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ABSTRACT   The vertebrate lens is a transparent polarized tissue that acts as the gateway for

vision. The chick lens is an excellent model for studying tissue organogenesis, since it is both

accessible and easily manipulated during embryonic stages. The chick lens consists of two

morphologically discrete compartments, the epithelium and the fiber-cell mass. Evidence indicates

that the early phases of lens development involve several sequential events, including tissue

interactions, cell proliferation and differentiation. The morphological change during lens develop-

ment is associated with the concurrent and distinct functions of numerous transcription factors.

Diffusible molecules from the complementary neural tissue play vital roles during the entire process

of lens development. Lens tissue is characterized by the ample production of crystallins, lens

specific proteins which provide structural integrity and functional properties to the lens. Thus, the

study of crystallin regulation should provide insight into the development of a functional lens during

embryogenesis. This process has been shown to involve a complex and evolutionary conserved

pathway supported by different regulatory proteins.

KEY WORDS: lens differentiation, transcription factor, crystallin, chick

Int. J. Dev. Biol. 48: 805-817 (2004)
doi: 10.1387/ijdb.041863hr

0214-6282/2004/$25.00
© UBC Press
Printed in Spain
www.ijdb.ehu.es

*Address correspondence to: Dr. Kunio Yasuda. Graduate School of Biological Sciences, Nara Institute of Science and Technology, 8916-5 Takayama, Ikoma
630-0101, JAPAN. Fax: +81-743-72-5559. e-mail: kyasuda@bs.aist-nara.ac.jp

Introduction

The eye is considered ideal for studying the embryonic develop-
ment of an organ. In particular, developmental biologists have
focused on the lens to attempt to uncover general mechanisms
underlying embryonic induction (Jacobson and Sater, 1988; Gehring
and Ikeo, 1999). Due to the ease of manipulation of lens tissues,
cellular interactions can be easily elucidated in this model system.

Embryonic lens arises from the competent head ectoderm,
which is able to respond to signals from the optic vesicle. In
response to these inductive signals, a specific portion of the head
ectoderm, located opposite the protruding primary optic vesicle,
undergoes cell proliferation and thickening (Henry and Grainger,
1990; Fig.1). These cells, which constitute the lens placode,
assume a characteristic shape and orientation, lying in an invagi-
nating stripe that forms the circular lens vesicle. During the forma-
tion of the lens vesicle, the primary optic vesicle, which acts as a
source of lens inductive signals, also invaginates, forming the optic
cup. The optic cup completely surrounds the primary lens vesicle,
except for the anterior side (Fig. 1). The epithelial cells in the
anterior portion of the lens vesicle form a monolayer covering the
anterior surface, while posterior cells leave the cell cycle and form
primary fiber cells. The elongating young fiber cells reside at the
equatorial region, whereas mature fiber cells, which are character-
ized by the loss of their nuclei, occupy the central region of the lens.

The ‘bow region’ of a developing lens serves as a ‘dynamic
state’, where morphological change is evident through the transi-
tion from lens epithelium to lens fiber cells. Such differentiation of
lens fiber cells depends on several secreted factors, including
fibroblast growth factors (FGF), Wingless and TGFβ proteins,
which regulate many differentiation factors and/or cell-cycle regu-
lators during lens formation.

All morphological changes of the lens, from induction to matu-
ration, are characterized by the expression of different sets of
genes whose functions are distinct and essential for proper lens
development. Crystallins are the major water soluble structural
proteins in the lens (Cvekl and Piatigorsky, 1996; Bhat, 2003).
Crystallin synthesis serves as a conclusive indication of lens
development, confirming the occurrence of all possible interac-
tions required for lens formation.

Lens induction: a merger of primitive and modern per-
spectives

Lens development is a multi-step process that involves a
complex series of interactions between two different cell popula-
tions: ectodermally derived presumptive lens ectoderm (PLE) and

Abbreviations used in this paper: BMP, bone morphogenetic protein; FGF,
fibroblast growth factor; PLE, presumptive lens ectoderm.
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neurally derived optic vesicle. The remarkable observations made
by Spemann and Lewis from two separate sets of experiments in
frogs independently showed that the presence of optic vesicle is
essential for lens formation, presumably by providing inducing
effects to the head ectoderm to generate lens (Spemann, 1901;
Lewis, 1904). Spemann observed loss of lens when he mechani-
cally ablated the retina primordium of the anterior neural plate in
Rana fusca, whereas Lewis showed ectopic lens formation when
he transplanted optic vesicles under the flank ectoderm in Rana
palustris. In contrast, Mencl found a double-headed salmon em-
bryo having two differentiated lenses in the absence of optic cups,
and King revealed the presence of lens-like structures in Rana
palustris (Mencl, 1903; King, 1905). Subsequently, Spemann
observed lens-like structures after ablating the optic vesicle in
Rana esculenta, but he was also able to reproduce his previous
findings in Rana fusca. Although the debate on this issue still
persists among developmental biologists, it may be partly ex-
plained by species variation and by the varied experimental condi-
tions, especially the timing of optic cup ablation.

Several observations from studies on Xenopus embryos by
Grainger and colleagues have clarified the early events of lens
induction (Grainger, 1992; Grainger et al., 1988). These studies
showed that lens induction is governed by four successive events
resulting from proximate tissue interactions: competence, bias,
specification and differentiation (Grainger, 1992). Competence,
the ability of head ectoderm to respond to a specific inductive
signal, is achieved maximally during the mid-to-late gastrula stage.
It was ascertained by showing lens formation after transplanting
the ectoderm of mid-to-late gastrula stage into the presumptive
lens-forming region of neural plate stage embryos (Servetnick and
Grainger, 1991). Bias for lens induction, which is attained by head
ectoderm during the neural plate stage, is partly mediated by
planar signals from the anterior neural plate (Grainger, 1992;
Grainger et al., 1997). Lens specification is the third event that
occurs at the neural tube stage, around the time of contact between
the biased ectoderm and the optic vesicle (Henry and Grainger,
1990). Differentiation, the final step of lens induction, starts at the
time of placode formation and continues throughout the life of the
organism (Grainger, 1992). Lens morphology first becomes de-
tectable at the time of formation of the lens placode, by differentia-
tion of the head ectoderm and its subsequent proliferation.

Transcription factors play significant roles in all developmental
processes. Several transcription factors have been implicated in
different stages of lens formation, and the expression patterns of
these factors, along with gain- and loss-of-function experiments,
have been studied in various model animals (Kondoh, 1999;
Ashery-Padan and Gruss, 2001; Chow and Lang, 2001). In this
review, we describe the early events of the lens induction process
and the mechanisms underlying crystallin expression during lens
development in the chick.

Appearance of lens structure and related gene func-
tions

Morphological evidence of lens formation from the congenital
overlying head ectoderm is first apparent with the formation of the
thickened lens placode, which follows the physical contact of the
anterior side of the neural tube with the head ectoderm. The
condition prior to placode formation is the culmination of the

specification of the presumptive lens ectoderm, the precise domain
of the initial broader ectoderm (Henry and Grainger, 1990; Furuta
and Hogan, 1998). The molecular events occurring in these tissues
result from the activities of various regulatory proteins.

A growing number of genes have been found essential for the
initiation of lens placode formation. Pax6 is the best studied eye-
forming gene among the transcription factors involved in the
process of lens induction. Pax6 is known to interact with several
upstream factors during lens formation. For example, of those
genes identified to date, the Otx2 gene, which encodes a bicoid-
type homeodomain protein, is first expressed in the PLE at the mid-
neural plate stage in Xenopus (Zygar et al., 1998). Its expression
in the PLE, which is induced by signals from the anterior neural
plate, declines at the time of lens placode formation. The finding
that expression of Otx2 in the PLE is followed by Pax6 expression
suggests that Otx2 acts upstream of Pax6. Otx2-null mutant
embryos die due to a defect in gastrulation prior to eye formation,
and Otx2-heterozygous mutant mice show variable phenotypes,
including absence of lens, making the precise role of Otx2 in lens
development unclear (Acampora et al., 1995; Matsuo et al., 1995;
Ang et al., 1996).

In mice, two members of the TALE homeoprotein family, Meis1
and Meis2, have been recently catalogued as genes that directly
regulate Pax6 expression, by acting through a 26bp sequence in
the Pax6 lens ectodermal enhancer (Zhang et al., 2002). By
analyzing mutants produced by site directed mutagenesis in the
526-bp ectodermal Pax6 lens enhancer element, Meis binding was
shown to be essential for Pax6 lens ectoderm activity in vivo.
Transgenic experiments revealed that Meis2, but not Meis1, could
upregulate ectodermal Pax6 expression in mice, whereas loss-of-
function experiments using Meis1-En in chick embryos clearly
showed the downregulation of Pax6 (Zhang et al., 2002). Taken
together, these results suggest that the Meis proteins regulate
Pax6 expression differentially in the lens ectoderm in various
species. The identification of five putative Meis binding sites that
are clustered in a 200bp sequence within the furthest lens en-
hancer element of human and mouse Pax6 indicates that Meis
proteins probably regulate Pax6 expression in a diverse manner at
different time points during the entire process of lens development
(Zhang et al., 2002). Although the Meis proteins bind Pbx, a protein
that acts as a co-factor in DNA binding, the Meis proteins also
require other binding partners, which bind to each side of the Meis
site in regulating Pax6 (Chang et al., 1997; Mann and Affolter,
1998; Zhang et al., 2002).

CP2 is a ubiquitously expressed protein that usually interacts
with other factors to activate downstream tissue-specific genes
(Weintraub et al., 1990; Lassar et al., 1991; Murata et al., 1998).
We have observed that misexpression of CP2 results in the ectopic
induction of Pax6 mRNA in chick embryos (NS and KY, unpub-
lished data). These results suggest that CP2 may cooperate with
the Meis proteins to activate Pax6 during the process of lens
induction.

Pax6 in lens placode formation
Pax6 is a member of the family of developmentally regulated

Pax transcription factors. The Pax6 protein consists of a DNA-
binding paired domain, a paired-type homeodomain and a carboxy-
terminal activation domain (Chalepakis et al., 1991; Walther et al.,
1991; Glaser et al., 1994). An alternatively spliced form of Pax6,
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containing an insertion of 14 additional amino acid residues in exon
5, has also been detected in various vertebrates, including humans
(Walther and Gruss, 1991; Glaser et al., 1992; Puschel et al.,
1992). Both Pax6 isoforms are expressed in the developing lens,
retina, brain, and spinal cord, and distinct tissue-specific roles of
these proteins have been described (Epstein et al., 1994b; Kozmik
et al., 1997; Singh et al., 2002; van Heyningen and Williamson,
2002). Pax6 expression has been detected in the head ectoderm,
including the presumptive lens ectoderm and developing optic
vesicle, beginning at the earliest stages of development in verte-
brates (Walther and Gruss, 1991; Li et al., 1994). In developing
chick embryos, the alternative form of Pax6 is expressed at a
slightly lower level than the regular form in lens tissue (M.Y and
K.Y, unpublished data).

Extensive work has established that Pax6 is an essential
regulatory gene for eye morphogenesis in both vertebrates and
invertebrates (Gehring and Ikeo, 1999). In the chick, Pax6 is first
detected at the neural plate stage, an earlier stage than in mice (Li
et al., 1994; Hanson and Van Heyningen, 1995). We have con-
firmed Pax6 expression in a broader domain of overlying ectoderm
at stage 9 (Fig. 2), clearly indicating the involvement of this protein
in the early induction process of the lens. Homozygous Pax6-
mutants of mice and rats experience the complete loss of both
eyes, together with severe cranio-facial abnormalities (Hill et al.,
1991; Matsuo et al., 1993; Fujiwara et al., 1994). Co-culture of head
ectoderm from wild-type rat embryos with optic vesicles from either
wild-type or Pax6-mutant rat (rSey) embryos has been shown to
form normal lens structures, but co-culture of head ectoderm from
Pax6-mutant rat embryos with wild-type optic vesicles resulted in

1999), although most of the ectopic lenses were incompletely
formed, indicating that, while Pax6 function is important for early
placode initiation, subsequent steps also require other factors
expressed in the same time frame. We have found that Pax6 is
unable to induce any lens structure when misexpressed in different
parts of the embryonic lens-forming ectoderm of chick embryos,
indicating that Pax6 function is not identical in all species. Indeed,
Pax6 is indispensable during the formation of chick lens placode
and may function to maintain undifferentiated lens epithelium
during later stages of lens development.

In homozygous Pax6- and Le-mutant mice, several genes
implicated in lens induction, including Sox2, Six3 and Prox1, are
down-regulated (Ashery-Padan and Gruss, 2001). In contrast, in
ovo electroporation of dominant-negative Pax6 into the lens pri-
mordium of stage 10 chick embryos did not downregulate the
expression of Sox2 and Six3 (Reza et al., 2002). This discrepancy
in the control of downstream genes by Pax6 may be due to inter-
specific variation. The differential expression pattern of Sox2 and
Six3 in these two species suggests that upstream regulatory
factors of Pax6 are not identical in the two species, or that they exert
common, but not identical, effects. Notably, in the mouse, Sox2
expression is upregulated at the time of placode formation and
remains extremely high in all cells of the invaginating placode,
whereas, in the chick, Sox2 expression is present at a moderate
level in all of these cells (Kamachi et al., 1998; Reza et al., 2002).
The expression patterns of Six3 in mice and chicks are even more
distinctive. In the mouse, Six3 is highly expressed in all cells of the
invaginating lens, whereas, in the chick, Six3 expression is local-
ized to the tip of the closing lens, while the inner cells of the

Fig. 1. Schematic representation of vertebrate lens development. Gray represents retina lineage,
green represents lens lineage and yellow indicates ectodermal tissue other than lens structure. Arrows
show the direction of the successive stages of endogenous lens formation. OV, optic vesicle; SE, surface
ectoderm; PLE, presumptive lens ectoderm; LP, lens placode; OC, optic cup; LV, lens vesicle; LF, lens
fiber; LE, lens epithelium; NR, neural retina; RPE, retinal pigment epithelium.

the absence of lens formation (Fujiwara
et al., 1994). Consistently, conditional
inactivation of Pax6 in the head ecto-
derm of Le-mutant mice resulted in the
absence of placode formation, which
also supports the cell-autonomous re-
quirement for Pax6 in placode initiation
(Ashery-Padan et al., 2000). In Le-mu-
tant mice, Sox2 upregulation confirmed
the establishment of specification by
the lens ectoderm, but the absence of
placode formation suggested that the
latter is dependent on Pax6 function in
the specified ectoderm.

Absence of lens and optic cup forma-
tion has been observed when Pax6
function is inhibited in the ectodermal
lens primordium of the chick (Reza et
al., 2002). Interestingly, both Pax6
isoforms exhibit very similar functions
during early placode-forming stages, as
determined by loss-of-function experi-
ments using either variant (Reza et al.,
2002). In these embryos, no lens struc-
ture was detected, indicating that ecto-
dermal Pax6 expression is essential for
lens placode formation. Misexpression
of Pax6 was observed to induce ectopic
eye formation in Drosophila (Halder et
al., 1995) and Xenopus (Chow et al.,
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invaginating placode express almost no Six3 (Oliver et al., 1995;
Bovolenta et al., 1998; Reza et al., 2002). Taken together, these
findings indicate that Pax6 induction of placode is accomplished by
the combined effects of other, as yet unidentified regulatory genes.

Sox2 in lens placode initiation
Sox proteins are members of the Sry-related family of high

mobility group domain (HMG) proteins. Upregulation of Sox2
expression is considered a marker of specified head ectoderm fully
capable of inducing lens cells (Furuta and Hogan, 1998; Ashery-
Padan et al., 2000). Sox proteins alone are not sufficient to initiate
transcription. Rather, they require partner molecules capable of
binding to the same enhancer element (Kamachi et al., 1998; Yuan
et al., 1995; Lefebvre et al., 1997). Sox2 expression starts in the
ventral half of the head ectoderm prior to optic vesicle apposition,

becoming stronger at the time of contact in the lateral side facing
the optic vesicle (Kondoh, 1999; Fig. 2). Sox3 expression is
detected prior to placode formation in a smaller region facing the
optic vesicle. During early development of the lens, the expression
pattern of Sox2/3 generally coincides with that of Pax6, indicating
that these three proteins provide the necessary conditions for head
ectoderm (bias and specification) to initiate lens placode in re-
sponse to inductive signals from the optic vesicle. Ablation of the
optic vesicles resulted in inhibition of Sox2 activation and lens
placode formation in chicks, emphasizing the essential roles for
Sox2 in placode initiation (Kamachi et al., 1998).

L-Maf in placode formation
The maf genes encode basic-leucine zipper (b-ZIP) transcrip-

tion factors, which have motifs for DNA binding and dimerization

Fig. 2. Sequential expression of several genes during lens develop-

ment in chick. Chick embryos were staged according to the Hamburger
and Hamilton (1951). Different staged embryos ranging from HH 9 to HH
13 were collected and assigned to six groups, each group containing 6-10
embryos. These embryos were subjected to in situ hybridization using five
different probes. Pax6 expression was detected in the ectodermal tissue
at stage HH 9 (top, arrow); in fact, the expression starts at a much earlier
stage (HH stage 6, data not shown). Sox2 expression was found at stage
10 in the overlying ectoderm (2nd lane, arrow). L-Maf expression appears
at stage 11 in the PLE (3rd lane, arrow). C-Maf was visualized at stage 12
in the lens placode (4th lane, arrow). Prox1 was detected at stage 13 (6th

lane, arrow) and finally, δ-crystallin expression was observed at late stage
13 in the lens placode (bottom lane, arrow). Arrows indicate the reactivity
for the respective mRNAs.
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and an acidic domain for transcriptional activation (Blank and
Andrews, 1997; Reza and Yasuda, 2004). L-Maf is a lens-specific
transcription factor first detected in the PLE immediately after
contact between surface ectoderm and optic vesicle at stage 11 in
chick. Since lens placode subsequently becomes evident with the
thickening of the ectodermal cells, L-Maf is likely the cause of
placode development (Ogino and Yasuda, 1998). Loss-of-function
experiments using dominant-negative L-Maf resulted in a com-
plete loss of placode structures, again suggesting that L-Maf is
essential for placode formation (Reza et al., 2002). We recently
found that overlying ectoderm expressing dominant-negative L-
Maf also expresses Sox2 (HMR, unpublished data), indicating that,
even after full establishment of lens specification (Ashery-Padan et
al., 2000), placode formation is hindered due to the absence of
functional L-Maf in the PLE. The findings that inductive signals from
optic vesicles are required for L-Maf expression and that L-Maf was
able to rescue the effects of dominant-negative Pax6 in placodal
cells (Reza et al., 2002), suggest that the extended role of Pax6 in
the final step of lens specification is taken over by L-Maf. Thus, L-
Maf expression is a marker for the complete establishment of lens
specification that precedes lens placode formation in the chick.

Six3 in placode formation
Six3, a vertebrate homologue of the Drosophila sine oculis

gene, is expressed in the mouse lens placode but is later restricted
to the lens epithelium (Oliver et al., 1995). In chicks and medakas,
Six3 expression in the PLE is detected earlier than in mice (Loosli
et al., 1998; Bovolenta et al., 1998). The intense expression of Six3
in the PLE indicates its importance in placode formation. Interest-
ingly, this expression disappears in the lens placode of medaka,
whereas it persists in the lens placode of chick and is subsequently
confined to the lens epithelium (Bovolenta et al., 1998; Reza et al.,
2002), suggesting that Six3 may function to retain the undifferen-
tiated state of lens epithelium in the chick. Although misexpression
of Six3 in the medaka converts otic vesicles into lens cells, as
evidenced by the expression of crystallin-expressing lens-like
structures (Oliver et al., 1996), similar results have not been
reported in any other species to date. In mice, Six3 has been found
to repress γ-crystallin promoter activity when assayed in N/N1003A
and CD5A cells (Lengler et al., 2001). A recent report demon-
strates that gain of Six3 function in lens primordium by in ovo
electroporation of chick embryos causes an arrest of lens placode
invagination and suppresses lens fiber differentiation (Zhu et al.,
2002). These observations suggest that Six3 is crucial for main-
taining the state of undifferentiated lens epithelium required for
proper morphogenesis.

Other factors in lens placode development
Several studies demonstrate that fork head family members,

including Lens1 and Foxe3, take part in lens placode formation.
Both of these proteins are expressed exclusively in the PLE and are
positioned downstream of Pax6 in the gene cascade for lens
development (Kenyon et al., 1999; Blixt et al., 2000; Brownell et al.,
2000). Dysgenetic lens (dyl ) mice produced by a mutation in the
foxe3 gene exhibit accumulation of large amounts of Prox1, a
protein that acts mainly in the terminal differentiation of fiber cells
(Blixt et al., 2000; Brownell et al., 2000). Overexpression of Lens1
in Xenopus embryonic ectoderm induces lens ectoderm, which
does not express crystallin. In mab21l1-mutant mice, defective

lens placode formation is associated with suppressed expression
of Foxe3 (Yamada et al., 2003). Taken together, these observa-
tions suggest that these genes play important roles in the induction
and maintenance of lens placode.

Adhesion molecules have been found to play significant roles in
cell growth and differentiation during organogenesis (Gumbiner,
1996; Yagi and Takeichi, 2000). N-Cadherin, which is first ex-
pressed at the time of placode formation, has been found to be
involved in the separation of differentiated lens placode from
ectodermal tissue, which continuously expresses E-cadherin (Hatta
and Takeichi, 1986). Expression of Ap-2a occurs in head ectoderm
prior to placode formation, but is later restricted to lens epithelium.
In addition, Ap-2a-knockout mice were found to exhibit defective
lenses, which remain attached to the surface ectoderm (West-
Mays et al., 1999). AP-2a binding sites have been identified in the
promoter elements of both E- and N-cadherin (Li et al., 1997;
Batsche et al., 1998), indicating that AP-2a spatio-temporally
controls expression of E- and N-cadherins to promote placode
formation. In Xenopus, expression of a bicoid-related homeobox
gene, Pitx1, has been detected in the PLE and persists in the lens
vesicle, suggesting its involvement in placode formation (Hollemann
and Pieler, 1999).

Role of optic vesicle in placode formation
The optic vesicle plays an essential role in lens formation by

providing inductive signals to the surface ectoderm in a step-wise
fashion (Spemann, 1901; Lewis, 1904; Grainger, 1992; Grainger et
al., 1988). Although a detailed discussion of the experimental
evidence is beyond the scope of this review, the multi-step tissue
interactions between the optic vesicle and head ectoderm have
been shown to gradually trigger the PLE to form lens placode. The
optic vesicle has been found to secrete various diffusible factors,
including fibroblast growth factors (FGFs) and bone morphoge-
netic proteins (BMPs), which directly induce lens placode forma-
tion.

BMPs are secreted signaling molecules belonging to the TGF-
β superfamily. Several lines of evidence have demonstrated that
two BMPs, BMP4 and BMP7, are crucial for the early steps of the
lens induction process. In mice, BMP4 is highly expressed in the
dorsal region of the optic vesicle, but weakly expressed in the
overlying surface ectoderm, whereas BMP7 is expressed in the
prospective pigment epithelium (Dudley and Robertson, 1997;
Furuta and Hogan, 1998; Wawersik et al., 1999). BMP7-mutant
homozygous mice exhibit micropthalmic or anopthalmic pheno-
types (Dudley et al., 1995), and, in severely affected BMP7-mutant
mice, neither Pax6 expression nor lens placode formation is
observed (Wawersik et al., 1999). In BMP4-null mutant embryos,
lens formation is arrested, with a loss of Sox2 upregulation, but it
can be rescued by applying exogenous BMP4 into the optic vesicle
in explant culture (Furuta and Hogan, 1998). In contrast, applying
BMP4 beads without optic vesicles does not induce lens formation.
These observations indicate that BMP4 and one or more unknown
signals from optic vesicles are required to form lens placode from
the ectoderm.

In the chick, BMP4 expression is first detected in the PLE facing
the optic vesicle prior to placode formation, and later in dorsal
neural retina. In contrast, BMP7 expression is detected only in
prospective pigment epithelium during optic vesicle invagination
(Trousse et al., 2001). Since BMP4 is not present in optic vesicle
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tissue prior to placode formation in chick, it is evident that BMP4
signaling does not function in placode initiation in this species,
emphasizing a functional demarcation between the mouse and
chick. The BMPs, however, may regulate later steps of lens
development in the chick.

Several FGFs have been shown to be involved in lens develop-
ment. For example, in explant cultures, low levels of FGF2 were
found to promote the proliferation of lens epithelial cells (McAvoy
and Chamberlain, 1989; Ochi et al., 2003). In the chick, FGF8
expression is first apparent in the anterior neural plate at stage 9
and thereafter, in the distal optic vesicle around the time of its
contact with the head ectoderm. This pattern of FGF8 expression,
which is observed earlier than L-Maf expression in the PLE,
suggests that FGF8 is the most potential candidate among the lens
inductive signals stimulating L-Maf expression as well as placode
induction. This is further supported by the fact that when FGF8, in
the form of acrylic beads, was applied after contact of the optic
vesicle with surface ectoderm, formation of ectopic lens placode,
expressing high levels of L-Maf, was observed (Vogel-Hopker et
al., 2000).

FGF receptors are similarly expressed in the lens lineage (de
Iongh et al., 1996, 1997). Tfr7  transgenic mice expressing domi-
nant-negative FGF receptors coupled to the lens enhancer/pro-
moter PO, which is driven only by ectodermal Pax6, show poorly
developed lens placode (Faber et al., 2001). Lens vesicle is also
found attached to surface ectoderm in these mice. The expression
of Pax6 and Sox2 in lens placode is significantly decreased when
FGF receptor is inactivated in presumptive lens ectoderm, sug-
gesting that expression of Pax6 and Sox2 lies downstream of FGF
signaling in the lens induction pathway (Faber et al., 2001).
Although FGF signaling participates in proper development of lens
placode, elucidation of the exact roles of all members of the FGF
family is necessary to determine whether FGF molecules act as
early lens inductive signals.

In mouse embryos, deletion of the Lhx2 gene, which encodes
one of the transcription factors expressed in optic vesicle, blocks
placode formation, and Pax6 is not expressed in overlying ecto-
derm (Porter et al., 1997). These findings suggest that Lhx2 may
play a role in lens specification as well as in placode formation by
maintaining Pax6 expression in overlying surface ectoderm.

Lens differentiation and crystallin expression

Lens differentiation first manifests as the appearance of placodal
cells derived from ectodermal epithelium. At the beginning of lens
differentiation, several transcription factors are expressed, each
with distinct functions. During the process of lens differentiation,
these factors contribute to the smooth formation of lens vesicles.
The lens placode invaginates, gradually assuming a spherical
shape and forming the lens vesicle, which then becomes sepa-
rated from the ectoderm (Fig. 1). The cells on the inner side of the
lens vesicle differentiate into primary fiber cells, while cells on the
outer side form the lens epithelium. The equatorial region acts as
a transition state, where cuboidal cells undergo continuous prolif-
eration and differentiation, subsequently contributing to the forma-
tion of secondary fiber cells.

Lens differentiation is associated with the sequential activation
of the crystallins (Wistow and Piatigorsky, 1988; Cvekl and
Piatigorsky, 1996; Ogino and Yasuda, 2000). These water soluble

lens proteins constitute a group of structural molecules that are
present at high concentration in lens, making lens transparent and
refractive to light (Piatigorsky, 1992; Cvekl and Piatigorsky, 1996;
Bhat, 2003). About 90% of the soluble proteins in the lens are
crystallins (de Jong, 1981). Although crystallins are also expressed
in other tissues, their refractive properties are utilized only in lens
(Cvekl and Piatigorsky, 1996). The α- and β-crystallins are well
conserved in all major vertebrates (Ogino and Yasuda, 2000).
Although γ-crystallins are present in mammals, these proteins,
except for γS, are absent from avian species (Van Rens et al.,
1991). The primary crystallin in the chick is δ-crystallin, a taxon-
specific gene similar to argininosuccinate that is expressed only in
avian and reptile species. The δ-crystallin protein first becomes
apparent in the lens placode stage. In subsequent developmental
stages, α- and β-crystallins, along with δ-crystallin, are expressed
in chicks, each with a distinct spatio-temporal specificity.

Mechanisms of δδδδδ-crystallin regulation

The process of lens differentiation from the head ectoderm is
accomplished by a number of developmentally regulated gene
functions. This has led us to hypothesize that expression of a
particular gene is likely to be regulated by several pathways,
dependent upon the availability of the regulatory proteins at differ-
ent stages in development. Changes in gene regulation are prob-
ably associated with new functions of an existing protein or
expression of a new protein phenotype (Piatigorsky, 2003).

The first crystallin to be expressed in chick lens is δ-crystallin,
which is first detected in the lens placode of HH stage 13 embryos
(Fig. 2). Expression of this protein continues during lens develop-
ment, with the level of expression becoming higher in lens fiber
cells than in lens epithelium. Evidence now suggests that δ-
crystallin expression is regulated by different regulatory factors
sequentially determined by the developmental stages. The lens-
specific enhancer of the δ-crystallin gene, which is located in its
third intron, acts as the major binding site for proteins regulating
expression of this gene (Hayashi et al., 1987). Regulation of δ-
crystallin gene expression has been studied primarily using cul-
tured cells derived from chicken lens epithelial cells, a transgenic
mouse model in which δ-crystallin is never expressed, and in ovo
microelectroporation of chick embryos.

At a very early stage of development, when lens placode
formation has begun, expression of Pax6 and Sox2 are detected
in placodal cells (Kamachi et al., 1998). In vitro experiments
demonstrate that Pax6 binds to the promoter regions of the
mouse αA- and αB-, chick δ-, and guinea-pig ζ-crystallin genes,
activating their expression (Cvekl et al., 1994; Cvekl et al., 1995;
Richardson et al., 1995), and supporting the hypothesis that Pax6
regulates these genes. We and others have shown that targeted
inactivation of Pax6 in lens primordium inhibits expression of the
crystallins as well as lens formation, which is attributed to the
downregulation of several other transcription factors (Ashery-
Padan et al., 2000; Reza et al., 2002). In contrast, several Sox
proteins, including Sox1, Sox2 and Sox3, have been shown to
activate the enhancer/promoter of the δ- and γ-crystallin genes in
lens cells (Kamachi et al., 1995). In addition, misexpression of
Sox3 in medaka induces ectopic lens formation (Koster et al.,
2000). Both Sox2 and Sox3 are normally expressed in the wider
domain of PLE. Therefore, it is conceivable that the earliest
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mechanism underlying δ-crystallin expression is governed by
Pax6 and Sox2 (Fig. 4A).

The minimal lens-specific enhancer DC5, which contains bind-
ing sites for Sox2 and Pax6 (Fig. 3B), has been found to drive
transcription of the δ-crystallin gene. Sox2 and Pax6 thus form a
complex that binds to the DC5 element of enhancer DNA, leading
to the synergistic transcription of the δ-crystallin gene (Kamachi et
al., 2001). This is supported by the finding that co-expression of
Pax6 and Sox2 leads to formation of ectopic lens placode express-
ing δ-crystallin (Kamachi et al., 2001; Reza et al., 2002). Since this
ectopic lens placode can only be formed close to endogenous lens,
it is possible that additional inductive signals from the optic vesicle
are required to trigger endogenous δ-crystallin expression. In
addition, since Pax6 and Sox2 are both expressed in epithelial cells
during the ensuing stages of development, this mechanism may be
operative only in early lens placode and later lens epithelium, that
continues to express a low level of δ-crystallin. This is supported by
findings from a recent transgenic mouse study, showing that
mutation of two Maf binding sites present on either side of the BN
region, a 120bp long fragment capable of activating lens-specific
enhancer activity, significantly reduced reporter activity in fiber
cells but not in epithelium (Muta et al., 2002). However, this
mechanism of δ-crystallin regulation, while developmentally impor-
tant, may be short-lived.

Ectopic lens placode induced by co-expression of Pax6 and
Sox2 also exhibited marked expression of L-Maf. Since endog-
enous L-Maf is expressed in the PLE before δ-crystallin expres-
sion and has been shown to activate δ-crytallin (Ogino and
Yasuda, 1998; Reza et al., 2002; Reza and Yasuda 2004), it is
likely that the earliest expression of δ-crystallin expression is due,
at least in part, to the synergistic activity of Pax6 and Sox2 and
subsequently to these two factors plus L-Maf. This hypothesis is
supported by our observation of putative binding sites for both
Pax6 and Sox2 in the 5′-flanking region of the L-maf gene (Fig.
3A). In addition, data derived from our protein-DNA gel-shift
experiments showed that L-Maf can bind to the DC5 element,
indicating that the latter possesses binding sites for L-Maf (TY,
HMR and KY, unpublished data) as well as for Pax6 and Sox2
(Muta et al., 2003). Interestingly, the L-Maf binding site of DC5
overlaps the Pax6 site (Fig. 3B), suggesting that, in the initial lens
placode, Pax6 and Sox2 activate δ-crystallin only to a minor
extent prior to L-Maf expression (Fig. 4A). Once L-Maf expression
is induced in the PLE by Pax6 and Sox2, L-Maf can substitute for
Pax6, binding to its target sequence on DC5 and functioning in
concert with Sox2. Alternatively, Pax6, Sox2 and L-Maf may form
a ternary complex, which binds to the enhancer element respon-
sible for δ-crystallin expression.

As lens development proceeds, the lens vesicle forms and fiber
differentiation begins in the posterior cells of the lens vesicle. Pax6
continues to be expressed in the surface ectoderm overlying the
optic vesicles, later becoming restricted to the proliferating epithe-
lial cells of the developing lens and turning down from the differen-
tiating fiber cells (Grindley et al., 1995). Pax6 has been shown to
bind to the promoter sequence of mouse lens fiber-specific βΒ1-
crystallin, where it acts as a repressor (Duncan et al., 1998), This
is consistent with the fact that Pax6 expression remains very low
in the fiber cells and indirectly favors the high expression of fiber-
specific gene βB1-crystallin. Nevertheless, this lower expression
level of Pax6 suggests that a different regulatory factor capable of

transcribing δ-crystallin and/or other fiber-specific genes plays
major role in fiber cells.

L-Maf is highly expressed in lens placode and subsequently in
fiber cells and in cells positioned in the equatorial region. Several
lines of evidence indicate that L-Maf is the principal regulator of the
δ-crystallin gene. For example, misexpression of L-Maf is able to
convert non-lens cells to lens cells, characterized by the expres-
sion of δ-crystallin, in cell culture systems and chick embryos
(Ogino and Yasuda, 1998). In addition, dominant-negative Pax6
inhibits δ-crystallin expression as well as placode formation, and
this phenotype is also observed with dominant-negative L-Maf.
Interestingly, the dominant-negative Pax6 effect is rescued by
wild-type L-Maf in developing lens cells, providing further evidence
that Pax6 function is mediated by L-Maf and that L-Maf is the right
candidate to elicit the high lens expression of δ-crystallin (Reza et
al., 2002). Thus, it is reasonable to postulate that L-Maf is the major
regulator of δ-crystallin expression after placode formation (Fig.
4A).

In regulating δ-crystallin, however, L-Maf usually functions in a
Sox2-dependent manner (Reza et al., 2002; Shimada et al., 2003).
Sox2 has been shown to act in cooperation with L-Maf to enhance
δ-crystallin gene transcription through the same third intron en-
hancer element. A longer region (BHd), which contains DC5 in
addition to several putative Sox2 and Maf binding sites (Fig. 3B),
is required for this cooperative effect (Shimada et al., 2003). Since
the Sox proteins bind DNA with lower affinity, they can only function
in gene regulation by partnering with other proteins. Thus, in lens

Fig. 3. Schematic representation of putative binding sites in regulatory

regions of the respective genes. (A) Putative binding sites for Pax6/
Pax6(5a) and Sox2 in the 5’- upstream region of the L-maf gene. The
nucleotides shown in the boxes are very similar to the consensus binding
sequences for Pax6/Pax6(5a) and Sox2 (Epstein et al., 1994ab; Muta et al.,
2002). (B) Different regions BHd, BN and DC5 including binding sites for
Pax6, Sox2 and Maf are shown in the enhancer element of the δ-crystallin
gene.

A

B
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fiber cells, Sox2 must partner with L-Maf, which binds DNA with
high affinity, to regulate δ-crystallin.

In addition, proteins encoded by the c-maf and Prox1 genes can
independently upregulate crystallin expression in fiber cells. c-Maf,
another member of the large family of b-ZIP Maf proteins, is
structurally similar to L-Maf. In placodal cells of the chick embryo,
c-Maf expression starts a few hours later than L-Maf expression
(Reza and Yasuda, 2004). In our gain-of-function experiments
using both cultured cells and embryos, we found that c-Maf was
able to activate δ-crystallin expression, but not as strongly as L-Maf
(Yoshida and Yasuda, 2002; HMR and KY unpublished). The
necessity for c-Maf or other factors having functions similar to L-
Maf at the same point in development may thus be questioned. This
type of redundancy may be necessary, however, to ensure that
proper development takes place fully. Additional factors may also
be needed to meet increased demand after lens vesicle formation,
when there is increased need for structural proteins that provide
proper shape and size of the lens. Later in development, however,
c-Maf expression becomes restricted to the lens epithelium (Reza
and Yasuda, 2004). These observations indicate that c-Maf and L-
Maf regulate δ-crystallin expression in parallel for a short period of
time, in order to synthesize the optimum level of protein necessary
for normal growth of the lens (Fig. 4A).

 The homeobox gene Prox1 is a vertebrate homologue of the
Drosophila prospero gene. In Drosophila, prospero is expressed in
lens secreting cone cells and in the central nervous system, where
it is asymmetrically divided into the mother ganglion cells neces-
sary for subsequent gene expression in these cells (Hirata et al.,
1995). Prox1 expression in the chick lens placode has been shown
to precede δ-crystallin expression (Tomarev et al., 1996; Fig. 2).

Consistent with this expression pattern, we have found that
misexpression of Prox1 in chick embryos has only a slight effect on
δ-crystallin expression, indicating that Prox1 has little effect on δ-
crystallin regulation (Reza et al., 2002). The dominant-negative
forms of both Pax6 and L-Maf suppress Prox1, suggesting that this
protein acts downstream of Pax6 and L-Maf in the gene cascade
regulating lens development (Fig. 4A).

Overexpression of the transcription factor Six3 has been shown
to inhibit the expression of δ-crystallin in developing lens cells; this
effect is thought to be mediated by an ATTA-motif present in the δ-
crystallin enhancer (Zhu et al., 2002). This finding suggests that, in
mature lens epithelial cells, Six3 suppresses δ-crystallin expres-
sion and possibly maintains the proliferative property of lens
epithelium (Fig. 4A).

Mechanisms of regulation of other crystallins

The α- and β-crystallins are two other members of the cyrstallin
family abundantly expressed in the chick lens. Although all crystallins
are functionally similar, especially in terms of their refractive
properties in lens, their patterns of spatio-temporal expression
during lens development suggest the involvement of differing
upstream interacting factors at different times. Indeed, several
regulatory proteins are believed to activate the different lens
crystallins. Accumulating evidence suggests that crystallins other
than δ-crystallin are regulated by a mechanism similar, but not
identical to that regulating δ-crystallin during the course of devel-
opment (Fig. 4B).

Transfection experiments and EMSA analysis have shown that
the regulatory region of αA-crystallin gene has at least three

Fig. 4. Two proposed models

of crystallin regulation during

chick lens development. (A)

The possible mechanism under-
lying δ-crystallin regulation. Pax6
and Sox2 expressed in the pre-
sumptive lens ectoderm induce
δ-crystallin in the initial lens pla-
code in response with some optic
vesicle inductive signals, maybe
FGF8 or others (red). L-Maf,
which is simultaneously acti-
vated by these upstream factors
also induces δ-crystallin in the
initial lens placode. Later, L-Maf
regulates δ-crystallin expression
in the invaginating lens placode
and lens fiber. Sox2 exerts its
cooperative action together with
L-Maf. c-Maf and Prox1 are also
directly involved in this process.
Six3, however, suppresses δ-
crystallin expression in the epi-
thelial cells and may support the
expression of epithelium spe-
cific genes. (B) The model showing the regulation pathways of other crystallins expressed in lens. Pax6 and Sox2 together with the inductive signals, which
may be FGF8 or others (red), from the optic vesicle induce lens specific L-Maf which initiates αA-crystallin at lens vesicle stage and in early lens fiber. The
CP2 probably acts in synergy with L-Maf to trigger αA-crystallin expression. Sox2, c-Maf and Prox1 are also possibly involved in αA-crystallin expression.
L-Maf continues to stimulate αA-crystallin and activates β-crystallin in fiber cells at a much later stage. Prox1 and MafB are likely to enhance β-crystallin in
the fiber cells while the functions of Pax6, c-Maf and MafB in the lens epithelium need to be addressed. Asterisk (*) indicates the speculative events.
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binding sites to which Pax6 can bind directly (Cvekl et al., 1994).
EMSA analysis has further revealed that USF and CREB/CREM
proteins bind to the respective sites present in the regulatory region
of this gene. Thus, it has been demonstrated that Pax6 regulates
αA-crystallin gene in concert with USF and CREB/CREM in lens
cells (Cvekl et al., 1994). We assume that this regulation persists
at the earlier phase of αA-crystallin expression when L-Maf pro-
teins continue to accumulate to a significant level. Pax6 and Sox2
in the lens placode may also form an active complex to initiate αA-
crystallin, by a mechanism similar to the induction of δ-crystallin
expression. However, expression of αA-crystallin, which is de-
tected at a high level in developing lens, is thought to be mainly
regulated by L-Maf directly. L-Maf is highly expressed in these cells
before the onset of αA-crystallin expression, and L-Maf has been
shown to enhance reporter activity through the αCE2 sequence,
one of the two enhancer elements of the αA-crystallin gene
(Matsuo and Yasuda, 1992), as well as to bind specifically to this
αCE2 sequence. Misexpression of L-Maf in cultured retina cells
has been shown to lead to abundant expression of αA-crystallin
(Ogino and Yasuda, 1998). In cultured cells, L-Maf has been found
to be unable to enhance the activity of a reporter containing six
copies of the αCE2 core sequence that had been determined to be
the L-Maf binding site, indicating that L-Maf induction of αA-
crystallin expression also requires the binding of another factor to
a neighboring site in the αA-crystallin promoter/enhancer (Yoshida
and Yasuda, 2002). Since we previously showed that two en-
hancer elements, αCE1 and αCE2, direct the expression of the αA-
crystallin gene (Matsuo and Yasuda, 1992), and that a ubiquitously
expressed transcription factor, CP2, can bind to the αCE1 element
(Murata et al., 1998), it is likely that L-Maf and CP2 function
synergistically to activate the αA-crystallin gene and contribute to
the high lens expression of this gene (Fig. 4B). In this case, it is
possible that CP2 and L-Maf bind to the respective sites and
cooperatively favor the recruitment of other necessary factors to
the promoter of αA-crystallin gene.

We also found that c-Maf is more active than L-Maf in activating
luciferase activity driven by the αCE2 element of αA-crystallin
enhancer (Yoshida and Yasuda, 2002), suggesting that, unlike L-
Maf, c-Maf can independently activate αA-crystallin in lens cells.
This is supported by our finding that misexpression of L-Maf
induces αA-crystallin expression in a wider domain, one in which
Sox2 is absent but CP2 is present (N.S. and KY, unpublished).
Prox1, which is abundantly present in the developing lens cells
beginning at the placode-invaginating stage, may also regulate
αA-crystallin expression in the chick.

 In both the chick and mouse, Sox1 was found to be first
expressed at the lens vesicle stage, and its expression during
development was observed to persist, even after the disappear-
ance of Sox2 (Nishiguchi et al., 1998; Kondoh, 1999). Sox1-
knockout mice exhibit phenotypes resembling microphthalmia and
cataracts, with a loss of γ-crystallin expression. In these mutant
mice, elongation of posterior fiber cells is arrested and the lens
cavity remains empty, resulting in a hollow lens (Nishiguchi et al.,
1998), suggesting that Sox1 induces expression of γ-crystallin. In
the chick, Sox1 may regulate αA-crystallin expression by a similar
mechanism.

 The β-crystallins are expressed much later during lens devel-
opment. These proteins are detected in differentiated fiber cells of
developing lens, at stages when Sox2 expression declines but L-

Maf, c-Maf and MafB are present, along with Sox1. Misexpression
of L-Maf activates βB1-crystallin expression (Ogino and Yasuda,
1998), indicating that L-Maf may regulate βB1-crystallin expres-
sion in fiber cells (Fig. 4B). By contrast, it has been found that Pax6
binds to the promoter sequence of the chick βB1-crystallin gene
and represses its activity (Duncan et al., 1998), a finding consistent
with the later expression pattern of Pax6, which is confined to the
lens epithelium where βB1-crystallin is not expressed. A very
recent work demonstrates that c-Maf and MafB proteins regulate
βB1-crystallin in lens fiber cells and Pax6 represses its expression
in lens epithelium (Cui et al., 2004).

 Prox1 has been shown to be essential for the terminal differen-
tiation of lens fiber cells in mice (Wigle et al., 1999). In Prox1-
homozygous mutant mice, lens cells fail to polarize and elongate
properly, resulting in a hollow lens characterized by the abrogation
of the later expressed fiber-specific genes, γB- and γD-crystallins.
Recent findings show that Prox1 expression is redistributed during
fiber cell differentiation, remaining for long periods in the nuclei of
the cells that undergo denucleation (Duncan et al., 2002). These
findings suggest a possible role for Prox1 in the regulation of later
expressed β-crystallin in chick lens fiber cells (Fig. 4B). Prox1
binding to the promoter of chick bB1-crystallin and thereby regulat-
ing its expression has recently been obtained (Cui et al., 2004).
Using cell lines, Prox1 was shown to activate γ-crystallin expres-
sion through the responsive element located between nt–151 and
nt–174 of the gene promoter (Lengler et al., 2001), suggesting that
Prox1 may exert some regulatory effects on later expressed
crystallins, including β-crystallin, in the chick.

Neural retina: a source of signaling factors essential for
continued differentiation of lens fiber

As described above, the optic vesicle has been shown to be a
source of the initial signals of lens induction. At later stages,
however, when the optic cup has been formed and posterior cells
in the lens vesicle undergo extensive differentiation, reciprocal
signaling becomes important for correct formation of both the lens
and retina (Coulombre and Coulombre, 1964). The differential
expression pattern of BMP4 at different stages suggests it has
multiple roles during eye development (Trousse et al., 2001; Faber
et al., 2002). At stage 24, BMP4 expression is extremely localized
to the dorsal region of the neural retina, covering the marginal tip.
A recent study shows that optic cup formation is arrested, however,
lens-fiber differentiation is partially affected when exposed to high
level of exogenous BMP4 (Hyer et al., 2003), suggesting that
optimum level of BMP4 is essential for normal development of optic
cup and neural retina, which in turn maintains necessary signaling
between lens and retina required for proper lens morphogenesis.

Like BMP4, other members of the TGFβ superfamily may also
participate in lens fiber differentiation. Overexpression of TGFβ1 in
transgenic mice lens was shown to result in opacity similar to
cataract (Srinivasan et al., 1998), and TGFβ was found to produce
cataractous changes in rat lens cell cultures (Gordon-Thomson et
al., 1998). The members of the TGFβ family mediate their effects
through TGFβ receptors Types I and II, both of which are abun-
dantly expressed in developing lens fiber cells, primarily in the
transition zone where the differentiation and elongation of fiber
cells occur. Blocking of TGFβ receptor activity in the lens subse-
quently inhibits the TGFβ signaling pathway, which results in
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nuclear cataracts associated with altered expression of fiber-
specific genes in transgenic mice (Gordon-Thomson et al., 1998).
All these observations suggest the importance of TGFβ signaling
in lens fiber differentiation.

 FGF is another signaling molecule that regulates lens fiber
differentiation (Schulz et al., 1993; Lang, 1999; Vogel-Hopker et
al., 2000; Le and Musil, 2001). Targeted expression of FGF1/4/7/
8/9 under the control of lens specific αA-crystallin exhibits ectopic
fiber differentiation in mouse lens (Robinson et al., 1995; Lovicu
and Overbeek, 1998). Exogenous application of FGF8 protein
activates L-Maf expression in chick (Vogel-Hopker et al., 2000).
Analogously, several members of the FGF receptor family are
expressed in the lens lineage (de Iongh et al., 1996, 1997), and
delayed fiber differentiation has been documented in Tfr7-trans-
genic mice expressing dominant-negative FGF receptors (Chow
and Lang, 2001). Taken together, these results clearly show the
importance of FGF8 at different stages of lens fiber differentiation,
but the distinct functions of FGF signaling in proliferation and
differentiation during lens development remain to be determined.

Conclusions

The detailed study of lens development in various species has
substantially advanced our understanding of this process. Experi-
mental data suggest that an ordered genetic network controls the
molecular events that are indispensable for making a healthy
lens. Homologous genes have been shown to exert very similar
but not identical effects in all species, indicating that the rudimen-
tary lens induction program follows a common genetic pathway.
We have identified several genes essential for lens development
and we have begun to elucidate the role of each in the develop-
ment pathway. Many as yet unidentified genes, however, remain
to be determined, as demonstrated by cDNA microarray analysis
of transcripts derived from the lenses of transgenic mice
overexpressing Pax6 in lens fiber (Chauhan et al., 2002).

The involvement of each member of a gene family associated
with lens development also remains to be determined. Each of
these genes may be regulated at different stages of development,
or each may regulate the expression of different downstream
genes. For example, both L-Maf and c-Maf are expressed in the
lens placode at early stages of chick lens development, but at later
stages, L-Maf expression is confined to fiber cells while c-Maf
expression is restricted to the epithelium. During mitosis, the
intrinsic properties of some cells can segregate protein determi-
nants to one of the two daughter cells, thus determining the fate
of the cell. Therefore, it will be of great interest to determine the
factors precisely regulating asymmetric cell division in the germi-
native zone, such that L-Maf and c-Maf are differentially localized.

Many such questions remain. In addition to transcription fac-
tors, signaling proteins have emerged as potent determinants of
lens formation. The molecular interactions between these se-
creted proteins and transcription factors are largely unknown.
Continued research will determine each step in each regulatory
pathway, thus improving our understanding of the molecular
mechanisms of vertebrate lens morphogenesis.
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