« is required for normal lens
induction.

Rx is a homeobox-containing gene expressed in the optic
vesicle in wild-type embryos at E9.5 (Fig. 5C) and is required for
the formation of the optic cup (25). Rx expression levels in the
optic vesicle were unchanged in the Frs2a??F mutant embryos
(Fig. 5D). By contrast, expression of Bmp4 was greatly reduced
in Frs20?f?F mutant embryos. Bmp4 is a member of the trans-
forming growth factor B family of cytokines and has been
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Fig.5. Modifications in the expression patterns of lens and retina induction
markers in Frs2a?F2F mice. Eye region section in situ hybridizations for Six3 (A
and B), Rx (C and D), and Bmp4 (E and F) for wild type (Left) and Frs2a?F2F
(Right) embryos at E9.5.

implicated in eye development through its regulation of Sox2
expression (33). Bmp4 is normally expressed in the optic vesicle
and the presumptive lens during the early phases of eye devel-
opment, and its expression is up-regulated in the distal optic
vesicle and lens placode, probably as a response to inductive
signaling (33). In four E9.5 Frs2a?f?F embryos assessed, Bmp4
expression was reproducibly low (Fig. 5 E and F). This suggests
that FRS2a lies upstream of Bmp4, and by inference, that FRS2«
activation of ERK may be required for stimulation of Bmp4
transcription.

Discussion

Biochemical and genetic experiments have shown that the
docking protein FRS2« and its close homologue FRS2B are
major mediators of signaling via FGFRs. In FGF-stimulated
cells, tyrosine-phosphorylated FRS2« recruits four Grb2 mole-
cules and two molecules of protein tyrosine phosphatase Shp2.
Experiments performed with PC12 cells or with Frs2a ™/~ mouse
embryonic fibroblasts expressing phosphorylation site mutants
of FRS2a have shown that the four tyrosine residues (Y196,
Y306, Y349, and Y392) that function as Grb2-binding sites have
a primary role in recruitment of Gabl, Cbl, and PI-3 kinase
activation and a secondary role in activation of the Ras/ERK
signaling cascade. The other two phosphorylation sites (Y436
and Y471) that function as a binding site for Shp2 play an
important role in the activation of the Ras/ERK signaling
pathway (10). The most mildly affected Frs2a?"?F embryos
survived up to E18.5, whereas Fgf4, Fgfrl, Fgfr2, Frs2a, or Shp2
mutant embryos show earlier embryonic lethality (10, 28, 34—
37). This indicates that the signaling pathways independent of
the Shp2-binding sites of FRS2« contribute significantly to FGF
signaling during development. It is also possible that Shp2
activation still occurs at low levels in Frs2a?f?F embryos via
alternative Shp2-binding sites. For example, Shp2 could be
indirectly recruited by FRS2«a by means of Grb2-mediated
recruitment of Gabl.

Using early eye development as a model system for exploring
the biological roles of FGF-dependent signaling pathways, we
demonstrate that, whereas eye development is severely impaired
in Frs2a?FF mice, the eyes of Frs2a*#F mice develop normally.
Because Y436 and Y471 serve as a binding site for Shp2, the
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simplest interpretation of these results is that recruitment of
Shp2 by tyrosine-phosphorylated FRS2« is responsible for ERK-
dependent control of eye development. It also follows that
recruitment of Grb2, Gabl, and PI-3 kinase stimulation plays a
less important role in FGF stimulation of eye development.
However, it is important to remember that the tyrosine residues
that function as a binding site for Shp2 may also be responsible
for binding of a yet-to-be-identified SH2 domain-containing
protein that is responsible for eye development in response to
FGF stimulation. Furthermore, it is possible that the progression
of eye development in some Frs2a?f?F embryos may depend on
the secondary role of the FRS2«a Grb2-binding sites in activating
Ras/ERK or on Ras/ERK activation mediated by Shc.

The paired and homeodomain transcription factor Pax6 is
known to have a critical autonomous function in development of
the lens. This is indicated by the inability of Pax65¢/5¢ cells to
contribute to the lens in chimeric mice (19) and by the failure of
lens development when the presumptive lens is derived from
Pax65/5¢ embryos in tissue recombination experiments (15) or
when Pax6 is conditionally deleted in the presumptive lens (18).
Pax6 is thought to be at the apex of a genetic hierarchy regulating
lens developed based on its ability to induced ectopic lenses when
misexpressed in Xenopus (16, 17). It has been shown that the
presumptive lens ectoderm requires FGFR activity if Pax6 is to
be up-regulated in the normal way in the lens placode; in mice
expressing a dominant interfering FGFR mutant in the pre-
sumptive lens ectoderm, Pax6 expression and lens development
are both inhibited (29). Pax6 up-regulation in the lens placode
at E9.0-E9.5 therefore represents a response to inductive signals.
Based on its diminished expression in the Pax6 conditional null
(18), the transcription factor gene Six3 is believed to be genet-
ically downstream of Pax6 in the lens placode.

The lens phenotype observed in the Frs2a?f?F mouse is
consistent with these data. In this mutant, the most severe
morphological change is the absence of formation of the lens
placode and lens pit. Furthermore, Pax6 expression is never
up-regulated in the presumptive lens and remains as the broad
ectodermal distribution that is most similar to the preinduction
pattern observed at E8.5 (30). Similarly, the abnormally low level
of Six3 expression in the presumptive lens also suggests that
inductive signaling is defective.

It has also been shown that induction of the retina can be a
consequence of response to FGF in the distal optic vesicle (21).
Specifically, expression of the homeodomain transcription factor
Chx10 and down-regulation of the transcription factor Mitf (38)
in the central presumptive retina both depend on FGF signals
from the presumptive lens ectoderm (21). Similarly, Pax6 is
normally down-regulated in the central region of the presump-
tive retina at E10.5 and becomes emphasized in the anterior rim
of the optic cup. The retinal phenotype observed in severely
affected Frs2a?f?F embryos can also be ascribed to a failure of
inductive signaling. Evidence for this includes the absence of any
morphological sign of retinal development, the absence of
Chx10, and low levels of Six3. In addition, Pax6 remains in the
central presumptive retina.

These data provide evidence that FRS2« is required for
expression of these gene products and implies that the FGF
signaling pathway is critical for induction of both lens and retina.
Given the nature of the Frs2a2f2F mutation, these data also
allow us to go further and suggest that the Shp2-ERK component
of the FGF signaling pathway may play a role in early inductive
interactions in the eye. When combined with evidence that the
ERK response is also involved in lens fiber cell differentiation
(39), we can suggest that the FGFR-FRS2a-Shp2-ERK axis is
active throughout lens development. However, at this time,
alternative mechanisms downstream of FRS2« cannot be ruled
out.

Gotoh et al.
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Of great interest is the observation that in the Frs2a?f?F
mutant mouse, Bmp4 expression is absent from the optic vesicle
at E9.5. The Bmp4 mutant has a failure of lens development (33),
and this has implied that Bmp4 may be involved in lens induction.
Interestingly, Bmp4 is required for up-regulation of the Sry
family transcription factor Sox2 in both presumptive lens and
retina (33). Although Sox2 may have other functions, it is known
to have an important role in lens lineage differentiation through
its regulation of crystallin gene expression (40). Based upon
explant analysis, it has been suggested that Bmp4 is one of
several optic vesicle signals required for lens induction (33).

The demonstration that Bmp4 expression is undetectable in
the optic vesicle of Frs2a?f?F mutant mice indicates that, ge-
netically, Bmp4 lies downstream of FGF signaling. In turn, this
may suggest that FGF and perhaps other signals are the first step
in establishing an exchange of signals between presumptive lens
and retina. Although there are other possibilities, these data are
consistent with a model in which an FGF response in the
presumptive retina stimulates Bmp4 expression and Bmp4 then
signals within the eye primordium to induce Sox2 expression.
When combined with other analysis (33), this might suggest that
lens development depends on both FGF and Bmp4 signals from
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the presumptive retina. Because FGF signaling up-regulates
Pax6 and Bmp4 signaling up-regulates Sox2 in the presumptive
lens, this model can explain how Pax6 and Sox2 activities could
be combined to initiate crystallin expression (41) in preparation
for fiber cell differentiation. Although this is an appealing
model, much additional analysis will be required to test this
hypothesis. Tissue-specific conditional deletions of FGFRs and
BMP receptors will be very valuable tools in this endeavor.
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