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Secreted FGFR3, but not FGFR1, inhibits lens fiber differentiation
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SUMMARY

The vertebrate lens has a distinct polarity with cuboidal
epithelial cells on the anterior side and differentiated fiber
cells on the posterior side. It has been proposed that the
anterior-posterior polarity of the lens is imposed by factors
present in the ocular media surrounding the lens (aqueous
and vitreous humor). The differentiation factors have been
hypothesized to be members of the fibroblast growth factor
(FGF) family. Though FGFs have been shown to be
sufficient for induction of lens differentiation both in vivo
and in vitro, they have not been demonstrated to be
necessary for endogenous initiation of fiber cell
differentiation. To test this possibility, we have generated

fiber cell differentiation. This delay is most apparent
postnatally and correlates with appropriate changes in
expression of marker genes includingp57IP2, Maf and
Prox1. Phosphorylation of Erkl and Erk2 was reduced in
the lenses of FR3 mice compared with nontransgenic mice.
Though differentiation was delayed in FR3 mice, the lens
epithelial cells still retained their intrinsic ability to
respond to FGF stimulation. Based on these results we
propose that the initiation of lens fiber cell differentiation
in mice requires FGF receptor signaling and that one of the
lens differentiation signals in the vitreous humor is a ligand
for FR3, and is therefore likely to be an FGF or FGF-like
factor.

transgenic mice with ocular expression of secreted self-
dimerizing versions of FGFR1 (FR1) and FGFR3 (FR3).
Expression of FR3, but not FR1, leads to an expansion of
proliferating epithelial cells from the anterior to the
posterior side of the lens due to a delay in the initiation of

Key words: FGF, FGFR1, FGFR3, Lens, Differentiation, Transgenic
mice

INTRODUCTION structurally similar transmembrane receptor tyrosine kinases.
The extracellular portions of the receptors contain two or three
In vertebrates, the lens is formed as a result of inductivenmunoglobulin-like motifs (Ig loops) that are important for
interactions between the optic vesicle and head ectoderidigand binding. With the exception of FGFR4, the C-terminal
Following induction, the head ectoderm thickens to form a lenkalf of the third immunoglobulin loop of the receptors is
placode, and subsequently the placode invaginates and pincleggoded by alternatively spliced exons resulting in either the
off to form the lens vesicle. The newly formed lens acquires Hlb or the llic splice forms (Szebenyi and Fallon, 1999). These
distinct polarity that is maintained throughout life: the anteriorsplice forms of each receptor differ in their ligand binding
cells are maintained as proliferating epithelial cells withspecificity (Ornitz et al., 1996). For instance, FGFR2IlIb binds
cuboidal morphology, while the posterior cells are induced téo FGF7 and FGF10 but not FGF5 and FGF6. FGFR2llIc binds
differentiate as fiber cells with columnar morphology. It hago FGF1 and FGF4 but not FGF7 and FGF10 (Ornitz et al.,
been proposed that the differentiation signal that induces tHe©96).
epithelial cells to differentiate into fiber cells is a diffusible Various FGFs and their receptors have been shown to be
factor that is made and secreted into the vitreous humor by tlegpressed in the murine eye. The FGFs that are expressed in
neural retina (McAvoy et al., 1999). Both in vitro and in vivothe eye include FGF1, 2, 3, 5, 7, 10, 11, 12, 13 and 15. FGF1
studies have implicated fibroblast growth factors (FGFs) in thiand FGF2 are expressed in the developing lens (de longh and
process (McAvoy and Chamberlain, 1989; Chow et al., 1998yIcAvoy, 1993; Lovicu et al., 1997); FGF2, 3, 5, 11, 12, 13 and
Robinson et al., 1995a; Robinson et al., 1995b; Lovicu anil5 are expressed in the retina (Wilkinson et al., 1989; Kitaoka
Overbeek, 1998; Robinson et al., 1998; Stolen and Griegt al., 1994; Smallwood et al., 1996; McWhirter et al., 1997);
2000). FGF7 and FGF10 are expressed in periocular mesenchymal
The FGF family has at least 23 different members and FGk=lls (Govindarajan et al., 2000). The FGF receptors that are
have been shown to be involved in various aspects axpressed in the lens include FGFR1, FGFR2 and FGFR3 (de
mammalian development (Martin, 1998). FGFs bind to andongh et al., 1996; de longh et al., 1997).
signal through low- and high-affinity FGF receptors (FGFRs) Addition of FGFs to rodent lens epithelial explants induces
(Szebenyi and Fallon, 1999). To date, four high-affinity FGFcellular responses in a dose-dependant manner (McAvoy
receptors (FGFR1-FGFR4) have been identified. They are aind Chamberlain, 1989). Lower doses of FGFs induce the
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epithelial cells to proliferate and higher doses of FGFs induceceptors fused to the Fc domain of rat immunoglobulins were
the epithelial cells to differentiate into fiber cells (McAvoy provided by Dr Arnon Rosenthal (Genentech, San Francisco). Both
and Chamberlain, 1989). Similarly, FGFs can induce lenersions of the receptors lack the intracellular and transmembrane
differentiation in vivo: lens-specific expression of certaindomains and are three loop versions of the ‘c’ splice form. The FR1
members of the FGF family induces premature differentiatio DNA was inserted intdlindlll and EcoRlI restriction sites between

; ; ; . ; e aA-crystallin promoter (Overbeek et al., 1985) and the small t
of the epithelial cells (Robinson et al., 1995b; Lovicu anqt tron/polyadenylation sequences of the CPV2 vector (Reneker et al.,

Overbeek, 1998; Robinson et al., 1998). Although these resulfg%) (Fig. 1). The FR3 cDNA was excised Hjndlll and Clal

show that FGFs are sufficient for induction of the lenSestriction digestion, blunt-ended and inserted intoBbeRV site of
differentiation program, it has not yet been shown thaghe CPV2 vector (Fig. 1). Both FR1 (2.95 kb) and FR3 (2.9 kb)
FGFs provide the endogenous signals for initiation of lengansgenes were released from the CPV2 vectdidiydigestion, gel
differentiation. Targeted knockouts of FGFs and their receptonsurified using the Qiaexll gel extraction kit (Qiagen, Hilden,
have not clarified this problem, as the mutations have ndtermany) and used for microinjections. Transgenic mice were
resulted in any ocular abnormalities, or have caused embryorggnerated and founders were screened as described previously
lethality prior to lens polarization (Mansour et al., 1993; HeberfLovicu and Overbeek, 1998).

et al., 1994; Feldman et al., 1995; Guo et al., 1996; Floss :

al., 1997; Dono et al., 1998; Meyers et al., 1998; Min et afﬁstologmal analyses
1998; Ortega et al., 1998; Sekine et al., 1999). Studies ¢
FGFR1 and FGFR3 knockout mice, including chimeric
analyses, suggest that these receptors are not necessary for fibaitu hybridizations

cell differentiation (Deng et al., 1994; Yamaguchi et al., 1994)To analyze expression of the transgenes,3%][ UTP-labeled
FGFR2 knockouts die at E9.5-E10.5 (Arman et al., 1998; Xuiboprobe specific to the SV40 sequences of the transgenes was made
et al., 1998), so it is not yet clear if FGFR2 is required for ey¢see Fig. 1). Expression p§'P2, Maf andProx1was analyzed using
development. Other experiments performed to inhibit FGFE3°S]-labeled riboprobes made from the corresponding mouse cDNAs.
signaling in the lens include lens fiber-specific expression ofne P57 antisense probe was synthesized udiagHl-digested
membrane-bound truncated versions of FGFR1 (lacking thgPNA (kindly provided by Dr Steve Elledge, Baylor College of
intracellular domain). The lens fiber cells in these transgeni%jemcme’ Houston) and T3 RNA polymerase (Promega). The

. h defects i | fi d leati d . antisense probe foMaf was synthesized usinglindlll-digested
miceé show defects In elongation, denuciealion and Survivgy,, sepmaf cDNA (kindly provided by Drs Brian Ring and Gregory

(Chow et al., 1995; Robinson et al., 1995a; Stolen and Griepgrsh, Stanford University) and T7 RNA polymerase. The antisense
2000). Based on these results it was suggested that FGhRybe forProx1 (kindly provided by Dr Guillermo Oliver, St Jude’s
signaling is important for fiber cell maturation (Chow et al.,Children’s Hospital) was synthesized usiglll-digested DNA and
1995; Robinson et al., 1995a; Stolen and Griep, 2000). One ©8 RNA polymerase. In situ hybridization of tissue sections was as
the drawbacks of these studies was that the truncated receptdescribed previously (Robinson et al., 1995b). The hybridized slides
were not secreted and were expressed only after differentiatigfere soaked in Kodak NTB-2 emulsion, dried and exposed for 3-7
had already been initiated (Chow et al., 1995; Robinson et aflays at 4°C. Following development and fixation, the slides were
1995a; Stolen and Griep, 2000); so, these studies did ngpunterstained with Hematoxylin.

address the question of whether FGF signaling is necessary {@fmunohistochemistry

initiation of fiber cell dlffe'rentl'at'lon. In t,h's study we have mmunohistochemistry on paraffin-embedded tissue sections was
expressed secreted self-dimerizing versions of FGFR1 (FREbformed as follows. Slides containing ocular sections were
and FGFR3 (FR3) in the lens. The secreted FGF receptoggparaffinized, hydrated and preincubated with 10% methanol and 3%
should bind to and sequester the endogenous FGFs presenHi®, in phosphate-buffered saline (PBS) or tris-buffered saline
the vitreous humor and thereby interfere with their biologicalTBS). The antigens were retrieved by treatment with Ficin (Sigma),
activity. Our studies show that expression of FR3, but not FRjluted 1:100 in PBS and incubated at 37°C for 30 minutes. Following
causes the zone of fiber cell induction (transition zone) to mowgntigen retrieval, the tissue sections were blocked with 3% normal
to the posterior tip of the lens. Altered spatial expressioﬁorse serum for 1 hour, at room temperature. The slides werg then
patens 0pSA < (Caknic- Mouse Genome nformatics), "Cubaled i et P by o L aborstores) (1100
Maf andProx1are consistent with a delay in initiation of fiber with the appropriate biotinylated-secondary antibody for 1 hour at
cell dlffergantlatlon._ In addition, phosphoryIann.of the signalzoc. Antigen-antibody complexes were then detected using
transduction proteins Erk1 and Erk2 is reduced in the lenses gfeptavidin-linked horseradish peroxidase and diaminobenzidine
FR3 mice. The delay in initiation of fiber cell differentiation tetrahydrochloride (DAB), according to the manufacturers
in FR3 mice can be rescued by extra FGF stimulation, implyingpecifications (Vector Laboratories). After color development, the
that the epithelial cells have retained their ability to respond tslides were counterstained with Hematoxylin. DNA replication was
FGF stimulation. These results indicate that the endogenoegamined by BrdU incorporation as described previously (Lovicu and
lens differentiation signal in the vitreous humor is an FGF oPverbeek, 1998).

FGF-like molecule. RT-PCR

RT-PCR was as described previously (Reneker et al., 1995). The
primers used for amplification afA, A4, BB3 crystallins and3-

istological analyses were performed using standard histological
chniques as described previously (Lovicu and Overbeek, 1998).

MATERIALS AND METHODS actin have been described previously (Ring et al., 2000). The primers
) used for amplification ofiB, yA, yD crystallins and Hprt are as
Construction of the transgenes described (Nishiguchi et al., 1998). Serial dilutions (1:10, 1:100,

Secreted self-dimerizing versions of mouse FGFR1 (FR1) and FGFRI31000) of the reverse transcription reaction were amplified by PCR
(FR3) (Ye et al., 1998) encoding the extracellular domains of thesing the following cycle conditions: 94°C for 30 seconds, 60°C for
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1 minute, 72°C for 1 minute, 28 cycles foh crystallin; 94°C for 30 Extracellular domain  Intracell ular domain

seconds, 60°C for 1 minute, 72°C for 1 minute, 25 cycleAat, —fl\—r”\—lﬁ\m—|:kH:k|-

B3 andyA crystallins; 94°C for 30 seconds, 55°C for 1 minute, 72°C \ 7TM T T qvam

for 1 minute, 28 cycles faxB, yD crystallins and Hprt; and 94°C for =

30 seconds, 50°C for 1 minute, 72°C for 1 minute, 25 cycleB-for ‘ﬁ aA H FGFR1 | F Sv40 polyA
actin. Notl Hindlll ECORI (o Svae Notl
Western blots ‘ﬁ - FGRR3 | Fo svao polyA

For analysis of protein expression, total proteins from lenses (or eye
of transgenic and control mice were isolated. Tissues wer
homogenized in a lysis buffer containing 150 mM NaCl, 50 mM Tris
pH 7.4, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodiun.
dodecyl sulfate, protease inhibitors (1 mM PMSF, 1 mg/ml leupeptinfig. 1. Schematic representations of FR1 and FR3 transgenes.

1.4 mg/ml pepstatin, 400 mM aprotinin), 1 mM EDTA, pH 8.0, 5 mM Extracellular domains of FGFR1 (FR1) and FGFR3 (FR3) fused to
EGTA pH 8.0. After, centrifugation at 16,00@t 4°C, the supernatant the Fc domain of rat immunoglobulin (Ye et al., 1998) were inserted
was recovered and the protein concentration determined using tH#0 the CPV2 vector between tbhé-crystallin promoter ¢A) and
BioRad protein assay (BioRad). 100-2@fof total lens proteins were an intron and polyadenylation sequence derived from SV40 virus
denatured in 2 SDS sample buffer and boiled. The proteins were(Reneker et al., 1995). The SV40 sequences were used to make a
resolved by SDS-PAGE, then electrotransferred to PVDF (DuPonfyboprobe for detection of expression of the transgene. Primers
membranes. The blots were blocked with 3% BSA in Tris-buffered SV40A and SV40B) used for PCR are indicated. TM,

saline with Tween-20 (TBST) (50 mM Tris pH 7.5, 150 mM NaCl, transmembrane domain; Tk, tyrosine kinase domain; I, I, llic,

0.05% Tween-20) or 5% nonfat dry milk (Carnation) in TBST at 4°Cimmunoglobulin-like domains.

overnight or 2 hours at room temperature. The blots were incubated

with the appropriate primary antibody (anti-MAP kinase, 1:3000,mice, the lens epithelial cells exit the cell cycle and initiate their
UBI; anti-rat Fc, 1:750, Vector Labs; anti-FGFR1 and anti-FGFR3dijfferentiation program near the equator of the lens in a region
1:200, Sigma) for an hour at room temperature or overnight at 4°¢ermed the transition zone (Fig. 2B-D, red arrowheads). The
(anti-phosphoMAPK, 1:1000, Cell Signaling) and washed three timeg5sition zone migrated to the posterior pole in the lenses of

in TBST. The blots were then incubated with the appropriat : y . ey
secondary antibody, washed, and the antigen-antibody complex w%l‘lsI the FR3 transgenic families (Fig. 2F-H.J-LN.O.QR, red

detected by enhanced chemiluminescence (ECL) according rrowheads) suggesfung an |nh|b|t|or1 (.)f t.h?. initiation of Fhe
manufacturer's specifications (Amersham). In vitro transcription andicer cell differentiation program. This inhibition was readily
translation reactions were performed using Riboprobe systems T3/@Pparent by P1 in the families OVE1547 and 1548A (Fig. 2F,J)
(Promega) following the manufacturer's instructions. and by P7 in the families OVE1549 and 1550 (Fig. 2N,0,Q,R).
In addition to the lens defects, there were also changes in
the vasculature surrounding the lens (Fig. 2G,K,N, black

—
Notl EcoRV/Hindlll ClallEcorV Svawme Notl

SV40 riboprobe

RESULTS arrowheads). In nontransgenic mice, most of the hyaloid
] o vasculature has begun to regress by P7 (Fig. 2C). But in the
Generation of transgenic mice FR3 transgenic mice of the same age, blood vessels were

To attempt to block intraocular FGF signaling we generatedtill prevalent (Fig. 2G,K,N, black arrowheads). Other ocular
transgenic mice that express secreted self-dimerizing versionstidsues including the cornea and the retina appeared normal.
FGFR1 (FR1) and FGFR3 (FR3) in the lens. The soluble FGF ] )
receptors were expected to bind to and sequester endogenbgyels of transgene expression correlate with the
FGFs present in the vitreous humor and thereby block the abilig§nset of the ocular phenotypes
of these FGFs to stimulate the endogenous receptors. Expressianconfirm lens-specific expression of the transgenes, in situ
of the transgenes was driven by the lens-spez#ficrystallin - hybridization was performed on sections of E15 eyes (Fig. 3A)
promoter (Fig. 1; Overbeek et al., 1985). Two founder animalasing an SV40 riboprobe (Fig. 1). Hybridization signals were
that expressed FR1 were identified by RT-PCR and designateden exclusively in the fiber cells of the lens (Fig. 3A).
OVE1582 and 1584. These animals did not show any ocul&@ifferent levels of transgene expression were seen in the
abnormalities. Five founder mice that expressed the FR@ifferent transgenic families: transgenic families OVE1547,
transgene were identified and designated OVE1547, 1548A548A (FR3) and 1584 (FR1) showed higher levels of
1549, 1550 and 1551. All these transgenic animals displayezkpression than families OVE1549 and 1550 (FR3).
ocular defects. The eyes of all these mice were of smaller siteterestingly, the levels of transgene expression correlated with
than normal and lens cataracts were visible when the midbe time of onset of lenticular changes for the FR3 families.
opened their eyes at postnatal day 14 (P14; data not shown). Expression of the transgenic proteins was examined by
] ) western blot analysis of lens lysates from newborn mice. The
Expression of FR3 in the lens delays lens blots were probed with antibodies raised against the Fc domain
differentiation of rat immunoglobulins or antibodies raised against the
Hematoxylin and Eosin staining of eyes from FR3 miceextracellular domains of FGFR1 or FGFR3 (Fig. 3B). The anti-
revealed changes in fiber cell differentiation (Fig. 2). At E15yat Fc antibody detects the Fc domain of the transgenic proteins
the changes in the lens architecture were subtle. In familig€&ig. 3B). Blots probed with this antibody showed higher FR3
OVE1547 and 1548A, the fiber cells had not elongated properlgxpression in families OVE1547 and 1548A than in families
The fiber cell length was reduced (Fig. 2E,l) suggesting a dela)VE1549 and 1550 (Fig. 3B, arrows) consistent with their
in fiber cell maturation. These changes were not noticed in thieanscript levels. Also, FR1 protein expression in OVE1584 was
other transgenic families (data not shown). In nontransgeniwomparable with the FR3 expression in OVE1547 and 1548A.
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Fig. 2. FR3 expression in the lens induces
movement of the transition zone to the
posterior pole. Eyes or heads of nontransc
(A-D) and FR3 transgenic mice (E-R) were
sectioned and stained with Hematoxylin ar
Eosin. (D,H,L,0,R) Higher magnifications «
the boxed areas in C,G,K,N,Q, respectivel

In the families OVE1547 and 1548A, chan

in fiber cell elongation were seen at E15 (E
Postnatal lens defects were seen in all the
transgenic families. In nontransgenic mice
the transition zone of the lens, where the ¢
epithelial cells start to differentiate, is
adjacent to the anterior portion of the retin:
(B,C,D, red arrowheads). In the FR3 mice,
transition zone moves to the posterior pole of
the lens (F-H,J-L,N,0,Q,R, red arrowheads). This change is apparent by P1 in the families OVE1547 and 1548A and by & in famili
OVE1549 and 1550. In addition, the hyaloid vasculature surrounding the lens, which normally begins to regress by P7 €@ }povpessist

in the FR3 transgenic families (G,K,N, black arrowheads). Eyes of FR1 transgenic mice did not show any ocular abnortaatites (da
shown). NT, nontransgenic; r, retina; le, lens epithelial cells; If, lens fiber cells; ¢, cornea. Scale jparir2@0E,F,1,J; 40Qum in
B,G,K,M,N,P,Q; 80@m in C; 10um in D; 50um in H,L,O,R. Note that the P7 images of the nontransgenic eyes are shown at 2-fold lower
magnification than the transgenic eyes.

Both the FR1 and FR3 transgenic proteins migrated at highéne vitreous humor, suggesting that the fiber cells made and
molecular weights than the proteins generated by in vitrgecreted the FR1 and FR3 transgenic proteins into the
transcription/translation (Fig. 3B, IVTT) suggesting that thevitreous humor. These results suggested that the lack of a lens
proteins were modified post-translationally in vivo. Transgenighenotype in the FR1 mice is not due to insufficient
protein expression was also confirmed by Western blots probexpression or secretion of the transgenic FR1 protein. The
with antibodies raised against the extracellular domains dftrongest staining of FR1 and FR3 in the vitreous humor is
mouse FGFR1 and 3 (Fig. 3B). The anti-FGFR1 antibody alslmcated at the cell membranes of the vasculature. It is not
detected the endogenous FGFR1 protein(s). Endogenoakear whether this is a fixation artifact (as our fixation
FGFR3 protein expression was not detected presumably becaysetocol does not preserve the architecture of the vitreous
of lower abundance of the protein, since FGFR3 has been sholwamor) or represents a true association of FR1 and FR3 with
previously to be transcribed in the lens (de longh et al., 1997)he vascular cells.

The spatial localization of the transgenic proteins was ) ) ] S
examined by immunohistochemical analysis performed R3 causes expansion of the proliferating epithelial
on sections of transgenic (OVE1548A and 1584) andells to the posterior region of the lens
nontransgenic E15 heads using the anti-rat Fc antibody (Figo test if expression of FR3 affected proliferation of the lens
3C). Positive staining was seen both in the fiber cells and iapithelial cells, sections of eyes from FR1 (P1) and FR3
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Fig. 3.FR1 and FR3 transgene expression. (A) In situ hybridization of sections of E15 eyes &RS$idadé¢led SV40 riboprobe. Bright-field
and corresponding dark-field images of ocular sections from nontransgenic (NT), OVE1547, 1548A, 1549, 1550 (all FR3) aRil) 5k (F
are shown. Transgene expression was fiber cell-specific and the highest levels of transgene expression were seen iOME T84 lies
1548A and 1584. (B) Western blots on lens lysates from newborn nontransgenic (NT), FR3 and FR1 transgenic mice. Theféldéfon the
was probed with an antibody that recognizes the Fc domain of the transgenic proteins (arrows). Rat IgG was used asatfmbsitive ¢
Transgenic protein expression in the FR1 mice (OVE1584) was comparable to that of FR3 families OVE1547 and 1548A. Tthe blots in
center were probed with either an anti-FGFR1 or anti-FGFR3 antibody. These antibodies raised against the extracellutzfrrdoossns
FGFR1 and 3 (ex. cell.) also cross react with the corresponding endogenous receptors. The transgenic proteins are legperdesd|at
than the endogenous proteins. In vitro transcription/translation (IVTT) of FR1 and FR3 produces proteins that migratmalelowar
weights (right panel) than their in vivo counterparts. (C) Immunohistochemical analysis of E15 eyes from nontransgeni® (NT), FR
(OVE1548A) and FR1 (OVE1584) transgenic mice. E15 heads were sectioned and immunostained with the anti-Fc antibodygeml the anti
antibody complex detected using a peroxidase-conjugated secondary antibody and a DAB substrate. Positive staining (brasrseefom
the lens fiber cells and in the vitreous humor of FR3 and FR1 mice. As a negative control, the primary antibody was-@{x)ficed (he
experimental procedure. r, retina; le, lens epithelial cells; If, lens fiber cells; ¢, cornea. Scale hars: 100

(P1 and P7) transgenic families were assayed for BrdWdycle and to initiate their differentiation program. Overall,
incorporation (Fig. 4). In nontransgenic mice, the posterior pathere was a modest decrease in the number of BrdU-positive
of the lens is composed of differentiated fiber cells that do natells in the FR3 lenses (Table 1) suggesting that the
incorporate BrdU and the anterior part is composed oposteriorization of the transition zone in these mice was not
proliferating epithelial cells (Fig. 4A,D,G,I, black arrowheads).caused by increased epithelial cell proliferation. BrdU
In FR3 mice, the epithelial cells in the posterior part of the lenmcorporation in the lenses of FR1 mice was similar to that in
showed BrdU incorporation (Fig. 4B,E,H,J, black arrowheadshontransgenic mice (Fig. 4C, Table 1).

suggesting that these cells had not been induced to exit the celln the FR3 transgenic mice, the endothelial cells of the
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NT

Fig. 4.BrdU incorporation and cell proliferation.

(A-F) Sections of P1 eyes. (G-J) P7 eyes. (D-F,1,J) Higher
magnifications of the boxed areas in A-C,G,H,
respectively. BrdU-positive (brown stained nuclei)
proliferating epithelial cells are normally restricted to the
anterior region of the lens facing the aqueous humor
(A,D,G,], black arrowheads). Cell cycle exit occurs at the
transition zone, where fiber cell differentiation is initiated
(A,G, green arrows). In the FR3 mice (OVE1548A) mice,
the transition zone (B, green arrows) is shifted posteriorly
and BrdU positive epithelial-like cells are seen in the
posterior portion of the lens (B,E,H,J, black arrowheads).
BrdU incorporation in the FR1 (OVE1584) lenses (C,F)
was indistinguishable from nontransgenic lenses (A,D). In
the FR3 (OVE1548A) mice at P7, endothelial cells of the
hyaloid blood vessels showed BrdU incorporation (H,J,
red arrowheads). le, lens epithelium, If, lens fibers, r,
retina. Scale bar: 20@m in A,C,G,H; 10Qum in B; 50

pm in D,E,F,1,J.

postnatal hyaloid vasculature showed BrdU incorporation (Figzipper domain transcription factor that has been shown to be
4H,J, red arrowheads) suggesting that the persistence of tléssential for normal fiber cell differentiation (Ring et al.,
vasculature could be attributable, in part, to inappropriate cel000). Prox1 is a homeobox gene expressed both in the

proliferation. epithelial and fiber cells with elevated expression at the
] ) transitional zone (Fig. 5K,KN arrowhead). Prox1 has been

Spatial expression patterns of ~ p57X/P2, Maf and shown to be important fop57</P2 expression in the lens

Prox1 in FR3 mice (Wigle et al., 1999). In the FR3 transgenic mice, the spatial

We further analyzed the delay in initiation of fiber cell expression patterns ®daf (Fig. 5G,G,J,J, arrowheads) and
differentiation by examining the expression patterns oProx1(Fig. 5L,L',0,0, arrowheads) were altered in a pattern
marker genes such a@57'P2 Maf and Prox1 by in situ  similar top57!P2, The region of induced expression for both
hybridizations (Fig. 5). Enhanced expressionpbf<IP2, a  transcription factors moved toward the posterior of the lens
cyclin-dependent kinase inhibitor, at the transition zone ha@ig. 5G,J,L,0), supporting the notion that there was an
been shown to be an essential aspect of fiber cell inductianhibition of initiation of fiber cell differentiation.

(Zhang et al., 1998). In the lenses of eyes from nontransgenic

mice, both at P1 and P7, expressiopb7IP? was induced  yape 1. Comparison of lens epithelial cell proliferation
specifically at the transitional zone at the equator of the ler

(Fig. 5A,A',D, arrowheads). In FR3 transgenic lenses at P1 Total number - Total number

) . : of lens of BrdU- BrdU-positive Numbeif o
IndUCtIOI_ﬁ of p57 occurred more posteriorly ?—nd at P7!L epithelial cells positive cells  cells (%)  samples
expression was seen exclusively at the posterior pole of thvig ype* 269128 2922 10.610.6 3
lens (Fig. 5B,BE,E, arrowheads). Maf and Prox1 are two oyeisagas (FR3) 23311 19+1 8+0.8 4
transcription factors that have been shown to be important fove1ssar (FR1) 219428 2742 12.3+1.6 4

initiation and progression of fiber cell differentiation (Wigle ' _ _
et al., 1999; Ring et al., 2000). Maf is a basic domain/leucin__*Postnatal day 1 mice, nuclei pepn section.
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NT FR3 _ FR1

Fig. 5. Expression patterns p67</P2, Maf and

Prox1 In situ hybridization of sections of P1 and
P7 eyes from nontransgenic (NT), FR3 (OVE1547)
and FR1 (OVE1584) mice usingfg]-labeled
riboprobes fop57IP2 (A-E"), Maf (F-J) and
Prox1(K-Q'). Silver grains were pseudo-colored
red and overlaid on top of the respective bright-
field images. (AB',F,G,K',L") are higher
magnifications of A,B,F,G,K,L, respectively.
(E',J,0) Higher magnifications of the boxed areas
in E,J,0, respectively. In the wild-type lenses,
p57IP2 expression is upregulated in the equatorial
region where fiber cell differentiation is initiated
(A,A',D, arrowheads). In FR3 lenses, the zone of
p57P2 induction migrates toward the posterior of
the lens (B,BE,E, arrowheads). The transcription
factorsMaf andProx1are also normally induced in
the equatorial region of the lens (REK',IN,
arrowheads). In the FR3 lenses, the regioridardf
andProx1upregulation move to the posterior of
the lens (G,GL,L",3,3,0,0, arrowheads).
Expression patterns p67!P2, Maf andProx1

were unchanged in the FR1 lenses (C,H,M). The
staining in the core of the lens in D,M,N is an artifact of the dark-field illumination. le, lens epithelium; If, lens fibensea; r, retina. Scale
bar: 400um in A-C,F-H,K-M; 200um in A',B',F,G',K’,L'; 800um in D,I,N,E,J,O; 5um in E,J,O'.

Crystallin synthesis is not significantly altered in the completely blocked and the differentiating fiber cells are not
lenses of FR3 mice undergoing rapid degeneration.

Crystallin  transcript levels were compared between ) - )

nontransgenic and FR3 transgenic mice by semi-quantitatiféecrease in MAPK phosphorylation in FR3 mice

RT-PCR (Fig. 6). Total RNA was isolated from P2 lenses offo analyze changes in FGF signaling in the lens, we examined
nontransgenic, FR3 (OVE1548A) and FR1 (OVE1584) micegchanges in the phosphorylation state of mitogen-activated
reverse transcribed and amplified by PCR. Mdksetin and  protein kinases (MAP kinases), downstream targets of FGF
Hprt were used as internal controls. Relative to the controlsignaling (Szebenyi and Fallon, 1999). Stimulation of FGF
crystallin transcript levels were similar between nontransgeniteceptors can induce the activation of the Ras-Raf signaling
and FR3 lenses (Fig. 6) indicating that the average levels pathway leading to phosphorylation of the MAP kinases
crystallin transcription per cell were not significantly reducedSzebenyi and Fallon, 1999). As FGF signaling was predicted
in the transgenic lenses. These results suggest that at B2,be blocked in the lenses of FR3 transgenic mice, MAP
the initiation of fiber cell differentiation is delayed but not kinase phosphorylation was predicted to be decreased. To test
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Fig. 7.Phosphorylation of Erkl and Erk2 in the lens. Western blot
analysis of lens lysates from newborn nontransgenic (NT), FR3
(OVE1548A) and FR1 (OVE1584) transgenic mice. Duplicate blots
were probed either with the anti-MAP kinase (lower panel) or the
anti-phosphoMAP kinase (upper panel) antibody and the antigen-
antibody complexes were detected by enhanced chemiluminiscence
(ECL) as described in Materials and Methods. Stimulated
hippocampal cells (HC) were used as a positive control. Erk1 and
Fig. 6.Crystallin expression. Semi-quantitative RT-PCR was used toErk2 phosphorylation levels were reduced in FR3 mice compared
look for changes in the expressionod, aB, BA4, B3, yA andyD with nontransgenic (NT) and FR1 transgenic mice. Blots probed with
crystallins in the lenses of nontransgenic (NT), FR3 (OVE1548A) the anti-MAP kinase antibody show equal loading of lens proteins.
and FR1 (OVE1584) mice as described in Materials and Methods.

Serial dilutions of the reverse transcription reactions were made in . S
the ratios 1:10, 1:100 and 1:10@@actin and Hprt were used as a comparable FGFR1, in the lens leads to a delay in initiation

internal controls. Expression levels of the crystallins were at most of fiber cell differentiation. Th!s delay 'n,d'ﬁerem'at'on IS mOSF
modestly reduced in the FR3 mice. apparent postnatally. BrdU incorporation assays and in situ

hybridizations forMaf, Prox1 and the Cdk inhibitorp57IP2

all showed that the site of fiber cell induction moved over time
this hypothesis, proteins were isolated from lenses ab the posterior pole of the lens in the FR3 mice. Crystallin
nontransgenic, FR3 (OVE1548A) and FR1 (OVE1584)synthesis was not significantly decreased in FR3 mice,
newborn mice, resolved by SDS-PAGE, blotted and probeduggesting that lens differentiation, once initiated, proceeded
with an antibody against phosphorylated MAP kinase thatormally. MAP kinase phosphorylation was found to be
cross reacts with both Erkl and Erk2. As an internal controtliminished in FR3 mice. The lens epithelial cells of FR3 mice
a duplicate blot was probed with an antibody that recognizestill retained their ability to respond to FGF stimulation as they
both the unphosphorylated and phosphorylated versions obuld be induced to initiate their differentiation program by
Erkl and Erk2. This analysis showed decreased levels efttopic overexpression of FGF8. Based on these results, we
phosphorylation of Erkl and Erk2 in FR3 mice (Fig. 7)propose that the secreted self-dimerizing FR3 is inhibiting fiber
suggesting that endogenous FGFR signaling in the lens wasll initiation by binding to and sequestering the endogenous

blocked in the FR3 mice. inductive signals present in the vitreous humor. As FGFR3

o ) ) binds to FGFs, we predict that the inductive signal is an FGF
Lens epithelial cells in FR3 mice are competent to or an FGF-like protein. Although there is evidence that FGF
respond to FGF stimulation receptors can be activated by cell adhesion molecules (CAMs)

To determine if the delay in lens fiber differentiation in FR3 micesuch as E-cadherin, NCAM or L1 (Doherty and Walsh, 1996),
was due to loss of the intrinsic ability of the epithelial cells tahere is no evidence that such proteins play a role in lens fiber
respond to FGF stimulation, FR3 mice were crossed witlkeell induction. Lens transplant experiments have shown that the
transgenic mice that express FGF8 or FGF7 in their lens@sductive signal can diffuse from the vitreous through the intact
(Lovicu and Overbeek, 1998). Histological analysis wadasement membrane of the lens capsule (reviewed in DeHaan
performed on P1 or P14 eyes of mice that expressed one or baifd Ursprung, 1965), implying that the signal is a secreted
of the transgenes (Fig. 8). Lens-specific expression of FGH&otein. Therefore, we have no reason to believe that the
induces premature fiber cell elongation (Fig. 8B; Lovicu angecreted form of FGFR3 is blocking fiber cell induction by
Overbeek, 1998). In mice that express both FR3 and FGF8 in thinding to a CAM.
lens, the lens epithelial cells were still induced to elongate and _ ) _
differentiate into fiber cells (Fig. 8C) although the rate ofCandidate FGFs likely to be involved in lens
differentiation appeared to be reduced which is consistent witdifferentiation
the prediction that FR3 can bind to FGF8 (Ornitz et al., 1996-GF family members that might be involved in lens
Lens-specific expression of FGF7 does not induce elongation dffferentiation, based on their expression pattern, include
the lens epithelial cells but induces the formation of lacrimaFGF1, 2, 3,5, 11, 12, 13 or 15. FGF1 and FGF2 are expressed
gland-like structures in the corneal epithelium (Fig. 8E,n the lens (de longh and McAvoy, 1993; Lovicu et al., 1997),
arrowheads; Lovicu et al.,, 1999). The lens morphology oFGF2, 3, 5, 11, 12, 13 and 15 are expressed in the retina
FR3/FGF7 transgenic mice was indistinguishable from that of th@Vilkinson et al., 1989; de longh and McAvoy, 1993; Kitaoka
FR3 lenses (Fig. 8D,F). et al.,, 1994; Smallwood et al., 1996; Lovicu et al., 1997;
McWhirter et al., 1997). FGF1 and FGF2 are not likely to be
involved in lens differentiation. Targeted deletions of FGF1
DISCUSSION and FGF2 do not result in ocular abnormalities (Dono et al.,
1998; Ortega et al., 1998), and FGF1 and FGF2 double
Expression of a secreted self-dimerizing FGFR3 (FR3), but nd&thockouts have also not been reported to have eye defects
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Fig. 8.Lens epithelial cells it
FR3 transgenic mice are
competent to respond to FC
stimulation. Eyes of newbor
or P14 mice from matings o
FR3 (OVE1548A) transgeni
mice to CPV2-FGF8
(OVE846) or CPV2-FGF7
(OVE842) transgenic mice
were sectioned and stained
with hematoxylin and eosin.
At P1, lenses of FR3
transgenic mice show
epithelial cells around nearl
the entire circumference of
the lens (A). Lens epithelial
cells of FGF8 transgenic mi
show premature elongation
and differentiation into fiber
cells (B; Lovicu and
Overbeek, 1998). Lens
epithelial cells of mice that are transgenic for both FR3 and FGF8 are still induced to differentiate (C). Note that FR®qqgraally
inhibit the epithelial cell elongation induced by FGF8 (compare B with C). P14 lenses from mice transgenic for both FR3 aretd-GF
indistinguishable from the FR3 transgenic lenses (compare F with D) with epithelial cells encircling the lens. The rediariro&eaark
the lacrimal gland-like structures that are induced in the corneas by FGF7 in the presence (F) or in the absence (E)aid&3tHelium,
If, lens fibers. Scale bar: 2@0n in A,C-F; 100um in B.

(Miller et al., 2000). Similarly, neither FGF3 nor FGF5 is Alternatively, activation of MAP kinase may not be required
likely to be the endogenous lens differentiation signalfor the fiber cell differentiation program.
Although expression of FGF3 is seen in the neuroretina ) _ _
during lens differentiation, the expression is transient and Bersistence of the hyaloid vasculature in FR3 mice
targeted deletion of FGF3 results in mice with no apparenthe hyaloid blood vessels around the lens normally begin to
ocular abnormalities (Mansour et al., 1993). FGF5 mutantegress by P7, but they were found to persist in FR3 mice.
mice also do not have any eye defects (Hebert et al., 1994)his raises the question of whether the inhibition of lens
FGF11, FGF12 and FGF13 are expected not to be secretdifferentiation is a consequence of persistence of the
proteins as they lack a signal peptide (Smallwood et alyasculature. This possibility seems unlikely given that the
1996). Strong expression of FGF15 is seen in the neuroretivasculature regresses at a later stage in FR3 mice, but the lens
during embryonic development but expression levels faltlifferentiation still remains blocked (data not shown). BrdU
postnatally (V. G., unpublished). As FGF15 null mice die aincorporation studies showed that the persistence of the
E10.5, it is not clear at the present time if FGF15 is involvedasculature was accompanied by proliferation of the
in lens differentiation (Tom Reh, personal communication)endothelial cells. One possible explanation for the vascular
Since the effect of FR3 expression is most apparergersistence may be that the macrophages responsible for cell
postnatally, FGF15 may not be the relevant FR3 targetleath and remodeling of blood vessels in the eye (Lang and
However, an alternative explanation is that during embryoni8ishop, 1993) may not be present in the FR3 mice. Survival
development, there may not be sufficient FR3 in the vitreousf the macrophages may require FGF signaling and the
humor to block the actions of FGF15. Postnatally, whermpresence of the FR3 protein in the vitreous may abolish this
levels of FGF15 fall, there could be effective inhibition signaling activity. Another interpretation is that there could be
leading to the delay in initiation of fiber cell differentiation. a signal made by the lens fiber cells that induces regression of
Therefore, it is possible that the lens differentiation signal ishe vasculature during development and this signal is no longer
either FGF15 or one of the more recently identified membengroduced at normal levels in the FR3 mice.
of the FGF family.

Is FGFR1 required for lens differentiation?
Phosphorylation of Erk1 and Erk2 in FR3 mice Previously, it has been reported that lens fiber-specific
Erkl and Erk2 phosphorylation levels were decreased in FR&pression of membrane-bound truncated versions of FGFR1
transgenic mice suggesting that initiation of lens fiberlacking the cytoplasmic domain) inhibited fiber cell
differentiation may be mediated, at least in part, through theaturation but not initiation of fiber cell differentiation (Chow
Ras-Raf-MAP kinase pathway. However, it appears thagt al., 1995; Robinson et al., 1995a; Stolen and Griep, 2000).
activation of Erk1l and Erk2 may not be sufficient for inductionThese earlier results contrast with the results of our study
of the fiber differentiation program as expression of arwhere expression of a secreted version of FGFR1 did not affect
oncogenic version of Ras in the lens epithelial cells does nétns differentiation. One possible explanation for the apparent
induce fiber cell formation (L. Reneker, V. G. and P. A. O.discrepancy is that the transgenic FR1 protein may not be
unpublished). It is possible that transient stimulation offunctionally active. Although secreted FR1 has been shown to
MAP kinase is required to initiate fiber cell differentiation. be biologically active in in vitro culture assays (Ye et al., 1998),
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it remains possible that it is not active in vivo in the eyeFR3 cDNA clones, Dr Guillermo Oliver for providing the Prox1
Another possibility is that the truncated FGFR1 usedDNA, Dr Steve Elledge for providing the p87 cDNA, Drs Brian
previously may inhibit the functions of other FGF receptordRing and Greg Barsh for the Maf cDNA clone, and Paige Adams for
(such as FGFR2) in the lens, perhaps by heterodiméyoviding hippocampal cell lysates. We are grateful to Gabriele
formation. As TUNEL-positive nuclei were observed in the>chuster for performing the microinjections, Long Vien for assistance
truncated FGFR1 lenses but not in the secreted FR1 lenses" nimal husbandry, Barbara Harris for help in histological analyses

h . . Dr Fred A. Pereira for insightful comments and discussion. We
is also conceivable that the truncated FGFR1 could be toxic so thank Drs Jeffrey Rosen and Randy Johnson for critical reading

the fiber cells. of the manuscript. This work was supported by NIH grants EY-10448

EY-1 P. A. O)).
Models for FR3 inhibition and EY-10803 (P- A. O.)

The movement of the fiber cell initiation region to the posterior
pole of the lens in the FR3 mice raises the following question:
does FR3 inhibit the lens differentiation signal or does it inhibi
an antl-prollferatlon_ s!gnal,_ or both? Alth.OUQh It Is pOSSIbIeArman, E., Haffner-Krausz, R., Chen, Y., Heath, J. K. and Lonai, P.
that there are two distinct signals, one to induce cell cycle exit 1998). Targeted disruption of fibroblast growth factor (FGF) receptor 2
and another to initiate the differentiation program, the results suggests a role for FGF signaling in pregastrulation mammalian
from previous studies suggest that FGFs can perform bothdevelopmentProc. Natl. Acad. Sci. US5, 5082-5087.

these functions (McAvoy and Chamberlain, 1989; Robinson éthoW. R. L., Roux, G. D., Roghani, M., Palmer, M. A., Rifkin, D. B.,

. . . . - Moscatelli, D. A. and Lang, R. A.(1995). FGF suppresses apoptosis and
al., ,1995b1 Lovicu and Overbeek, 1998’_R0bm30n etal, 19_981 induces differentiation of fibre cells in the mouse lddsvelopment21,
Lovicu and McAvoy, 1999). FGFs can induce the expression 4383-4393.
of p57K|P2, which leads to cell cycle arrest (Lovicu and delongh, R. and McAvoy, J. W(1993). Spatio-temporal distribution of acidic
McAvoy, 1999) In addltlon’ overexpressm)n of FGFs can and basic FGF indicates a role for FGF in rat lens morphogeDegisDyn.
induce differentiation of fiper cells both _in vivo and in vitro dell?)?]glhs?oé.z?"z.’. Lovicu, F. J., Hanneken, A, Baird, A. and McAvoy, J. W.
(McAvoy and Chamberlain, 1989; Robinson et al., 1995b; (1996). FGF receptor-1 (flg) expression is correlated with fibre
Robinson et al., 1998). Based on these results, we postulatelifferentiation during rat lens morphogenesis and grobgv. Dyn.206,
that FR3 binds to an endogenous FGF-like protein that is 412-426. _ ,
otherwise able to induce cell cycle arrest and initiate fiber cefle 'ongh. R. U., Lovicu, F. J., Chamberlain, C. G. and McAvoy, J. W.

. - . . (1997). Differential expression of fibroblast growth factor receptors during
d'fferer_]t'at'on' Th_e FR?’ mice show no evidence _Of enhanced rat lens morphogenesis and growtivest. Ophthalmol. Vis. S@8, 1688-
epithelial cell proliferation (Table 1). In fact, there is a reduced 1699.
number and percentage of BrdU-positive epithelial ceIIsDeHaan, R. L. and Ursprung, H.(1965). OrganogenesisNew York: Holt
suggesting that FR3 may be partially inhibiting a proliferative Rinehart and Winston. _
factor. This observation fits with the previous experiments%)%, © %&ﬂﬁ?ﬂ'i%éﬁ”@?ﬁt ’\lféyﬁ-f?gggeny' C., Omitz,

. . . M. , P. . quired for early
(Chamberlain and McAvoy, 1989) showing that lower levels of postimplantation growth and axial organizatid®enes Devs, 3045-
FGF can stimulate epithelial cell proliferation. 3057.

Other questions still need to be addressed: why doé@hegyi fP- and V\I/alsh\;vtﬁwsl-(lémlf)N CAM-FS';grelclelptor interactions: A

H H ihit fi initiati 0 moadel Tor axonal gro ol. Ce euroscis, - .

expression of FR3 inhibit fiber cell initiation morg (_ef_'feg:tlvely Dono, R., Texido, G.g,] Dussel, R., Ehmke, H. and Zeller, RL998). Impaired
p_ostnatally than. prenatally? And Wh)/ does initiation of cerebral cortex development and blood pressure regulation in FGF-2-
differentiation still occur at the posterior pole of the lens? deficient miceEMBO J.17, 4213-4225.
There are at least two possible explanations. One possibility Fgldman, B., Poueymirou, W., Papaioannou, V. E., DeChiara, T. M. and
that there are two distinct signals, one (a posterior signal) togec’\}gfgr%e'\fﬁs(;zaiggfqzﬂgeg‘fgm of FGF-4 for postimplantation mouse
initiate lens dlﬁerentlat.lon during gr‘.n.bryonlc deve.l()pmem ;.inq:loss, T.,pArnoId, H. H. an’d Braun, ;I'.(1997). A role for FGF-6 in skeletal
another (a lateral signal) to initiate lens differentiation ' myscle regeneratio®enes Devi1, 2040-2051.
postnatally. It is possible that the postnatal (lateral) signal is @ovindarajan, V., Ito, M., Makarenkova, H. P., Lang, R. A. and Overbeek,
specific FGF that is blocked more effectively by FR3. An P.A.(2000). Endogenous and ectopic gland induction by FGB&4.Biol.

; Y. ; 225, 188-200.
alternative explanation is that the levels of FR3 protein are ngjluo’ L., Degenstein, L. and Fuchs, E1996). Keratinocyte growth factor is

high enough to block FGF signaling prenatally, but postnatally” eqyired for hair development but not for wound heal@gnes Devio,

there is sufficient FR3 protein accumulation in the vitreous to 165-175.

block FGF action. Hebert, J. M., Rosenquist, T., Gotz, J. and Martin, G. R(1994). FGF5 as

The results of our study support the FGF-gradient hypothesisa regulator of the hair growth cycle: evidence from targeted and spontaneous
: . mutations.Cell 78, 1017-1025.

(MCAVOy. and Cha.mberlal.n’ 1989)' It pro_p_os_es the existence %taoka, T., Aotaki-Keen, A. E. and Hjelmeland, L. M. (1994). Distribution

an anterior-posterior gradient of FGF activity in the ocular media of FGF-5 in the rhesus macaque retimest. Ophthalmol. Vis. Sc35,

surrounding the lens: higher FGF activity in the vitreous humor 3189-3198.

would induce differentiation of fiber cells in the posterior portionLagg,tﬁ- Ad ?nd Blshop,dJI-_ M"(l?r??’)d' Malcrqphages are reiuzgg L%rzcell
Nt eath and tissue remodeling in the developing mouseCeyler4, 453-462.

?f the.t.lens and |OW€II;1FC3F aICt;VIty ml.;he ?queofufhhumqtrhaﬁ.tt{\%vicu, F.J., de longh, R. U. and McAvoy, J. W(1997). Expression of FGF-

ransiion zone wou S Imulate Pr_o Ieration 0 € epinelial 1 5ng FGF-2 mRNA during lens morphogenesis, differentiation and growth.

cells. Our st_udy pro_wdes_ exp_erlme_nt_al evidence that the curr Eye Res16, 222-230.

endogenous fiber cell induction signal is in fact an FGF or FGR-ovicu, F. J. and Overbeek, P. A(1998). Overlapping effects of different

like factor. Identification of the factor bound by ER3 is cIearIy members of the FGF family on lens fiber differentiation in transgenic mice.

. Developmenti25 3365-3377.
an important goal for future research. Lovicu, F. J., Kao, W. W. and Overbeek, P. A(1999). Ectopic gland

induction by lens-specific expression of keratinocyte growth factor (FGF-7)
We thank Dr Arnon Rosenthal for providing the mouse FR1 and in transgenic miceMech. Dev88, 43-53.
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