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Regulation of gene expression by Pax6 in ocular cells:
a case of tissue-preferred expression of crystallins in lens
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ABSTRACT Lens development is an excellent model for genetic and biochemical studies of
embryonicinduction, cell cycle regulation, cellular differentiation and signal transduction. Differen-
tiation of lens is characterized by lens-preferred expression and accumulation of water-soluble
proteins, crystallins. Crystallins are required for light transparency, refraction and maintenance of
lens integrity. Here, we review mechanisms of lens-preferred expression of crystallin genes by
employing synergism between developmentally regulated DNA-binding transcription factors:
Pax6, c-Maf, MafA/L-Maf, MafB, NRL, Sox2, Sox1, RARB/RXRpB, RORa, Prox1, Six3, yFBP-B and HSF2.
These factors are differentially expressed in lens precursor cells, lens epithelium and primary and
secondary lens fibers. They exert their function in combination with ubiquitously expressed factors
(e.g. AP-1, CREB, pRb, TFIID and USF) and co-activators/chromatin remodeling proteins (e.g. ASC-
2 and CBP/p300). A special function belongs to Pax6, a paired domain and homeodomain-containing
protein, which is essential for lens formation. Pax6 is expressed in lens progenitor cells before the
onset of crystallin expression and it serves as an important regulatory factor required for expression
of c-Maf, MafA/L-Maf, Six3, Prox1 and retinoic acid signaling both in lens precursor cells and the
developing lens. The roles of these factors are illustrated by promoter studies of mouse aA-, aB-,
yF- and guinea pig {-crystallins. Pax6 forms functional complexes with a number of transcription
factors including the retinoblastoma protein, pRb, MafA, Mitf and Sox2. We present novel data
showing that pRb antagonizes Pax6-mediated activation of the aA-crystallin promoter likely by

inhibiting binding of Pax6 to DNA.
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Introduction

The developing eye is an excellent model to understand many
important biological problems including embryonic induction, sig-
nal transduction, cellular differentiation, cellular migration and
apoptosis. The eye contains tissues with various levels of complex-
ity. The lens is comprised of one cell type, epithelial (precursor)
cells and terminally differentiated lens fiber cells. In contrast,
neuroretina contains seven major cell types (rod and cone photo-
receptors, amacrine, bipolar, ganglion, horizontal and Muller cells),
with amacrine, bipolar and ganglion cells presentin many varieties.
Both tissues, lens and retina, have to form in precise temporal/
spatial regiments, otherwise the optical function of the eye would be
compromised. Both natural visual systems and cameras follow the
laws of optics. Cameras are manufactured from isolated compo-
nents and assembled together at once. In contrast, eyes are
formed through a series of interactions between cells of different
embryonic origins resulting in the establishment of various lineages

of ocular precursor cells. Ectodermal cells from the head surface
will give rise to the lens and corneal epithelium. Neuroectodermal
cells form the retina and part of the iris. Neural crest cells form a
portion of cornea and iris and trabecular meshwork. Upon receiving
signals in the form of secreted molecules from either surrounding
and/or more distal cells, the individual precursor cells undergo
terminal differentiation forming specific ocular tissues. At the
genetic level, eye development is governed by selective imple-
mentation of specific transcriptional programs establishing and/or
accompanying individual physiological states of the cells including
cell growth and division, cell lineage commitment, terminal dif-

Abbreviations used in this paper: CRE, cAMP-responsive element; HD,
homeodomain; MARE, Mafresponsive element; PD, paired domain; PD(5a),
alternatively spliced paired domain; pRb, retinoblastoma protein; RARE,
retinoic acid responsive element; RT-PCR, reverse transcriptase-polymerase
chain reaction.
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ferentiation, changes of mutual cell position and long-range
migration and apoptosis. Gene-specific transcriptional activation
combined with gene-specific repression play major roles in estab-
lishing distinct cellular phenotypes by the virtue of selecting such
genes that are needed for specialized function of individual ocular
cells and tissues. Lens would be marked by the expression of
proteins required for its transparency and light refraction and
unique shape of lens fiber cells, while retinal photoreceptors
would require expression of light sensitive rhodopsins and a
number of enzymes associated with light transduction.

Numerous studies in the area of eye development and gene
regulation provide evidence that a single gene, Pax6, plays
essential roles in the developing eye, though it is also expressed
outside of the eye, i.e. in the developing brain, olfactory, pituitary,
pancreas and spinal cord (for a review, see Simpson and Price,
2002). Pax6 plays cell-autonomous roles in the lens (Quinn eza/.,
1996; Collinson ez a/, 2001) and both cell-autonomous and non-
cell autonomous functions in other ocular cells (Collinson et a/,
2003;2004). The current data on specific functions of Pax6 during
ocular development are consistent with the hypothesis that tis-
sue-restricted roles of Pax6 originate from its interactions with
tissue-restricted (e.g. c-Maf, AP-2a and Sox2) and ubiquitously
expressed (e.g. pRb and TFIID) transcription factors (see below)
and by the ability of Pax6 to regulate expression of a number of
other transcription factors including c-Maf, MafA/L-Maf, Six3 and
Prox1 (Ashery-Padan et a/, 2000; Sakai ef a/, 2001; Goudreau
et al, 2002; Reza et al,, 2002)

Human PAX®6 locus is located on chromosome 11p13 and
mouse Pax6 locus is located on a syntenic region of chromosome
2 (see van Heyningen and Williamson, 2002). A single wild type
PAX6/Pax6 allele is not sufficient for normal eye development in
human, mouse and rat implicating haploinsufficiency. Rodents
harboring mutated Pax6 alleles are comprised of: spontaneously
deleted alleles, including mouse Se)”® and Sey”’ (for a review,
see Glaser er a/, 1995) and rat rSey (Matsuo er a/, 1993),
chemically-induced mutations, including mouse Pax6 1t 10 Neu
(Ehling et a/, 1982; Favor et al, 2001), engineered disruption of
Pax6 locus in mouse embryonic stem cells combined with inser-
tion of a /acZ (St-Onge et al,, 1996) and foxed Paxé allele used
for conditional inactivation of Pax6 (Ashery-Padan er a/, 2000).
These animal models provide excellent opportunities for under-
standing Pax6 function /7 vivoin the eye and elsewhere.

In humans, heterozygous mutations in PAX6 cause a diverse
spectrum of ocular abnormalities (see Prosser and van Heyningen,
1998; and van Heyningen and Williamson, 2002) and subtle
changes in the olfactory system and brain (Sisodiya er a/,, 2001;
Ellison-Wright er a/, 2004). Nearly 80% of human PAX6 muta-
tions result in typical aniridia (for a review, see Prosser and van
Heyningen, 1998). The hallmark of aniridia is iris hypoplasia,
often combined with cataracts, corneal abnormalities, glaucoma,
nystagmus and foveal and optic nerve hypoplasia (see Nelson er
al,, 1984, Hittner, 1989). About 10% of mutants involve regulatory
mutations (Lauderdale er a/, 2000; Kleinjan et a/, 2001). In
contrast, in about one half of the remaining 10% cases, missense
mutations generating single amino acid substitutions cause less
severe phenotypes, e.g. foveal hypoplasia, Peters’ anomaly (i.e.
presence of the corneal-lenticular stalk), congenital cataracts and
autosomal dominant keratitis (see Prosser and van Heyningen,
1998; van Heyningen and Williamson, 2002). However, identical

mutations may or may not behave similarly, even among family
members (Sale ef a/, 2002). A rare case of a human PAX6
compound homozygote resulted in anophthalmia and severe
brain defects lethal after birth (Glaser ez a/, 1994).

Pax6 is a member of an evolutionary conserved Pax family of
genes (for reviews, see Gruss and Walther, 1992; Mansouri ef a/,
1999; Chi and Epstein, 2002; Simpson and Price, 2002) that control
pattern formation, cellular proliferation and differentiation and in
specific instances also cellular migration and apoptosis during mam-
malian development. They are likely required for tissue maintenance
in adults (Zhang eraf.,, 2001), for formation of adult corneal stem cells
(Collinson et al, 2004) and for response to tissue injury (Sivak eta/,
2004; Zaniolo er a/, 2004). The Pax genes (Pax1 to Pax9) encode
a 128 amino acid DNA-binding domain, the paired domain (PD) (see
Grussand Walther, 1992). Pax3, 4, 6 and 7 also contain a paired-type
homeodomain (HD). Alternative splicing of mMRNAs encoding Pax
proteins was observed with Pax2, Pax3, Pax5, Pax6, Pax7 and Pax8
(Dressler and Douglas, 1992; Kozmik et a/, 1993; Epstein ef a/,
1994b; Vogan etal, 1996; Kozmik etal, 1997; Jaworski etal, 1998;
Lowen et a/, 2001). Alternatively spliced Pax proteins possess
different functional properties (Kozmik et a/, 1993; Epstein et a/,
1994b; Kozmik er a/, 1997; Singh et a/, 2001; Chauhan ef a/,
2004a).

Here, we review the molecular structure and the expression
pattern of Pax6 in the eye. Major focus is placed on models of
Pax6-mediated regulation of crystallin gene expression in lens.
Functional interactions of Pax6 with other transcription factors,
including large Maf proteins, Sox proteins and retinoic acid
activated nuclear receptors appear to be critical for tissue-pre-
ferred expression of crystallin genes in lens. Finally, we present
novel data supporting functional significance of Pax6 interaction
with the retinoblastoma protein, pRb.

Biochemistry of Pax6: binding to DNA and transcrip-
tional regulation

The molecular structure of Pax6 proteins is critical to under-
stand their biological activity. The paired domain (PD) can be
structurally and functionally separated into two independent DNA-
binding subdomains, PAl and RED (Czerny et a/, 1993; Epstein
er al, 1994b; Jun and Desplan, 1996). Mammalian Pax6 genes
encode predominantly two forms of the Pax6 protein (see Fig.
1A), Pax6 (p46) and Pax6(5a) (p48) (Carriere et al, 1993;
Richardson et a/, 1995; Zaniolo ef a/., 2004). Additional shorter
forms, p43, p33 and p32, are less abundant, mostly localized in
the cytoplasm and have not been functionally characterized
(Carriere et al, 1993; Jaworski et a/, 1998). Pax6 contains a
canonical 128 amino acid PD (Epstein efa/,, 1994a). In contrast,
Pax6(5a) contains a 14 amino acid insertion within the PAI
domain forming a distinct paired domain, PD5a. The insertion
destructs the DNA-binding capacity of the PAI subdomain, leav-
ing the RED subdomain and HD for DNA recognition (Epstein ef
al, 1994b; Kozmik et al., 1997). Consequently, these two Pax6
variants recognize different DNA sequences with three proto-
types illustrated in Fig. 1B. Additional permutations of Pax6- and
Pax6(5a)-binding sites are possible as each PAI, RED and HD
can independently bind to DNA (Czerny et a/, 1993; Wilson ez al.,
1993; Czerny and Busslinger, 1995; Jun and Desplan, 1996). The
“founding” Pax6-binding sequence, known as P6CON (Epstein ef



al., 1994a; Fig. 1B), is a bipartite region of 20 base pairs with its
5'-half recognized by the PAI subdomain and its 3'-half recog-
nized by the RED subdomain (Czerny et a/., 1993; Epstein et al.,
1994a). P6CON was derived as an “optimal” binding site deduced
from a series of enrichments for high affinity binding oligonucle-
otides from an initial pool of random oligonucleotides (Epstein e
al, 1994a). Similarly, “optimal” binding sites were identified for
PD(5a) and HD, called 5aCON and HDCON (Fig. 1B), respec-
tively (Epstein ezal/., 1994b; Czerny and Busslinger, 1995). Other
Pax proteins interact with similar but non-identical sequences
(Fig. 1B) (Czerny et al, 1993; Epstein ef al, 1994a,b; Epstein ef
al,1996; Vogan et al,, 1996; Kalousova era/1999; Fujitani et al,,
1999). P6CON is recognized by monomeric PD (Epstein et a/,
1994a). In contrast, 5aCON can bind up to four PD5a units
(Epstein et al, 1994b; Kozmik er a/, 1997). Comparison of
sequences selected for PD and PD(5a) revealed partial sequence
homology between 3'-half of P6CON and 5aCON, as only 5aCON
but not P6CON is strongly recognized by the RED subdomain.
Further characterization of binding of Pax6é PD and PD(5a) to
P6CON revealed a dominant role of the PAI over the RED
subdomain in selection of the “optimal” P6CON (Epstein et a/.,
1994b; Duncan ef a/, 2000b). The crystal structure of Pax6 PD
complex with a fragment of P6CON established direct contacts
between both PAI and RED subdomains, the linker region be-
tween PAI and RED subdomain and the N-
terminal B-turn subdomain with individual
bases and phosphate residues of cognate A
DNA (Xu et al., 1999) as depicted in Fig. 1C.
Studies of Pax6 HD binding to DNA re-
vealed cooperative binding of two HDs to a
symmetric binding site containing two sym-
metric binding motifs, ATTA, each found in

a number of binding sites recognized by B
other HD-containing proteins (Wilson et a/,
1993). Crystallographic analysis of HD
dimers pointed to a serine residue in the
third helix of HD promoting this cooperativity
(Wilson eral,1995). Biochemical and struc-
tural studies of Pax6 and other Pax proteins
serve as essential tools to understand mo-
lecular mechanism of various missense and
nonsense human PAX6 mutations (Singh e#
al, 1998; Singh et a/, 2001; Mishra et al.,
2002; Chauhan et a/,, 2004a,b)

Although isolated Pax6 PD, PD5a and HD C
canindependently interactwith DNA, the DNA-
binding properties of full length Pax6 and
Pax6(5a) proteins show increased complexity
as functions of the PAI subdomain are influ-
enced by the RED subdomain and functions
of the HD are affected by the PD and vice
versa. Early evidence for a cooperativity be-
tween Pax6 PD and HD has been shown in
the promoter of neural cell adhesion molecule
L1 (Chalepakis et al, 1994). Cooperative in- Y
teractions between PAl and RED subdomains 546 Ks2
of the PD and HD were established for a
number of Pax proteins (Jun and Desplan,
1996). Functional analysis of two Pax6 mis-
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sense mutants, R26G and R128C, in transient reporter assays
revealed that both PAI and RED subdomains of the PD could
negatively regulate transactivation of both Pax6 and Pax6(5a) de-
pending onthe DNA-binding site used, P6CON or 5aCON (Yamaguchi
et al, 1997). More recent studies of human PAX6 and PAX6(5a)
missense mutants, including G18W, R26G, A33P, S43P, G64V,
187R, V126D and R128C, confirmed that mutations located in PAI
subdomain influenced functional properties of Pax6 proteins bound
to 5aCON sequences, although this site is only recognized by the
RED subdomain (Chauhan er a/, 2004a). Similarly, mutations in
RED subdomain influenced transcriptional activation from P6CON-
driven promoters (Chauhan eza/, 2004a), although RED subdomain
could not bind alone to PE6CON (Epstein ef a/, 1994b). Studies of
missense mutants in the PAl subdomain also negatively affected the
HD function (Mishra ef a/, 2002). In addition, both deletions and
missense mutations within the Pax6 activation domain influence
Pax6 HD function (Singh er a/, 1998; 2001). In summary, the
conformation of Pax6 as well as other Pax proteins bound to DNA
cannot be completely derived from the structure of their individual
subdomains. In addition, presence of transcription factors bound
nextto Pax proteins, including members of Sox and Ets families, may
significantly influence their DNA recognition (Fitzsimmons er a/,
1996; Bondurand et a/, 2000; Kamachi et a/,, 2001; Garvie et al,
2001; Lang and Epstein, 2003).
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Fig. 1. Schematic representation
of functional domains in Pax6 and
Pax6(5a) and their “optimal” DNA-
binding sites. (A) Pax6 and Pax6(5a)
differ in a 14 amino acid insertion in the
PAlsubdomain. (B) “Optimal” DNA-bind-
ing sites for Pax6 PD, PD5a and HD.
PE6CON sequence generated by selec-
tion procedure (Epstein et al., 1994a) is
compared to a consensus binding site
for Pax2/5/8 (BSAP) derived from natural
binding sites (Czerny et al., 1993). Note
that 5aCON site contains 4 binding sites
for PD5a. The “optimal” binding site of
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Pax6 HD is a dimer with typical HD binding sequences (ATTA/TAAT) separated by three nucleotides,
(G/T)CG (Czerny and Busslinger, 1995). (C) Contacts between individual amino acid residues and
PECON deduced from crystallographic studies (Xu et al.,

1999). HTH, Helix-turn-helix.



eye, in olfactory epithelium, pancreas,
pituitary, brain and spinal cord, are re-
viewed elsewhere (see Mansouri et al,
1999; Chi and Epstein, 2002; Simpson
and Price, 2002). Pax6 expression was
found in the surface ectoderm, which will
give rise to the lens and in the optic
vesicle (Walther and Gruss, 1991;
Grindley et a/,, 1995). Pax6 expression
is required for further eye development
since Pax6 null mice neither form a lens
placode nor an optic cup and Pax6 het-
erozygotes exhibit delayed lens placode
induction (Van Raamsdonk and Tilgham,
2000). Pax6 heterozygous lenses are
smallerin size due to the absence of one
round of cell division in the early lens
(Van Raamsdonk and Tilgham, 2000).
Pax6 is expressed highly in proliferating
cells of lens epithelium, while its level in
differentiating lens fiber cells is reduced
(Walther and Gruss, 1991; Grindley et
al., 1995; Richardson er al/, 1995;
Duncan eral/,, 1998; Zhang efal., 2001).
In parallel, the surface ectoderm overly-
ing the lens is induced to form the cor-
neal epithelium expressing high levels
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Molecular studies have shown that the entire C-terminal region
of Pax6 (see Fig. 1A), rich in serine, threonine and proline
residues (Glaser et al., 1994), is required for full activation (Tang
et al, 1998; Singh et a/, 1998; Duncan et a/, 2000a; Mikkola ef
al, 2001b). The transcriptional activation domain of PAX6/
PAX6(5a), when fused to the GAL4 DNA-binding domain and
compared to the GAL4 activation subdomain, exhibits about 25%
of the activity of a strong transcriptional activator (Glaser ef a/.,
1994, Czerny and Busslinger, 1995). The Pax6 activation domain
is phosphorylated (Carriere et a/., 1993). Two types of kinases
were implicated, ERK and p38 kinases, but not INK (Mikkola e#
al, 2001b). The principal residue, serine 413, is evolutionary
conserved,; if the serine is mutated to alanine, the transcriptional
activity of Pax6 is significantly reduced using an artificial promoter
(Mikkola er a/, 2001b). O-glycosylation of the Pax6 PD was
reported (Lefebrve ef a/, 2002) that might modulate protein-
protein interaction between Pax6 and other proteins. Additional
studies are needed to identify proteins directly interacting with the
Pax6 transcriptional activation domain and establish 77 vivo
functions of its postranslational modifications.

Multiple roles of Pax6 in mammalian eye development
deduced from its expression pattern, Pax6 heterozy-
gous and homozygous phenotypes and transgenic
models manipulating Pax6 and Pax6(5a) expression

Pax6 plays a crucial role in eye developmentin vertebrates and
invertebrates, with mouse and human mutations in Pax6 impair-
ing eye development (see below). The roles of Pax6 outside of the

of Pax6 (Walther and Gruss, 1991;
Grindley er a/, 1995; Koroma et al,
1997). Pax6 expression is essential for
multipotency of retinal precursor cells, as the absence of Pax6
leads to the presence of only amacrine interneurons (Marquardt
et al, 2001). However, only adult retinal ganglion and amacrine
cells express Pax6. A large proportion of the anterior eye segment
is formed from neural crest cells (see Gammill and Bronner-
Fraser, 2003; Cvekl and Tamm, 2004) migrating into the develop-
ing eye that transiently express Pax6 (Baulmann er a/., 2002,
Collinson er a/, 2003). In Pax6 heterozygous eyes, the process
of anterior segment formation is severely impaired as they lack
the Schlemm'’s canal, trabecular meshwork cells remain undiffer-
entiated and display iris hypoplasia and vascularized corneas
(Baulmann er a/, 2002). Corneal epithelium in Pax6 heterozy-
gous is thinner owing to a reduction in the number of cell layers
and exhibiting abnormal adhesive properties (Davis efa/, 2003).
Pax6 is also expressed in conjunctival epithelium (Koroma ez ar/.,
1997), in lacrimal gland (Makarenkova er a/, 2000), in corneal
stem cells (Collinson ef a/, 2004) and in wounded corneal
epithelium (Sivak e a/, 2004; Zaniolo et a/., 2004).

Expression studies done by /7 s/fvzhybridizations (Walther and
Gruss, 1991; Grindley et a/, 1995) or by immunohistochemistry
(Richardson era/, 1995, Koroma era/, 1997, Duncan etal/., 1998)
did not distinguish between Pax6 and Pax6(5a). Analysis of RNA
using RNase protection (Kozmik et a/, 1997) and by RT-PCR
(Chauhan er a/, 2002b) have shown that the ratio of Pax6 to
Pax6(5a) was about 8:1 in the mouse embryo and adult mouse
lens. This result was consistent with western data on lens
(Richardson ef a/, 1995) and retinal (Carriere ef a/, 1993)
proteins showing that Pax6 was more abundant than Pax6(5a).
However, additional RT- PCR studies have shown equal levels of



expression of Pax6 and Pax6(5a) transcripts in the adult human
lens and cornea (Zhang er a/,, 2001), the monkey retina (Zhang
et al, 2001) and the bovine iris (Jaworski et a/, 1998).

The role of Pax6(5a) has been studied by gene targeting to
eliminate the exon 5a (Singh ez a/, 2002). Mice expressing Pax6
but not Pax6(5a) develop a spectrum of ocular and pancreatic
abnormalities. The iris is the most affected tissue and additional
morphological differences were found in the lens, cornea and
retina. Additional copies of the entire 450 kb Pax6 locus were
inserted into the mouse genome and the resulting mice were
analyzed at the morphological level (Schedl ef a/, 1996). An
increased copy number of Pax6 loci, hence regulated as endog-
enous alleles, led to phenotypes similar to Pax6 haploinsufficiency,
e.g. reduced size of the eye and corneal abnormalities (Schedl e
al, 1996). This finding shows that the level of Pax6 expression
has an optimum provided by two normal alleles and any deviation
in both directions impairs normal ocular development.

In summary, expression and transgenic loss-of-function stud-
ies suggest that Pax6 expression is required to control inductive
events forming the lens and cornea, lens differentiation, regula-
tion of neural crest cell migration into the anterior eye segment,
terminal differentiation of the trabecular meshwork cells and
establishment of multipotency of retinal precursor cells. In addi-
tion, Pax6 is needed for the production of corneal stem cells,
formation of multiple layers of corneal epithelium, development of
the lacrimal gland and is involved in remodeling of the wounded
corneal epithelium. Thus, all three transparent ocular tissues,
namely the cornea, lens and retina and “accessory” cells (i.e. iris,
lacrimal gland and trabecular meshwork) undergo a temporal or
indefinite period of Pax6 expression. Utilization of a single gene,
Pax6 and its genetic network, might reflect not only a successful
evolutionary conserved pathway (see Gehring and Iteo, 1999),
but it also provides a number of opportunities for a coordinate
establishment of ocular cell lineages and for synchronization of
their terminal differentiation (see Cvekl and Tamm, 2004).

Genes regulated by Pax6: from crystallins to diverse
batteries of target genes

Identification of genes directly regulated by Pax6 is essential for
understanding eye biology and represents a major challenge in
ongoing research. To show the molecular mechanism of Pax6-
dependent gene regulation, the data have to pass a series of tests
(Chalepakis er a/, 1993). The expression pattern of the Pax6
protein has to precede and overlap the expression pattern of the
mMRNA of its target gene. Regulatory regions of target genes have
to contain at least one Pax6 binding site. Binding of Pax6 to this
region has to be demonstrated both /7 vizro using footprinting and
gel shift assays and /77 vivousing chromatin immunoprecipitations
(ChIPs). Mutation of the Pax6 binding site should affect the
expression level of the target gene in a cell culture experiment
(using a reporter gene), in transgenic mouse and #7 vivo in the
context of the genomic locus.

Crystallins (see below) have emerged as the first group of genes
transcriptionally regulated by Pax6 a decade ago (see Cvekl and
Piatigorsky, 1996). Studies also revealed that Pax6 regulates a
diverse spectrum of genes including transcriptional regulators (e.g.
Six 3, c-Maf and Prox1) (Ashery-Padan et a/, 2000; Goudreau et
al, 2002; Sakai et a/, 2001) and specific cell adhesion molecules
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(e.g. a5pB1 integrins, R-cadherin and L1CAM) (Duncan et al/.,
2000b; Andrews and Mastick, 2003; for a review see Simpson and
Price, 2002). As the present genetic network downstream of Pax6
does not fully explain phenotypes associated with defects in Pax6
expression, novel genes directly controlled by Pax6 have to be
identified. Pax6 targetgenes can be predicted by educated guesses
(Duncan et a/, 2000b) and identified by using high throughput
techniques, e.g. cDNA microarrays (Chauhan er a/, 2002a,c),
differential display (Chauhan et a/,, 2002b) and chromatinimmuno-
precipitations (ChlIPs; see Weinmann and Farnham, 2002).
Paralemmin, molybdopterin synthase sulfurylase, cell adhesion
molecules JAM1 and neogenin and transcription factors Brgl,
Pitx3 and Etv6, were leading novel candidate direct Pax6-target
genes that emerged from the above microarray studies.

Crystallins: multifunctional proteins highly expressed
in lens

Crystallins are defined as water-soluble proteins highly ex-
pressed in lens. They are divided into two families: ubiquitously-
expressed crystallins represented by the a- and By-families and
taxon-specific crystallins represented by proteins found only in the
lens of specific animal phyla. Most taxon-specific crystallins pos-
sess enzymatic activities and are termed enzyme crystallins. Two
members of the a-family, aA and aB, are structurally and function-
ally related to small heat shock proteins (see Horwitz, 2002; Bhat
2003). Extralenticular expression of a-crystallins may provide
protection against various forms of stress (Alge et a/, 2002).
Specifically, aB-crystallin has been shown to inhibit both the
mitochondrial and death receptor pro-apoptotic pathways (Kamradt
etal,2001). In contrast, 14 By-crystallins appear to have a distant
relationship to other proteins (see Wistow, 1995). In addition, the
role of By—crystallins outside of the lens remains to be determined.
The majority of data on crystallin gene regulation is based on
studies of mouse and chicken genes. However, several important
differences between mouse and chick lenses relevant to the
molecular mechanisms of crystallin gene regulation have to be
considered. First, the mouse lens crystallin gene family is com-
prised of crystallins aA, aB, yA-F, yS, BA1-4 and BB1-3. Chicken
lens does not express the yA-F crystallin cluster, or this cluster
does not exists in the chicken genome. In addition to the yS-
crystallin (van Rens ef a/,, 1991), chick lens contains two taxon-
specific 81 and d2-crystallins. Second, d1-crystallin appears firstin
the chick lens placode, followed by - and aA-crystallin expression
during the lens vesicle stage (see Piatigorsky, 1987). In mouse,
aB-crystallin is found in the lens placode, followed by oA -crystallin
at the transition from lens pit to lens vesicle (Robinson and
Overbeek, 1996). The B- and y-crystallins are highly expressed in
differentiating fiber cells (see Wistow, 1995). Third, regulatory
regions of the mouse and chicken crystallins are less evolutionary
conserved than one would expect. For example, a region of 77
nucleotides upstream from the TATA-box containing multiple c/s-
acting elements of the mouse a-crystallin is only 63.6% conserved
between mouse and chicken (Donovan eza/, 1992). Nevertheless,
chicken d1-and &2-crystallin genes, when studied in transgenic
mice, exhibit remarkably high levels of expression in the lens and
low expression in the retina, cornea and cerebellum, recapitulating
the expression of the endogenous &-crystallin gene in the chicken
embryo and adult (Takahashi eza/, 1988). Although earlier studies
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A

B

Fig. 3. Schematic representation of transcript levels encoding aA-

and aB-crystallins in mouse embryonic, neonatal and postnatal lens.
(A) Expression of aA-crystallin. (B) Expression of aB-crystallin. Diagrams
are based onin situ hybridization data from Robinson and Overbeek (1996).
Note that these data are different from protein accumulation that persists
in the entire lens.

of transcription factors suggested the possibility that mouse and
chicken genomes may contain unique genes regulating crystallins,
i.e. L-Maf gene in chicken (Ogino and Yasuda, 1998), it is now
evident that mouse/human MafA is a mammalian homologue of L-
Maf (Benkhelifa er a/, 2001, Olbrot et a/, 2002, Kataoka et a/,,
2002). MafA/L-Maf has a much broader expression pattern in chick
embryo (Lecoin ef a/,, 2004) extending far beyond the lens and
brain (Ogino and Yasuda, 1998).

Role of Pax6 in tissue-restricted and tissue-specific
gene expression

Tissue-restricted and tissue-specific gene expression are gov-
erned by a combinatorial principle: a specific gene is regulated by
a combination of several transcriptional activators both co-ex-
pressed and present in active forms in the given tissue. Expres-
sion of Pax6 in essentially all tissues forming the eye (i.e. lens,
retina, cornea, iris, trabecular meshwork and lacrimal gland),
forebrain and hindbrain/cerebellum, spinal cord, pancreas and
pituitary, suggests, that the number of tissue-restricted factors

needed for lens-specific expression of 15 crystallin genes is
extensive. Indeed, currently known regulatory factors for crystallins
with restricted patterns of expression are Pax6, c-Maf, MafA/L-
Maf, MafB, NRL, Sox2, Sox1, RARB/RXR[, RORa, Prox1, Six3,
yFBP-B and HSF2 (Fig. 2). These factors are differentially ex-
pressed in lens epithelial cells, primary and secondary lens fibers
(see Fig. 2A). They differ in their onset of expression in the
developing lens as shown below. In addition, some regulatory
sites in crystallin promoters can interact with ubiquitously ex-
pressed AP-1, CREB, TFIID and USF transcription factors (Fig.
2B). Some of these factors (AP-1 and USF) are regulated by redox
potential in the cells, with lens cells known for their highly reducing
environment (Piatigorsky, 1992). Regulation of tissue-specific
and tissue-preferred expression by Pax6 in other ocular and non-
oculartissue follows the same combinatorial principle. Partners of
Pax6 may include same or different transcription factors like AP-
2a in the regulation of gelatinase B promoter in the corneal
epithelium (Sivak ez a/, 2004).

These specific DNA-binding transcriptional activators are as-
sembled at the crystallin promoters and at more distal regulatory
regions and play number of specific roles. Their two primary functions
are to overcome the repressive influence of chromatin and to recruit
general transcription factors including the RNA polymerase Il. In
some instances, they also counteract the action of ubiquitously or
tissue-specifically expressed repressor molecules including y-BP-B
(Liu eral,1994) and 0EF1(Sekido eral, 1994). Chromatin-mediated
transcriptional repression is alleviated by reversible acetylations and
methylations of histone tails, by chromatin remodeling, and/or by
nucleosomal displacement. Experimental evidence suggests that a
common co-activator CBP/p300 (Fig. 2A) harboring the histone
acetylase activity (HAT) is involved in crystallin gene expression
(Chen et al., 2002a,b) (see below). Expression of chromatin remod-
eling factor Brgl, a catalytical subunit of mammalian SWI/SNF
complex, was found in the embryonic and newborn lens (Chauhan
eral., 2002c). ASC-2, also termed AIB3, TRBP, RAP250, NRC and
PRIP (Fig. 2A), is a co-activator interacting with histone H3-lysine 4-
specific methyltransferase and its function is also required /7 vivofor
oA-, yD- and yF-crystallins (Kim et a/, 2002). Some of the DNA-
binding factors, e.g. Prox1 (Duncan et a/, 2002), may be regulated
at the level of nuclear/cytoplasmic localization. Finally, lens fiber cell
differentiation is triggered by an exit from cell cycling that is regulated
by the retinoblastoma protein (pRb, Fig. 2B) in conjunction with DNA-
binding factors from the E2F family (Rampalli e¢a/, 1998; McCaffrey
etal.,1999). Lack of expression of pRbinlens interferes with fiber cell
differentiation and crystallin gene expression (Morgenbesser et a/,
1994; Fromm et a/, 1995). Finally, some of these specific DNA-
binding transcription factors have to be connected with specific signal
transduction pathways (FGF, TGFB and BMP) that control lens
development and lens fiber cell differentiation (Fig. 2A) and de-
scribed in this issue (see Beebe et a/, 2004; Chen ef al,, 2004).
Experimental evidence points to the phosphorylation of MafA
(Benkhelifa er a/, 2001) and Pax6 (Mikkola ez a/, 2001b).

Regulation of crystallin gene expression by Pax6 in
combination with a small family of specific transcrip-
tion factors in ocular lens

Over ten years ago, crystallins were shown as the first known
class of genes regulated by Pax6 (see Cvekl and Piatigorsky,



1996). Data accumulated over this period indicate an intricate
complexity of vertebrate crystallin gene regulation (see Duncan ez
al, 2004). Interestingly, recent data have shown thatjellyfish PaxB,
an ancestral Pax gene, regulates expression of invertebrate J3-
crystallin promoter (Kozmik er a/, 2003; Piatigorsky and Kozmik,
2004). The experimental data were mostly collected on mouse and
chicken genes tested in both homologous and heterologous trans-
genic and cell culture systems. Although these studies have been
conducted for over 20 years, we do not have a complete under-
standing of all aspects of their regulation. The ultimate goals of
these studies are as follows: 1. Elucidation of the genomic organi-
zation of crystallin loci that involves defining the genomic region
that is sufficient to drive the expression of the endogenous gene at
alevel comparable to the endogenous locus in a position-indepen-
dent and copy-number dependent manner in transgenic animals.
2. Identification of regulatory regions of the gene and their role in
the embryonic, neonatal and adult lens. These regions control the
tissue-specificity, the temporal and spatial pattern of expression
and quantity of the expression. 3. Dissection of these regions into
individual c/s-regulatory elements and determining their roles. 4.
Identification of a full complement of transcriptional activators and
repressors interacting with c/is-elements. 5. Characterization of
chromatin remodeling processes associated with crystallin gene
activation and repression. 6. Elucidation of quantitative aspects of
crystallin gene transcription involving measurements of crystallin
mRNA turnover and determination of the amounts of mRNA per
lens epithelial and fiber cell. 7. Identification and dissection of
signal transduction pathways in lens cells and their association
with crystallin gene expression. Here, we will review the mecha-
nisms of transcriptional regulation of mammalian aA-, aB-, yF-and
(-crystallins. Studies of chicken crystallins are separately pre-
sented in this issue and were also recently reviewed elsewhere
(see Duncan er al, 2004).

Mouse aA-crystallin is predominantly expressed in the lens.
However, immunological studies
detected the protein at low levels
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tallin and signal transduction pathways triggering fiber cell differen-
tiation (see Beebe ef a/, 2004; Chen et a/,, 2004, this issue). The
posterior cells of the lens vesicle are exposed to different growth
factors including members of FGF and TGFB/BMP families of
factors and Wnt/B-catenin signaling originating from the develop-
ing retina compared to lens anterior cells. Although the mechanism
enhancing the aA-crystallin gene expression in primary lens fiber
cells is at present not known, there are at least two, mutually not
exclusive, possibilities. The first possibility is sequential; the growth
factors impose cellular differentiation through cyclins and their
modulatory kinases, followed by the full activation of transcriptional
machinery responsible for transcription of crystallin genes. The
second possibility involves parallel effects of growth factors on the
regulatory components of the cell cycle and transcriptional machin-
eries.

When the primary lens fiber cells reach the anterior epithelial
cells, the embryonic lens is formed. In parallel, the anterior cham-
ber formation is on its way, as the iris is formed from the peripheral
edge of the optic cup (see Cvekl and Tamm, 2004). The formation
of iris separates the cavity between lens and cornea into the
anterior and posterior chamber and may resultin a redistribution of
gradients of growth factors and the creation of a mitotic zone in the
area of lens epithelial cells, a transitional zone, close to the lens
equator. Lens epithelial cells at the equatorial region undergo
terminal differentiation due to their exposure to specific differentia-
tion signals (see Lang, 1999). Consequently, the lens continues its
growth by adding new layers of “secondary” lens fibers in the
equatorial regions of the lens. In secondary fibers, aA-crystallin
transcripts are highly expressed throughout the remainder of lens
development well into adulthood.

Mouse aA-crystallin gene regulation at the promoter level was
studied in lens culture systems and in transgenic mice (see Sax
and Piatigorsky, 1994; Bhat, 2003; Duncan et a/, 2004). Trans-
genic studies demonstrated that mouse aA-crystallin promoter
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fragments originating from positions -366, -111 and -88 to +46
fused to the chloramphenicol acetyltransferase (CAT) reporter
gene were all highly active in lens fiber cells. Additional shortening
ofthe promoter to a fragment of -60 to +44 resulted in loss of activity
(Sax et al, 1993). It appears that the fragment of -366 to +46 is
active only in lens fiber cells (see Sax and Piatigorsky, 1994),
although its initial study raised the possibility that it was also active
in lens epithelium (Overbeek et a/, 1985). These transgenes
exhibited variability of expression within three orders of magnitude
due to the positional and copy-number dependent effects (Sax et
al, 1993). Multiple sequence alignments of mouse, human, mole
rat, hamster and chicken genomic loci containing aA-crystallin
gene revealed evolutionary conserved regions both 5'- and 3'-of
the gene suggesting the possibility that these regions contain novel
distant control regions (Cvekl er a/, 2002).

Transcription factor binding sites of the mouse aA-crystallin
promoter (see Fig. 4) were identified using site-directed mutagen-
esis and transient transfections in cultured lens cells (Sommer et
al,1988; Nakamura et al., 1989, Donovan et al., 1992, Cvekl etal.,
1995a). These studies identified two regions, a 13 base pair c¢/s
element -110 to -98 and a wider 48 base pair region -87 to -40
(Nakamura er al., 1989, Donovan et a/, 1992). The region of -110
to -98 contains a binding site (MARE) for large members of the Maf
family of transcription factors, e.g. c-Maf (Ring er a/, 2000),
overlapping a functional CAMP responsive element (CRE) (Cvekl
et al, 1995a). The binding of transcription factors from the region
-87 to -40 is less understood. Both /7 vitroand /n vivofootprinting
studies revealed interactions with nuclear proteins (Kantorow ef
al, 1993a). The first identified protein to bind /7 vifroto this region
was a ubiquitously expressed large zinc finger transcription factor
0A-CRYBP1/PRDII-BFI/MBP-1(Nakamura et a/, 1989; Kantorow
et al, 1993b; Brady er a/, 1995). A Pax6-binding site was found
upstream from the TATA-box (Cvekl et a/, 1995a), followed by the
identification of an AP-1 binding site downstream of the TATA-box
(llagan et a/, 1999). Data to establish specific actions of Pax®6,
large Maf proteins, aA-CRYBP1 and AP-1 factors /7 vivo are
currently available only for c-Maf. Three studies of lens in c-Maf null
mice revealed significant reduction of aA-crystallin transcripts
(Kawauchi eral, 1999; Kim eral, 1999; Ring et a/., 2000) that were
linked to the presence of MARE (-110 to -98) in the promoter (see
Table 1). However, deletion/mutagenesis of this site did not elimi-
nate lens-specific expression in transgenic mice (Wawrousek e
al, 1990; Sax er al/, 1993) implying two possibilities. Either
different large Maf proteins, e.g. MafA and NRL, may be involved
in the process, or other MARE sites may exist both within the -88
to +46 fragment or in the novel distant control regions (Cvekl era/,
2002). The role of Pax6 in aA-crystallin also requires further
studies. DNase | footprinting experiments using recombinant Pax6
proteins indicated the presence of two additional binding sites
within the -111 to +46 fragment and at least one upstream binding
site (Cvekl er a/, 2002).

The present data suggest a following model. The relatively low
expression of the aA-crystallin gene in lens pit and lens vesicle is
mediated by lens epithelial transcription factors including Pax6 and
MafB, with possible roles of other factors including CREB. In the
differentiating lens fibers, MafB is replaced by MafA, c-Maf and NRL
with concomitant downregulation of Pax6 (Walther and Gruss, 1991,
Duncan et a/, 1998; Lecoin et a/, 2004) resulting in significant
upregulation of this gene. Recruitment of co-activators CBP/p300

(see above) by a DNA-binding factor c-Maf (Chen eta/, 2002a,b) and
likely by other large Maf factors and Pax6 (Hussain and Habener,
1999) provides a link between activation and repression of the aA-
crystallin locus at the chromatin level. Interestingly, ASC-2 null
lenses exhibit reduced expression of the aA- but not aB-crystallin
(see Table 1). ASC-2 is a transcriptional coactivator of nuclear
receptors, AP-1 and other transcription factors that function in the
lens (Kim et al, 2002). Additional studies of the mouse aA-crystallin
locus including its promoter are required to fully understand regula-
tory mechanisms that account for its temporal and spatial regulation
and links to the fiber-cell differentiation signals.

Although mouse aB-crystallin, like its cousin aA-crystallin, is
predominantly expressed in the lens, its expression outside of the
lens reaches significant levels in the heart, skeletal muscle and
lung and appreciable expression is evident in the brain and kidney
(Bhat and Nagineni, 1989; Dubin ef a/, 1989). In addition, aB-
crystallin is also expressed in the cornea, ciliary body, optic nerve,
extraocular muscle and trabecular meshwork (Tamm eza/, 1996).
More recent studies found specific expression of aB-crystallin in
mouse retina. The expression of aB-crystallin was found in gan-
glion cells, inner and outer nuclear layers of photoreceptors and
retinal pigment epithelium (Li er a/, 2003). /n s/iti hybridizations
(Fig. 3B) detected transcription of aB-crystallin in the lens placode
ofthe E9.5 mouse embryo and equal expression in the anterior and
posterior portions of the lens vesicle at E10.5-11 (Robinson and
Overbeek, 1996). During subsequent stages of lens development,
aB-transcripts were more abundantin lens epithelium compared to
aA-crystallin (Fig. 3). Expression of aB-crystallin is also elevated
in differentiating primary lens fibers as well as in secondary fibers.
Its expression in lens epithelium appears to persist longer than aA-
crystallin expression.

Transgenic studies of the aB-crystallin gene appear to be more
complete compared to those of aA-crystallin. A fragment of 4 kb 5'-
flanking sequence of the mouse aB-crystallin gene fused to the /ac
Z reporter gene was sufficient to reproduce the developmental
pattern of the endogenous gene (Haynes ef a/, 1996). Promoter
fragments from -164 and -115 to +44 were sufficient to activate
CAT reporter expression in transgenic lenses. In contrast, a
fragment -68 +44 was inactive. Positional and copy-number effects
indicated that additional regulatory regions were necessary (Gopal-
Srivastava er a/., 1996). Two regulatory regions, LSR1 and LSR2,
were found in the 5'-flanking region (Fig. 4). Both elements contain
Pax6-sites and RAREs (Gopal-Srivastava et a/, 1996, 1998).
LSR1 also contains two putative MAREs (Chauhan er a/, 2004b,
Yang et al., 2004). LSR2 also contains a Pax6 site overlapping a
putative MARE and a heat shock responsive element (HSE)
(Somasundaram and Bhat, 2000; Yang ef a/., 2004). The /n vivo
evidence supports roles of Pax6 and c-Maf in transcriptional
regulation of the aB-crystallin locus (see Table 1). Both Pax6
heterozygous (Chauhan et a/, 2002b) and c-Maf homozygous
(Kawauchi er al, 1999; Kim er a/, 1999; Ring ef a/, 2000) lenses
contain reduced amounts of aB-crystallin transcripts. The regula-
tion of aB-crystallin by RARB/RXRB may function between E9.5 to
E12.5 as retinoic acid/retinoid signaling is lostin lens by E12.5 and
is Pax6-dependent (Enwright and Grainger, 2000).

Interestingly, the mammalian aB-crystallin loci contain a gene,
HspB2, encoding a protein structurally similar to the aB-crystallin
(lwaki er al, 1997). Transcription of this gene, although not
detected inthe lens, initiates at position -940 relative to the start site



of transcription for mouse aB-crystallin and in the opposite direc-
tion. Since the aB-crystallin contains an enhancer (-427 to -255,
MLH enhancer) activating its expression in lens and non-lens
tissues (e.g. skeletal muscle and heart), it was of general interest
to determine why this “enhancer” operates only with the aB-
crystallin promoter and not a nearby HspB2 promoter. The studies
revealed directionality of the MLH enhancer and suggested the
presence of a genomic boundary element, the insulator
(Swamynathan and Piatigorsky, 2002).

Studies of transcriptional control of seven mammalian y-crystallins
(Dirks eral,1996) also greatly advanced the field of crystallin gene
regulation with the majority of functional studies focused on yF-
crystallin. Recent studies have detected the expression of some
members of By-crystallins in the lens epithelium (M. Kantorow,
personal communication), in different retinal cells (Li ez a/, 2003)
and in the brain and testis (Magabo ef a/, 2000). In mammals, y-
crystallin genes are highly expressed in differentiating primary
fibers. A genomic fragment from -759 to +45 of the mouse yF-
crystallin fused to the /ac Z gene essentially reproduced the
expression of the endogenous gene (Goring ef al,, 1987). Shorter
fragments -171 to +45 and -67 to +45 were expressed in central
lens fibers (Goring et a/, 1993). Cell culture experiments identified
two enhancer-like regions, -392to -278 and -226 to -121(Yu ez al,
1990) and several c/is-elements in the -67 to +45 region (Liu era/,
1991). A retinoic acid responsive element (RARE) was shown in
theregion of-210to -190 interacting with RARB/RXR[ heterodimers
(Tini et a/, 1993) and the retinoic acid receptor-related orphan
nuclearreceptor RORa (Tini etal., 1995). More recently, Pax6- and
Pax6(5a)-binding sites were found next to RARE; Pax6 binding
was required for retinoic acid induced activation of the yF-promoter
(Kralova et a/, 2002; Chauhan et a/, 2004b). A repressor-binding
site capable of interacting with Six3 was found between the
promoter and Pax6 binding site (Lengler e a/, 2001). The repres-
sion of yF-crystallin promoter by Six3 is likely due to the recruitment
of transcriptional co-repressors Grg4 and Grg5 (Zhu ez a/, 2002).
It appears that early expression of Pax6 and Six3 inhibit the yF-
crystallin promoter expression which is mediated by Sox1/2
(Kamachi er a/,, 1995) and large Maf proteins (Civil et a/., 2002)
interacting with a tandem of adjacent binding sites 5'-from the
TATA-box (Yang et a/, 2004). Indeed, in both Sox1 and c-Maf null
lenses, yF-crystallin transcripts were almost eliminated (Table 1).

TABLE 1

SUMMARY OF DIFFERENTIALLY EXPRESSED CRYSTALLINS IN LENSES OF
LOSS-OF-FUNCTION AND TRANSGENIC MODEL S*

Crystallin ASC-2 (DN tg) CREB2/ c-Maf (-/-)  Pax6 (+/-) Prox1 (-/-) Sox1(-/-)
ATF4 (-1-)

aA reduced normal reduced normal normal normal
aB normal ND reduced reduced normal normal
pB1 ND ND reduced normal normal ND
pB2 ND ND no ND ND ND
BA3/A1  normal ND no reduced normal normal
BA4 ND ND no ND ND ND

yB normal ND reduced ND no no

yD reduced ND no ND no reduced
yE ND normal reduced normal normal reduced
yF reduced normal reduced normal normal reduced

* The data were combined from the following references (Chauhan ez a/, 2002b; Kawauchi ez a/,
1999; Kim et al, 1999; Kim etal.,, 2002; Nishiguchi eza/, 1998; Ring efal,, 2000; Tanaka etal., 1998;
Wigle etal,, 1999). Different developmental and adult stages were analyzed in the individual reports.
DN tg, dominant negative transgenics; +/-, heterozygous lenses; -/-, homozygous lenses; ND, not
determined.
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Although sequence homologies between six y-crystallin genes
suggested that they are likely regulated by common factors (Peek
et al, 1990), Prox1 null lenses (Table 1) contained only reduced
amounts of yB- and yD-crystallins but not of yE- and yF-crystallins
(Wigle et al, 1999).

Finally, studies of the enzyme (-crystallin gene expression
provided invaluable data (Lee eta/., 1994, Richardson et a/., 1995;
Sharon-Friling et a/, 1998). The lens-specific 5'-flanking region of
guinea pig {-crystallin gene appears to contain only a single Pax6-
binding site. Site-directed mutagenesis of this Pax6 binding site
abolished lens-specific expression in transgenic mice (Richardson
et al, 1995). Another important regulatory site is MARE, just
upstream from the Pax6-binding site (ZPE), functionally interacting
with the large Maf protein, NRL (Sharon-Friling e a/,, 1998) and
perhaps with other large Mafs. The guinea pig ¢-crystallin differs
from its mouse counterpart in the genomic region harboring MARE
and a Pax6 site that is probably inserted as a result of a transposon
insertion between two nine base pair direct repeats (Lee et a/,
1994). Recruitment of crystallins from preexisting genes due to
modifications in their transcriptional regulatory regions was re-
viewed extensively elsewhere (for reviews, see Piatigorsky, 1992;
Wistow, 1995; Piatigorsky, 2003).

Molecular interactions of Pax6 provides clues into tis-
sue-specific roles of Pax6

Transcriptional studies of Pax6 in conjunction with other DNA-
binding transcription factors described above have revealed that
tissue-specific actions of Pax6 depend on a combination of at least
two principles. Regulatory regions of crystallin promoters are
organized as arrays of specific binding sites, sometimes using a
repetition of motifs to enhance the stringency of regulation. In a
number of crystallin promoters including the mouse aB- and
chicken BB1-crystallins, Pax6-binding sites overlap with MAREs
(Chauhan er a/., 2004b, Cai et al, 2004; Yang et al., 2004). Each
aB-crystallin LSR1 and LSR2 contains a binding site for Pax6, a
MARE and a RARE (Chauhan et a/, 2004b; Yang et a/., 2004).
Chicken &1-crystallin “core” enhancer contains at least three Pax6-
binding sites (Cvekl et a/, 1995b, Kamachi efa/, 2001, Muta et al/.,
2002), interrupted by at least one Sox-binding site (Kamachi eta/,
2001). Adjacent and/or overlapping binding sites for Pax6, large
Maf proteins and other proteins suggest formation of direct protein-
protein interactions between these DNA-binding transcription fac-
tors. Indeed, studies of these interactions in lens and other cells
expressing Pax6 is generating an increasing number of proteins
interacting with Pax6. Biochemical data support direct protein-
protein interactions between Pax6 and Cdx-2/3 in -cells of pan-
creas mediated by p300 (Hussain and Habener, 1999), Pax6 and
Sox2 inlens cells (Kamachi ez a/,, 2001), Pax6 and c-Maf in B-cells
of pancreas (Planque efa/, 2001b), Pax6 and MITF in neuroretina
(Planque ez al, 2001a), Pax6 and pRb in lens (Cvekl ez a/, 1999),
Pax6 and TFIID in lens (Cvekl ez a/,, 1999) and Pax6 and AP-2a in
corneal epithelium (Sivak ef a/, 2004). In addition, Pax6 HD is
capable to functionally interact with a number of HD-containing
proteins co-expressed with Pax6 in ocular and non-ocular tissues
including Six3, Lhx2, Chx10, Prox1, Optx2/Six6, Msx2 and Otx2
(Mikkola et a/, 2001a; Chauhan et a/., 2004b).

Identification of non-DNA binding transcription factors including
transcriptional co-activators and chromatin remodeling complexes
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interacting with Pax6, large Maf and other proteins in lens requires
special attention. Co-activators CBP/p300 directly bind c-Maf
(Chen er a/, 2002b) raising the possibility of Pax6/p300/c-Maf
ternary complex formation similar to the complex Pax6/Cdx2/p300
found in B-cells of pancreas (Hussain and Habener, 1999). Func-
tional data support direct or indirectinteractions between Pax6 and
retinoic acid activated nuclear receptors RARP and RXRp (Kralova
etal,2002; Chauhan efal, 2004b), Pax6 and Pax6(5a) (Chauhan
et al,, 2004b) and Pax6 proteins with MafA/c-Maf (Chauhan et al,,
2004b). A summary of selected protein-protein interactions involv-
ing Pax®6 is given in Fig. 5.

Collectively, the present data demonstrate that Pax6 regulates
the expression of a diverse spectrum of specific DNA-binding
transcription factors (e.g. Six3, Pax2; Prox1, c-Maf, MafA, FoxE3,
ngn2, Mash1l and Math5) (Ashery-Padan er a/, 2000; Blixt et a/,
2000; Brownell et al/, 2000; Schwarz et a/., 2000; Marquardt ez ar.,
2001; Semina et al/, 2001; Goudreau ef a/., 2002; Reza et a/,
2002), forms functional complexes with some of them (e.g. c-Maf
and MafA), autoregulates its own promoter in lens lineage (Plaza
etal, 1993, Grindley et al,, 1995), controls retinoic acid signaling
in the embryonic lens (Enwright and Grainger, 2000) and controls
expression of components of signal transduction pathways includ-

Six3
A FoxE3
Prox1
c-Maf
Pax6 b-HLH{ngn2, Mash1, and Math5)
H Necab
Pax2

RXRB

ing a5B1 integrin (Duncan ez a/., 2000b) and Necab (Bernier ezal,,
2001). Thus, Pax6 is interwoven into a delicate network of pro-
cesses at multiple genetic (Fig. 5A) and biochemical levels (Fig.
5B). As lens development and specific crystallin gene expression
including aB-crystallin is sensitive to Pax6 gene dosage effect
(Chauhan et al, 2002b; Chauhan et a/, 2004b), further studies of
the molecular mechanism of crystallin gene expression in normal
and abnormal lenses are essential for better understanding of
human diseases caused by mutations in A4X6locus.

Interactions between Pax6 and retinoblastoma protein,
pRb

To gain better insight into Pax6 interactions with other nuclear
factors, we tested the roles of Pax6 and pRb (Cvekl efa/, 1999) in
crystallin gene regulation. Using the synchronized mouse aTN4-1
cultured lens cells, we found earlier that the formation of Pax6/pRb
complex is sensitive to the cell cycle with its formation observed
during the G1 phase of the cell cycle. We also found that Pax6
homeodomain (HD) provided the major structural contribution for
the interaction (Cvekl er a/, 1999). Other Pax proteins, Pax3 and
Pax5/BSAP, also bind pRb (Wiggan ef a/, 1998; Eberhard and
Busslinger, 1999). Here, we used the mouse aA-
crystallin promoter fragment -111 to +46 containing
at least one Pax6 binding site (see Fig. 4). A syn-
thetic promoter driven by four E2F binding sites
upstream of the E4 TATA-box (see Fig. 6A) was
used as a positive control for pRb repression (Sellers
et al, 1998). Co-transfection of the mouse oA-
crystallin promoter with PAX6 resulted in 3.2-fold
activation (see Fig. 6A), while co-transfection with
pRb did not affect the promoter activity in C-33Acells
deficient in endogenous pRb (Sellers ef a/, 1998)
and Pax6 (data not shown). Co-transfection of PAX6
together with pRb resulted in a dose-dependent
transcriptional repression compared to PAX6 alone
(see Fig. 6A). These results were supported by
direct identification of a specific PAX6/
hypophosphorylated pRb complex (Cvekl et al,
1999). Next, we performed similar studies with seven
representative human mutated PAX6 proteins G18W,
R26G, G64V, R128C, R242T, R317X and S353X

c-Maf i
Sox2 Pax6
ME RARE | Pax6 | T
(0B, glucagon) (YF) (81)
TFIID @
A "__E’_E“fg’—-ﬂ:-.::"\ Pax6
’ (cA, oB) \
Fig. 5. Pax6 regulates transcription of a variety of DNA-binding transcription

factors and some of these factors biochemically interact with Pax6 proteins. (A) A
summary of currently known genes encoding specific DNA-binding transcription factors
regulated by Pax6 (Plaza et al., 1993; Ashery-Padan et al., 2000; Schwarz et al., 2000;
Marquardt et al., 2001, Bernier et al., 2001; Sakai et al., 2001; Goudreau et al., 2002; Reza
et al., 2002). (B) Protein-protein contacts between Pax6 and other transcription factors

important in gene regulation by Pax6. See text for details.

(Chauhan et a/, 2004a). Five of these mutants
contained single amino acid substitution and two of
them were nonsense mutations. Biochemical prop-
erties of these PAX6 mutants raised the possibility
that they may be abnormally folded (Chauhan et a/,
2004a) and this folding may be “sensed” by other
proteins associated with Pax6, e.g. pRb. To directly
test this hypothesis, we cotransfected the mouse
aA-crystallin promoter together with PAX6 and/or its
mutants and pRb in C33A cells. The results (Fig. 6B)
indicated that specific PAX6 mutants, namely G64V,
R317X, R26G and R242T, lost their abilities to be
repressed by pRb. The data are consistent with our
earlier hypothesis that some mutated Pax6 proteins
are abnormaly folded (Chauhan ef a/, 2004a) and
cannot functionally associate with other proteins,
e.g. pRb, as indicated here.



oA > >
12, 111 +46-lie [ 3 & 5 Sl
10 88 8.8
80 | -
] -
% . 6.1
G .
g ;
s 4 28 26 T r -
2. 1.0 I I 10 13 14
¢ , [=] =] =1 [=] 5 =
i $ £ 58 8§ § 8 £ ¢ 8 § 8 §
§ = g 2 & § © 85 f * & B 8
o — e = = I + 3] ] + ¥ =2
s T ® % oz g Y3 :
[ E' %— ;Y; Rb [a
R | Rb
200ng PaxB
oA E2F
U.A. »
457 111 [ +46-uc
4 36
| 3z, an
3.5 25
34
g 24 24
E 2.5 1 23 T
=
3 2 16
3 |
('S
1.5 4
q4
] 0504 |
95104 I
o+
pEL-2--111+48 PE2Z00 C1E-v\" R2IGG G4V R128C R242T R3ITTH R353X
basic PAI L. RED HD AD AD
PAXS m PAX6 and Rb|
C GST-pRB  GST
_.-‘ -..‘
Specific .. ® ...
binding

Free probe — (i

1 2 3 4 567 8

Finally, we tested whether the Pax6/pRb complex affects DNA-
binding properties of Pax6 /7 vitro. Herein, we incubated recombi-
nant Pax6 with GST-human pRb (pocket A and B) and tested
binding of Pax6 to a P6CON radioactively labeled probe containing

n “optimal” binding site for the Pax6 paired domain (Epstein efa/,
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Fig. 6. Transactivation of the mouse aA-crystallin promoter in the
presence of PAX6, PAX6 mutants and pRb. (A) PAX6-mediated activa-
tion of mouse aA-crystallin promoter is partially reduced by pRb in C-33A
cells. The results with E2F-driven promoter are shown as a positive control.
(B) Retinoblastoma protein, pRb, was used to test PAX6 mutants, G18W,
R26G, G64V, R128C, R242T, R317X and S353X (see Chauhan et al.,
2004a). Shown are the results of cotransfections with PAX6 alone (open
bars) and with PAX6 and pRb (solid bars), respectively. Domain symbols,
B, Bturn; PAl, PAl subdomain; L, linker between PAl and RED,; RED, RED
subdomain; HD, homeodomain, AD, activation domain, see also Fig. 1. (C)
Electrophoretic mobility shift assays showing inhibition of Pax6 binding to
DNA in the presence of pRb. Recombinant GST-Pax6 PD/HD (Duncanetal.,
2000) was incubated with recombinant GST-pRb (pocket A/B) at room
temperature for 10 min followed by the addition of radioactively labeled
probe P6CON as described earlier (Duncan et al., 2000). Control experi-
ments were performed with GST only.

1994a). The outcome of the experiment depended on the order of
the addition of Pax6 and pRb. Preincubation of both proteins in the
absence of DNA resulted in the inhibition of the formation of the
PAX6-DNA complex (Fig. 6C). Addition of GST alone did not affect
Pax6-DNA interaction (Fig. 6C). In contrast, when Pax6 was first
bound to DNA, pRb could not either form a ternary complex - DNA/
Pax6/pRB - nor disrupt the binary complex of DNA-Pax6 (data not
shown). In summary, the present data raise the possibility that the
level of expression of the Pax6 target gene can be modulated by
Pax6 interactions with the retinoblastoma protein, a key regulator
of cell cycle machinery. We propose that some Pax6 target genes
can be regulated in a cell cycle-dependent manner. Since pRb is
essential for /7 vivo terminal differentiation of lens fiber cells
(Morgenbesser et a/, 1994; Fromm et a/, 1994; Maandag ef a/,
1994; Williams eral., 1994), studies in the intersection of Pax6- and
pRb-dependent pathways should provide new molecular insights
into the process of lens formation and crystallin gene regulation.

Concluding remarks

Although molecular studies to understand lens-preferred ex-
pression of crystallin genes, including the mechanism of their
temporal and spatial patterns of expression, have been performed
for more then two decades, we are just beginning to reveal the
details of these processes. Ultimately, studies aimed to elucidate
external signals triggering fiber cell differentiation have to merge
with nuclear studies addressing the structural/functional organiza-
tion of individual crystallin loci and the identification of specific
DNA-binding proteins associated with promoters, enhancers and
other regulatory regions (i.e. silencers and insulators). Another
important aspect of crystallin gene regulation is to understand
which co-activators and chromatin remodeling complexes are
recruited by specific DNA-binding factors to regulate crystallin
promoters. Some of the factors presently known (Pax6, c-Maf,
MafA/L-Maf, MafB, NRL, Sox2, Sox1, RARB/RXR[B, RORa, Prox1,
Six3, yFBP-B, HSF2, AP-1, CREB, TFIID and USF) are the ultimate
downstream targets of signaling pathways active in lens cells (e.g.
c-Maf), while the activities of some of these factors (e.g. AP-1 and
USF) are regulated by the redox state of the cell. Co-activators
CBP/p300 and ASC-2 regulate specific gene activity at the chro-
matin level and pRb may regulate accessibility and activity of Pax6
and other DNA-binding factors. Availability of innovative genetic
and biochemical tools to further dissect lens differentiation will



840 A. Cvekl et al.

result in understanding the temporally and spatially regulated
expression of diverse crystallin genes in the embryonic, neonatal
and adult lens at the molecular level.
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