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Interplay of Pax6 and SOX2 in lens development as a

paradigm of genetic switch mechanisms for cell differentiation
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Graduate School of Frontier Biosciences, Osaka University, 1-3 Yamadaoka, Suita, Osaka 565-0871, JAPAN

ABSTRACT When the cloning era arrived, our first target for cloning was the 87-crystallin gene of
the chicken, the lens-specific gene expressed earliest following lens induction. We have investi-
gated the regulation of this gene with the idea that the mechanism of its activation must reflect
that of lens differentiation per se. We here summarize the investigation carried out in our group
along thisline over the past 20 years. The 37-crystallin gene is regulated by an enhancer in the third
intron, and the specificity of this regulation is governed by a DNA region (called DC5) of only 30
bp DNA bound by two transcription factors. These factors have been identified as SOX1/2/3
(Group B1 SOX proteins, SOX2 being the major player) and Pax6, and have been shown to bind
cooperatively to DC5 and form a ternary complex having a robust potency for transcriptional
activation. Inthe embryo, Pax6 is widely expressedin the head ectoderm before the lens is formed,
and as the optic vesicle comes into contact with the ectoderm, SOX2/3 expression is induced in
the contacted area of the ectoderm, thereby allowing Pax6 and SOX2/3 to meet in the same cell
nucleus, where they can then activate a battery of genes for early lens development including J7-
crystallin. Thus, the cooperative action of Pax6 and SOX2 initiates lens differentiation. More
broadly, SOX1/2/3 interact with various partner transcription factors, and participate in defining
distinct cell states that depend on the partner factors: Pax6 for lens differentiation, Oct3/4 for
establishing the epiblast/ES cell state, and Brn2 for the neural primordia. Thus, the regulation of
S0X2 (and SOX1/3) and its partner factors, exemplified by Pax6, determines the spatio-temporal

order of the occurrence of cell differentiation.
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Prelude

Eye lenses are derived from head ectoderm, being induced by
an effect of the optic vesicle, the retinal primordia extruding from
the embryonic diencephalon. Lens develops as a remarkably
transparent tissue, rich in a group of proteins collectively called
crystallins. Crystallins are excellent molecular markers of lens
differentiation, and have made it possible to study ectoderm-
derived lens development as a paradigm of tissue differentiation.
During the early period of modern cell differentiation studies, when
cell types began to be defined on the basis of specific molecular
constituents of the cells, specific anti-crystallin antibodies provided
the sharpest molecular tools for the analysis of lens differentiation
(Clayton and Truman, 1967; Clayton, 1970). Later, Rot analysis of
crystallin cDNAs became available, and the beautiful work using
this technique done by Shinohara and Piatigorsky (Shinohara and
Piatigorsky, 1976) was the prelude of the real modern age of the
study of lens development. Their work demonstrated that the d1-

crystallin gene is activated soon after the lens is induced in the
head ectoderm by contact with the optic vesicle (retina primordium)
extruding from the diencephalons. This also corroborated earlier
immunochemical observations that d1-crystallinis thefirst crystallin
synthesized in lens development.

The cloning age and d1-crystallin regulation

Then the cloning age arrived. Our first target of gene cloning was
the d1-crystalingene of the chicken, because it was the earliest lens-
specific gene to be turned on afterlensinduction. The idea behind this
was that the mechanism of activating this gene must be deeply
involved in the early process of lens differentiation, perhaps the lens
induction process itself. Once the whole genomic stretch of the gene
for d1-crystalinwas isolated by two groups including us (Bhat, erar,
1980; Jones, efal., 1980; Yasuda, etal, 1982; Yasuda, etal, 1984),
we proceeded to test if the cloned gene in the form of naked DNA
shows cell specificity after introduction into living cells.
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Fig. 1. Expression of the chicken d7-crystallinin mouse lens epithelial
cells detected by immunohistology (Kondoh, et al., 1983). Full-length
d1-crystallin gene was injected into the nucleus of a variety of mouse cells
lacking this gene, and d&1-crystallin expression was detected by
immunohistology. Among the mouse cells in primary cultures, only lens
cells expressed this crystallin strongly, as shown in this figure. The rate
of synthesis of &1-crystallin per gene was comparable between the
injected mouse lens epithelial cells and chicken lens epithelial cells
expressing endogenous crystallins.

The strategy we employed was nuclear microinjection of the
cloned d1-crystallin gene of the chicken into a variety of mouse
cells in primary culture (Kondoh, et a/, 1983), taking advantage of
the fact that mouse lens is devoid of the dZ-crystallin gene, thus
allowing sensitive detection of &1-crystallin expression by
immunochemical means. Expression of the dZ-crysiallin gene
derived from the chicken was highly lens-specific in mouse cells
(Fig. 1), indicating first that genetic elements involved in lens-
specific gene regulation must be presentin the stretch ofthe cloned
gene, and second that the regulatory mechanism for lens-specific
gene regulation must be conserved between the mouse and the
chicken, although the d7-crystalin gene is missing in the mouse.

This was one of the earliest demonstrations that cloned genes
retain the original cell specificity of expression after introduction
into living cells. Lens-specific d1-crystallin expression was later
confirmed in transgenic mice (Kondoh, efa/, 1987; Takahashi, et
al, 1988). This demonstration was also the starting point for
hunting for the lens-specific regulatory sequences associated with
the &Z-crystallin gene.

The transcribed sequence of the o-crystallin gene is 9 kb long
and consists of 17 exons, and the cloned sequence included a 15-
kb-long 5’ flanking sequence and 4-kb-long 3’ flanking sequence.
After several years’ attempts (Kondoh, eta/, 1984; Hayashi, era/,
1985), we came to the clear conclusion that the d-crystalingene is
primarily regulated by the lens-specific enhancer located in the
third intron (Hayashi, er a/, 1987) (Fig. 2).

The enhancer itself is 1 kb long, but its activity is totally
dependent on the core region called DC5, which is only 30 bp long.
The DC5 sequence by itself shows lens-specific enhancer activity,
although it is much weaker than that of the full-length enhancer,
and the lens-specific enhancer activity is clearly demonstrable
using its multimeric forms (Goto, ef a/, 1990; Funahashi, et a/,
1991; Kamachi and Kondoh, 1993).

The first nuclear factor cloned based on its specific binding to the
DC5 sequence was dEF1 (also called ZEB (Genetta, et al., 1994)),
which has two zinc finger clusters and a homeodomain, and which
became the vertebrate founder of ZFHX1 family transcription
factors (Funahashi, eta/, 1991; Funahashi, eza/, 1993). 3EF1 has
activity as a transcriptional repressor (Funahashi, e a/, 1993;
Sekido, et al, 1994; Sekido, ef al, 1997; Furusawa, et a/., 1999),
and may modulate é-crystallinenhancer activity. SEF1 and another
ZFHX1 protein, SIP1, have been shown to have many roles in
embryonic organogenesis (Sekido, er a/, 1994; Higashi, ef a/.,
1997; Takagi, er a/, 1998; Van De Putte, ef a/, 2003).

SOX1/2/3 as activators of crystallin genes

Mutational analysis of the DC5 sequence indicated that there
are two activating nuclear factors, 8EF2 and &EF3, binding to this
sequence next to each other, and the simultaneous binding of
these factors is essential for the enhancer activity (Kamachi and
Kondoh, 1993). Mutations in either one of the two factor binding
sites caused the complete loss of enhancer activity.

A search for dEF2 was done employing the southwestern
cloning strategy, and it was identified as Group B1 SOX proteins
SOX1, SOX2 and SOX3, all of which have analogous amino acid
sequences, and among which SOX2 is the major component
(Kamachi, et a/, 1995; Kamachi ef a/, 1998) (Fig. 2). Any one of
them can activate the DC5 enhancer in lens cells, where the
partner factor 3EF3 must be present, but this activation does not
occur in fibroblasts, where dEF3 is presumably absent. In the lens,
SOX2 is the major molecular species of d3EF2 (Kamachi, et a/,
1995; Uchikawa, ez a/, 1999). Other SOX proteins such as SOX9
or SOX11 do notactivate the DC5 d-crystallim-enhancer, indicating
that OEF2 function is restricted to the Group B1 SOX proteins
(Kamachi, et a/, 1998; Kamachi, er a/, 1999).

The actions of Group B1 SOX proteins are not limited to
activation of the d&-crystallin gene, but are also essential for the
activation of y-crystallin genes in the mouse lens (Kamachi, ez a/,
1995; Nishiguchi, et a/, 1998). y-crystallin promoters have two
conserved sequence motifs for binding of SOX1/2/3 and another
protein initially called y-F1, and the integrity of both motifs is
essential for the activity of y-crystallinpromoters (Lok, eral/.,, 1989;
Liu, er a/, 1991; Kamachi, er a/, 1995). y-F1 has now been
identified as Maf proteins (Ogino and Yasuda, 1998; Kawauchi, e#
al, 1999; Kim, et a/, 1999; Kondoh, 1999), as will be discussed
below.

Pax6 as the partner of SOX1/2/3

The second activating nuclear factor, 3EF3, was rather difficult
to clone, presumably because the binding of SEF3 alone was very
weak (strong binding of 8EF3 might depend on the presence of the
partner factor SOX2). We therefore set up a functional two-protein
interaction assay in yeast cells where reporter genes HIS3 or lacZ
are activated when dEF3 expressed from a cDNA library meets
SOX2 or SOX1inthe same cells. SOX2 or SOX1 proteins were first
expressed in yeast cells, and then lens-derived cDNAs in the form
of fusion constructs with the GAL4 activation domain were
introduced. Inthis assay system, ifthe cDNA for 3EF3isintroduced,
it will activate the selection gene HIS3 with the aid of a SOX protein.
This screen was successful, and dEF3 was identified as Pax6 (Fig.
2). Inyeast cells, SOX1, SOX2 and SOX3 cooperated with Pax6 in
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Fig. 2. Regulation of 7-crystallin gene by cooperative action of Pax6 and SOX2 (Kamachi, etal., 1998, Kamachi, etal., 2001). (Right) Lens-specific
d1-crystallin expression is regulated by the enhancer in the third intron of the gene. The activity of this gene is dictated by the 30-bp DC5 region, which
by itself shows a lens-specific enhancer activity when present as a multimeric form. The DC5 minimal enhancer is regulated by the cooperative action
of Pax6 and SOX2, which bind next to each other at their respective sites in the DC5 sequence. (Left) In the embryo, Pax6 is initially expressed broadly
in the head ectoderm, and contact by the optic vesicle (retina primordium) at stage 11 induces SOX2 (and SOX3 in the chicken) in the same ectoderm
(st. 12). This results in cooperative action of Pax6 and SOX2 at the target sites, and initiates lens development, as indicated by 81-crystallin expression
and lens placode morphogenesis.[Histological images are reproduced from Kamachi et al. (1998), Involvement of Sox1, 2 and 3 in the early ad
subsequent molecular events of lens induction. Development 125, 2521-2532, Fig. 5B with permission from The Company of Biologists Limited.]

the activation of DC5, while other SOX proteins, like SOX9, did not,
confirming the expected specificity of the SEF2-8EF3 interaction
(Kamachi, et al., 2001).

In the DC5 sequence, the binding sites for SOX2 and Pax6 are
adjacent. The SOX2 binding site sequence conforms to the SOX
consensus sequence, while the Pax6 binding site sequence shows
only limited similarity to the Pax6 PD (paired domain) binding
consensus sequence. This results in very weak binding of the Pax6
PD alone to the DCS5 site, with two orders of magnitude lower
affinity than to the Pax6 PD consensus, as assessed by EMSA
(electrophoretic mobility shift assay). However, when a small
amount of SOX2 is included in the reaction, a low concentration of
Pax®6 is sufficient to form a ternary complex with SOX and the DC5
DNA, indicating that Pax6 binds to the DC5 sequence cooperatively
with SOX2 (Fig. 3).

SOX2 and Pax6 not only bind to the DC5 sequence with high
cooperativity, but they activate the enhancer interdependently. In
lens cells, which contain endogenous SOX2 and Pax6, the DC5
minimal enhancer has some activity without exogenous SOX2 or
Pax6, but an exogenous supply of these proteins dramatically
augmented the activation level. In liver cells, which lack these
factors, single addition of SOX2 or Pax6 did not activate the DC5
enhancer atall, and a simultaneous supply of both SOX2 and Pax6

together activated the enhancer to a level comparable to thatin the
lens cells (Kamachi, et a/, 2001). Thus, SOX2 and Pax6, when
they bind to the DC5 sequence as a complex, are sufficient for
activation of the DC5 enhancer.

Interestingly, however, when the Pax6 binding sequence of
DC5 was replaced by the high-affinity Pax6é PD consensus
sequence, the modified DC5 sequence bound Pax6 very well, but
cooperative binding with SOX2 did not occur, and activation of the
enhancer remained very low even at a high concentration of Pax6,
and was totally independent of the presence of SOX2. A separate
experiment revealed that the activation domains of Pax6 and SOX
proteins do not function individually but organize a compound
activation domain. This compound activation domain is highly
potent and responsible for the high level of activation of the DC5
enhancer by Pax6 and SOX2. Thus, by having the unique Pax6
binding sequence deviating from the consensus, the DC5 sequence
organizes the ternary complex with Pax6 and SOX2 into a specific
structure for robust gene activation (Kamachi, ef a/,, 2001).

Combined action of Pax6 and SOX2 in lens induction

How is the cooperative action of Pax6 and SOX2 involved in
early lens development? Lens placode develops from the lateral



822 H. Kondoh et al.

head ectoderm when inductive signals are provided by the optic
vesicle, which makes a transient contact with the head ectoderm.
Even before the occurrence of lens induction, Pax6 is already
expressed in a wide area of the head ectoderm, including the
prospective lens placode region (Li, er a/, 1994, Kamachi, et a/,
1998). Itis well known that Paxémutant heterozygous mice display
a small eye phenotype, and homozygous mutant mice are totally
defective in lens placode induction (Hogan, ez a/., 1986; Hill, ezal.,
1991; Grindley, etal., 1995), and in humans, an analogous genetic
situation causes aniridia (Jordan, et a/, 1992). The optic vesicle
also expresses Pax6, but tissue recombination experiments
demonstrated that Pax6 in the ectoderm is essential for lens
placode development (Fujiwara, ef a/, 1994).

Once the optic vesicle makes contact with the head ectoderm,
the Sox2 and Sox3 genes (in chickens; only Sox2in mice) are
activated in the ectoderm only in the region of contact, and they
immediately initiate synthesis of the encoded proteins. This region
of the head ectoderm expressing SOX2 and Pax6 together gives
rise to the lens placode (Kamachi, ef a/, 1998).

Thus, in embryonic lens development, the induction of SOX2
(and SOX3) in the Pax6-expressing head ectoderm allows SOX2/
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3 proteins to meet Pax6 in the same cell nucleus. This interaction
initiates lens placode development and activates the d7-crystallin
gene. “Lens competence” of the head ectoderm in classical terms
corresponds to Pax6 expression in the ectoderm, and the classical
“lens induction” is actually induction of Sox2/3 expression in the
ectoderm (Kamachi, ez a/, 2001) (Fig. 2).

To confirm that the combined action of SOX2 and Pax6 elicits lens
development starting from placode development, we performed
studies using chicken embryo electroporation. Stage 10 embryos
immediately before the occurrence of lens induction were
electroporated with DNA in the lateral head ectoderm. With Pax6
vector alone, we observed no ectopic crystallin expression, but upon
electroporation of Sox2and Paxé6together, cell clusters expressing
d1-crystalindeveloped in the embryo surface outside of the eye, and
these cell clusters had the characteristics of lens placode: a thickened
epithelial structure with expression of placode markers in addition to
o1-crystallin ((Kamachi, efa/, 2001) and our unpublished data) (Fig.
4). Therefore, the pair of the transcription factors Pax6 and SOX2 not
only activates the o7-crystalin gene, but in fact initiates lens
development starting from the head ectoderm.

Early regulatory cascades of
lens development involving
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Fig. 3. Cooperative binding of Pax6 and SOX2 to the DC5 sequence (Kamachi, et al., 2001).
Comparison of the Pax6 binding site of the DC5 minimal enhancer with the Pax6 PD (paired domain)
binding consensus (top) reveals significant sequence diversification. In electrophoretic mobility shift
assay (EMSA), Pax6 PD in alone binds very weakly to the DC5 sequence (left panel), but in the presence
of SOX2, Pax6 binds to the DC5 sequence with high affinity in cooperation with SOX2 (right panel).
[Adopted from Kamachi et al. (2001), Pax6 and SOX2 form a co-DNA-binding partner complex that
regulates initiation of lens development. Genes & Development 15, 1272-1286, Fig. 2 with permission

SOX2 activity. A genetic element of the
Pax6 gene that function in the
maintenance of Paxéexpressioninthe
lens lineage was identified, and this
element is also activated by the
combination of Pax6 and SOX2 (Aota,
et al, 2003).

Dr. K. Yasuda's group has also
studied crystallin gene regulation,
employing a-crystallin genes as a
model, and has highlighted the
importance of Maf family transcription
factors, L-Maf in particular, in chicken
lens development (Ogino and Yasuda,
1998). Recent work of this group
demonstrated that L-Maf transcription
is activated by the combined action of
Pax6 and SOX2(Reza, ef a/, 2002),
again confirming that the action of the
Pax6-SOX2 pair occurs the furthest
upstream of the cascades of events
leading to lens development (Fig. 5).

Dr. Yasuda'’s group has also found
that once Maf protein genes are

o el 94— SOx2/Paxs
4=Sox2

o= Paxb




Electroporation of chicken head
ectoderm with Sox2 and Pax6é

Ectopic lens placode development

d-crystallin

s P

el

Pax6 and SOX2 in lens devel opment 823

@l \es
\ 2 3 — GFR: %
\ . DNA
st21

Fig. 4. Exogenous expression of Pax6 and SOX2 in the head ectoderm causes ectopic development of lens placode (Kamachi et al., 2001).
Electroporation of chicken embryo head ectoderm (A) with expression vectors for Pax6 and Sox2 resulted in cell clusters expressing 1-crystallin
outside of the eye (B) (arrow), while electroporation with Pax6 vector alone did not have such an effect (C). Histological sections show lens placode-
like morphology of the cell clusters with ectopic d1-crystallin expression (D). [Adopted from Kamachi et al. (2001), Pax6 and SOX2 form a co-DNA-
binding partner complex that regulates initiation of lens development. Genes & Development 15, 1272-1286, Fig. 6 with permission from Cold Spring

Harbor Laboratory Press.]

activated, Maf and SOX1/2/3 proteins cooperate and promote lens
differentiation (Shimada, e a/, 2003). This is consistent with the
previous observations that SOX1/2/3 and Maf (yF-1) binding sites
in the promoters are essential for y-crystallin gene transcription
(Lok, et al, 1989; Liu, et al, 1991; Kamachi, ef a/, 1995) and that
Maf proteins function primarily in the lens fibers (Kawauchi, er a/,
1999; Kim, et a/, 1999; Ring, et a/, 2000; Muta, et a/., 2002).

Lens can arise from adenohypophysis primordium

Initiation of lens development by the cooperative action of Pax6
and SOX2 also accounts for lens differentiation through non-
orthodox pathways, often referred to as transdifferentiation (Okada,
et al, 1979; Okada, 1980). For instance, lenses efficiently
differentiate from embryonic neural retina under culture conditions
(Okada, 1980; Kondoh, eta/, 1987). Thisislikely due toendogenous
co-expression of Pax6 and SOX2.

It is known that Rathke’s pouch, the primordium of the
adenohypophysis, transiently expresses d1-crystallin (Fedtsova,
et al, 1981; Ueda and Okada, 1986; Kamachi, ef a/, 1998). We
noted that Rathke’s pouch simultaneously expresses Pax6 and

SOX2, and hypothesized that this combination of transcription
factors not only activates crystallin genes but potentiates lens
differentiation (Kamachi, ef a/, 1998), and that under certain
conditions the pouch might be able to lens differentiation.

This hypothesis was proven true by analysis of a zebrafish
mutant called you-foo (yoi), which develops isolated lenses from
adenohypophysis primordium without association of retinal tissue
(Kondoh, era/, 2000) (Fig. 6). This mutant expresses a dominant-
negative form of the Gli2 transcription factor that interferes with
hedgehog (Karlstrom, ef a/, 1999). Lens development from
adenohypophysis primordium under the condition of attenuated
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Fig. 5. Early regulatory cascades of lens development involving Pax6 and SOX2. Besides direct
activation of lens-specific genes, the cooperative action of Pax6 and SOX2 also induces another group
of transcription factors belonging to the Maf family (L-maf in the chicken (Shimada, et al., 2003)) and
reactivates Pax6 to maintain its high-level expression in the lens cells (Aota, et al., 2003). Maf and SOX2

(possibly with the participation of Pax6) then activate other lens-specific genes (e.g., y-crystallin in the
mouse (Kamachi, et al., 1995)) and augment d1-crystallin expression (Muta, et al., 2002).
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zebrafish mutants defective in shh
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develops into lens (Kondoh, et al.,
2000; Varga, etal., 2001). [Adopted
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hedgehog signaling was confirmed by analysis of smoothened
zebrafish mutant embryos (Varga, et a/, 2001). Looking into the
literature published in the 60s, we found that embryos of Zapid3
mutant chickens also develop lenses from Rathke’s pouch (Ede and
Kelly, 1964). The fajp/id3 mutant is now known to be defective in
hedgehogsignaling (Lewis, efa/, 1999). Thus, the adenohypophysis
primordium has the potential for lens differentiation owing to expression
of Pax6 and SOX2, but this potential is presumably inhibited by
hedgehog signal derived from surrounding tissues, in particular from
the hypothalamus, and hypophysis differentiation is activated by
expression of hypophysis-proper transcription factors, e.g., Lim3and
Nkx2.2 (Kondoh, et a/, 2000).

Steps of Sox2regulation during lens induction

One of the major issues concerning early lens development
then becomes how the Sox2gene is regulated in the lens lineage.
Before lens induction, SoxZ2is initially expressed at modest levels
in the lateral head ectoderm as an extension of the ventral
expression. Viaan effect of the optic vesicle, strong SoxZexpression
is induced in the lateral ectoderm, leading to lens placode
development. Even stronger SoxZ2 expression is activated in the
fiber cells of maturing lenses. Thus, there appear to be multiple
steps of SoxZregulation.

We sought to define these steps by identifying enhancers
responsible for these individual steps. To this end, we cloned a
wide genomic region encompassing the Sox2gene of the chicken,
prepared a number of small fragments that altogether spanned the
whole region, placed the fragments in a reporter expressing GFP,
and electroporated it into chicken embryos from stage 4 to stage 7.

We then examined the expression of GFP in the embryos as test
for the enhancer activity of the inserted genomic fragment
(Uchikawa, et a/., 2003).

The SoxZgeneitselfis expressed not only inthe lens lineage but
alsointhe CNS. We identified a number of enhancers responsible
for SoxZexpression in various domains of the CNS and in different
stages of lens development, as summarized in Fig. 7.

Early SoxZexpression in the head ectoderm that occurs before
lens induction is accounted for by the activity of enhancer N-4,
which is located roughly 22 kb downstream of the gene and is also
active in the early mesencephalon and the spinal cord. Enhancer
N-3 (responding to the lens induction) is located upstream of the
gene. The same enhancer is active in the diencephalon and the
retina as well. The activity of this enhancerin the lens is short-lived,
and fades very quickly as the vesicular lens develops. Enhancer L,
located further downstream of the gene, supports SoxZexpression
in the lens fiber.

Thus, the three steps of SoxZexpression, modest expression in
the early head ectoderm, augmentation in response to lensinduction,
and further activation later in the lens, are defined by three distinct
enhancers. Each of these enhancers has been narrowed down to
a few hundred base pairs. Identification of the nuclear factors
binding to these enhancers will clarify which signals are directly
involved in the activation of the Sox2gene during lens induction.

We determined the whole nucleotide sequence of the 50-kb
region surrounding the Sox2gene of the chicken, and compared it
with those of the SoxZlocus in the mouse and human genomes.
We observed scattered but linearly arranged islands of sequences,
usually afew hundred base pairs long, that are conserved between
chickens and mammals. Significantly, many of these islands of
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Fig. 7. (Above) Enhancers of the Sox2 gene regulating three different phases of lens development
in the chicken (Uchikawa et al., 2003). Enhancer N-4 is responsible for moderate Sox2 expression in the
ventral half of the head ectoderm before lens induction occurs. Enhancer N-3, which is activated by contact
with the optic vesicle, accounts for the surge of Sox2 expression in the ectodermal area forming the lens
placode, and this enhancer maintains its activity until lens vesicle stage. The third enhancer L, not present
in mammals, activates Sox2 in the lens fiber.
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Fig. 8. (Above) SOX2 regulates distinct target genes in different cell types employing cell-specific
partner factors (Kamachi, et al., 2000). In lens development, Pax6 is employed as the partner of SOX2
(bottom and Fig. 5), while Oct3/4 is the partner in the ES cells and epiblasts of the mouse (top), and Brn2
and other Class Ill POU factors are employed in the neuroectoderm and neural stem cells (middle).

these enhancers identified in the
chicken genome based on functional
criteria are generally conserved in
mammalian genomes.

However, it is interesting to note
that enhancer L is not found in
mammals. The lack of this lens fiber-
specific regulatory element accounts
for the absence of Sox2expression
in the lens fiber cells in the mouse
(Kamachi et a/., 1998).

Partnership among
transcription factors
involving SOX proteins is a
general mechanism of
genetic switches for cell
differentiation

Throughthe series ofinvestigations
described above, we have shown that
the encounter between two
transcription factors, Pax6 and SOX2,
initiates lens differentiation. In normal
development, the encounter between
these transcription factors is
determined by temporal and spatial
regulation ofthe individual transcription
factor genes, and hence by the
activities of enhancers associated with
each of the genes. The Pax6 lens
lineage enhancer initiates Pax6
expression in a wide area of the head
ectoderm starting before lensinduction
occurs (Williams, et a/, 1998;
Kammandel, ef a/, 1999; Xu, et a/,
1999). On the other hand, Sox2
enhancer N-4 activates low-level
ectodermal expression of SoxZ, which
itself serves as the pilot light for the
occurrence of the surge of Sox2
expression induced by contact of the
optic vesicle. Once SOX2 and Pax6
protein meetin the same cells (Fig. 2),
the cascades of transcriptional
regulation for lens development are
initiated. Thus, the combined action of
SOX2 and Pax6 is essential for lens
differentiation, and if this is effected in
the early head ectoderm, itis sufficient
for the initiation of lens development.
SOX2 and Pax6 encounter each other
in other tissues as well, e.g., in the
neural retina and Rathke’s pouch. In
these tissues, lens-forming potential
is generated, as manifested in cell
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culture orin yorzebrafish mutants, butthe lens potency is suppressed
by mechanisms that thereby direct differentiation into the respective
tissues (shh signaling in the case of Rathke’s pouch).

SOX, Pax and POU factors are often involved in the initiation of
differentiation and/or defining a cell type. In the natural context, these
transcription factors seldom function alone but use other transcription
factors binding to an adjacent site as their functional partners.

When SOX2 cooperates with Pax6, it activates a set of genes for
lens differentiation, whereas when it has Oct3/4 as its partner, it
activates a battery of genes involved in establishing the epiblast/
ES cell state (Kamachi, et a/, 2000). We have recently extended
this scheme by showing that the combined action of SOX2 and
Group Il POU factors (e.g., Brn2) activates neural stem cell-
specific genes, exemplified by Nestin (Tanaka ef a/, 2004).

These combinatorial codes of transcription factors, in particular
factors of the SOX, Pax and POU family proteins, seem to be the
major mechanism employed in genetic switches for cell
differentiation (Kamachi, er a/, 2000). The transcription factor
combinatorial codes constitute a major mechanism by which
transcription factors find the set of correct target genes among the
vast amounts of nucleotide sequences contained in a genome. A
transcription factor with a stringent six-base-pair recognition
sequence recognizes 740,000 sites in a genome with a size of
3x10° base pairs, which is twenty times more than the number of
genes contained in the whole genome, while the combinatorial of
action of two such factors would select 180 sites. In reality,
transcription factors bind to anumber of sites showing considerable
sequence variation, as we have seen in the case of Pax6 binding
to the DC5 sequence. Therefore, transcription factors in the form
of heterologous dimers will select the correct set of genomic sites
for gene regulation. Moreover, alteration of only one component in
the dimer will cause an overt change of the target sites and hence
the genes under their regulation, and may be sufficient to elicit a
different type of cell differentiation.

Thus, the interaction of Pax6 and SOX2 in the initiation of lens
differentiation is not a mechanism pertinent only to lens tissue, but
is a paradigm of genetic switching in global cell differentiation.

In this article, we did not try reviewing the lens development
field, but focused on our research effort toward a goal, which has
not changed throughout the period. This effort was not done in
isolation, but was only possible in the wave of great advancement
of the eye development field and by interaction with many leading
groups partly represented in this special issue.
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