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Paired box protein 6 (PAX6) is a master regulator of the eye development. Over the last past two decades, our
understanding of eye development, especially the molecular function of PAX6, has focused on transcriptional
control of the Pax6 expression. However, other regulatory mechanisms for gene expression, including alter-
native splicing (AS), have been understudied in the eye development. Recent findings suggest that two PAX6
isoforms generated by AS of Pax6 pre-mRNA may play previously underappreciated role(s) during eye de-

velopment, especially, the corneal development.
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Alternative Splicing of Pre-mRNA
As an Important Regulatory Mechanism
in Gene Expression

ALTERNATIVE SPLICING (AS) PLAYS an important regula-
tory role in gene expression by producing multiple mRNA
isoforms from a single pre-mRNA. Through this posttran-
scriptional process, multiple protein isoforms can be generated
from a single gene, thereby increasing proteome capacity and
diversity [1,2]. The most recent estimate indicates nearly as
high as 94% of all human genes undergo AS and all human
genes generate at least two mRNA isoforms through AS [3].

The regulation of AS is mediated by dynamic and coor-
dinated interactions between cis-acting element on pre-
mRNA, either as an enhancer or a repressor and trans-acting
splicing regulators, and eventually catalyzed by a macro-
molecular complex called spliceosome [4]. Trans-acting
splicing regulators include two classes of molecules; (i)
development- and tissue-specific auxiliary factors, which are
primarily the RNA-binding proteins (RBPs), and (ii) general
splicing factors, components of the spliceosome [5]. A pri-
mary function of RBPs, which include heteronuclear ribo-
nucleoproteins and Serine- and Arginine-rich (SR) proteins,
is to bind to an exonic or intronic splice enhancer or re-
pressor, thereby recruiting or blocking the spliceosome near
the alternatively regulated splice site (SS) [4]. Several recent
studies have provided evidence that general splicing factors
can also regulate AS by potentially modulating the kinetics
of the assembly and disassembly of the spliceosome during
pre-mRNA splicing adding the complexity of the regulatory
mechanisms by which AS is regulated [6,7].

AS has been implicated in many developmental pro-
cesses, including cancer development and metastasis [8],

neural synapses [9], and epithelial-mesenchymal transition
(EMT) [10]. More recently, numerous studies have provided
evidence on important functions of the splicing regulators
for stem cell pluripotency and differentiation, and embry-
onic development [11-15]. Traditionally, transcriptional
network or chromatin landscape of the stem cells has been
viewed as main regulatory mechanisms by which the cell
fate specification and differentiation of stem cells are de-
termined. However, there has been increasing evidence that
AS adds another layer of regulatory mechanism to this dy-
namic process of stem cell differentiation [16].

Cornea Development, Differentiation,
and Homeostasis

Animal cornea, intricately organized by specialized set of
cell types, during embryonic development, and its transpar-
ency, wound repair and regeneration, and maintenance, are
essential for normal vision. The complete cornea consists of
five to seven layers of the superficial epithelial cell layers,
Bowman’s layer, corneal stroma, Descemet’s membrane, and
corneal endothelium. During embryonic development, animal
cornea is derived from surface ectoderm and neural crest-
derived mesenchymal stem cells. The outermost epithelial cell
layers arise from the lens placode, which originally is derived
from surface ectoderm and segregates into the corneal epithelial
layers and lens pit during embryonic corneal development by
signals from the underneath optic vesicle [17,18]. The epithe-
lium eventually matures postnatally to two layers of basal ep-
ithelial cells and multiple layers of nonkeratinized squamous
epithelial cells, tightly joined together through tight junction,
which provide the protection and transparency of the cornea.
The corneal stromal and endothelial layers are from the
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migration of ocular mesenchyme, which are originally derived
from the neural crest. The corneal epithelial homeostasis is crit-
ical for maintaining a healthy cornea, especially after wounds,
and vitally supported by the limbal epithelial stem cells; slow
cycling and highly proliferating cells, proliferate and stratify
basally after migrating from limbus to basal layer of the cornea,
and eventually replace the dead or damaged superficial epi-
thelial cell [19]. Opacification of the cornea, which may affect
the vision of millions, are attributable to three primary causes; a
thickened stromal layer often due to an infiltration of the in-
flammatory cells followed by neovascularization, a reduced
proliferation of the corneal epithelial cells (CECs), and a slower
turnover of the CECs after corneal wounds.

Paired Box Protein 6 Functions in Eye
Development, Particularly Corneal Development

Importance of paired box protein 6 (Pax6) during eye de-
velopment in metazoan from mouse to humans has been well
documented [20-22]. Many studies have demonstrated that the
dosage effect of Pax6 is critical for the eye morphogenesis as
both knockout and overexpression of Pax6 abrogated the
normal eye development. In this review, we focus on the role
of Pax6 in the development and homeostasis of the cornea.
First, Davis et al. demonstrated the function of Pax6 in the
corneal development and elucidated the thinning of the corneal
epithelial layers due to adhesion abnormalities as reflected by
reduced expression of desmoglein, B-Catenin, and y-catenin in
Pax6 heterozygous animals [23]. Second, animals containing
chimeric cells, wild-type and mutant Pax6 cells, and hetero-
zygous mutant mice (Pax6”") have shown a delayed corneal
epithelium formation, implicating the role of Pax6 in the
proliferation of the corneal epithelium or cell fate specification
of intermediate stages of the corneal differentiation [24,25].
Indeed, other studies showed that the proliferation and cell
cycle progression of CECs seem to be inversely correlated to
the Pax6 concentration [26,27]. Pax6 expression is restricted to
the transparent corneal epithelium, not keratinized skin epi-
dermis, and thus demarcating a genetic barrier between the
corneal and epidermal epithelium during ectoderm differen-
tiation. In fact, Pax6 KD converts CECs to epidermal epithe-
lium, whereas overexpressing Pax6 in epidermal epithelial
cells converts them into CECs [28,29]. Consistent with the
notion, PAX6 expression is diminished or even absent in the
keratinized corneal epithelium in severe ocular surface dis-
eases [30]. KRT12 expression, which is directly regulated by
Pax6, is dramatically reduced, whereas KRT10 expression is
elevated, further supporting the keratinized phenotype of the
corneal epithelium [30]. Additionally, Shalom-Feuerstein
et al. showed that PAX6 expression can be modulated by a
miRNA, miR-450b-5p, and thereby determining the cell fate
between epidermal and epithelial cells [31]. The molecular
functions of PAX6 during eye development, specifically cor-
neal development, are summarized in Table 1.

PAX6 AS and Corneal Development

One of the early studies on the function of PAX6 AS on
corneal development was carried out by Epstein et al., in
which they analyzed a naturally occurring point mutation at
—3 position from splice acceptor site of exon 5a. This single
mutation (T to C) strengthens the 3" SS and stimulates the

TABLE 1. FUNCTION OF PAIRED Box PROTEIN 6 DURING EYE DEVELOPMENT

References

Mechanism

Phenotypes

Method to analyze

Function of Pax6

(82]

One of the first eye field marker genes

Ectopic eye formation

Overexpression EFTFs,

Eye field formation

including Pax6
Pax6 morpholinos

[83]

Pax6 important during HH stage 9-10

of OV cells
No lens induction

Small eye, death

Survival of OV cells

for OV development
BMP signaling-mediated Pax6 function for

[84,85]

PaX6Sey/Neu! PaX6Sey/Sey

Lens forming pre-placodal region

lens formation
Cell autonomous function of Pax6 for

[86]

No lens formation

Le-Cre, AP2-Cre-driven

Lens placode formation

Pax6flox
PAX65Y

lens placode formation
Mis-splicing due to G insertion in exon

[87]
[88,89]

Expression and its maintenance important for lens

Abnormal migration of NCC

Defective cornea

Pax6"* to Pax6 ™~ chimeras

Migration of neural crest-derived cell
Corneal tissue formation (epithelial,
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placode and lens epithelium formation

formation
Pax6"" heterozygous mutant

stromal, and endothelial)

Corneal epithelium

[89]

oblet cells in corneal

Incursion of g

Thinner corneal epithelium

+/—

epithelium in Pax6
Severely reduced KRT expression

[33]

neovascularization, immune

Altered structure epithelium,
cell invasion

Aldh3al-driven Pax6
overexpression

Corneal epithelium

[65]

Various Pax6 expression leading to differential

Corneal epithelium growth

eye defects
Altered desmoplakin, and actin localization
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Cell adhesion of corneal epithelium

BMP, bone morphogenetic protein; PAX6, paired box protein 6; OV, optic vesicle; EFTF, eye field transcription factor; NCC, neural crest cells; HH, Hamburger Hamilton.
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inclusion of exon 5a [32]. This disrupts the balance in the
ratio between two isoforms, PAX6a and PAX6b, as the
longer isoform, PAXG6b, is preferentially generated in the pa-
tient, and confers opaque cornea due to pannus formation. The
same study demonstrated that these two isoforms would have
two distinct consensus binding sites, implicating that differ-
ential transcriptional activities may modulate immune func-
tion and vascularization [33,34]. A genetic study by Favor
et al. [35] provided an interesting clue with regard to the
correlation of Pax6 AS with severity of the eye phenotypes. In
this study, they generated several heterozygous deletion mu-
tants spanning Pax6 locus with various flanking upstream and
downstream genes and analyzed the eye phenotype. A deletion
mutant line, Pax6''™"", in which Pax6 and upstream gene
Renl were deleted, had much more severe eye phenotypes
than Pax612“°“/+, in which Pax6 and two downstream genes,
Elp4 and Immp1L, were deleted [35]. Pax6' '™+ displayed an
extreme microphthalmia and opaque cornea, compared with
Pax6'>"* mutant line. Surprisingly, however, the overall
expression level of Pax6 was not different in these two lines.
Instead, the ratio between two Pax6 isoforms was altered in the
eyes of two mutant mice lines, suggesting two possibilities, a
potential regulation of PAX6 AS by Renl and an independent
role of Renl on eye development. A recent work by Sasamoto
et al. demonstrated that two PAX6 isoforms can differentially
and cooperatively regulate the gene expression specific for the
structure and function of human CECs [36]. Isoform specific
functions of PAX6 are summarized in Table 2. With more
emerging evidence in terms of importance of AS in many
biological functions, we examined literature on the functional
role of two PAX6 isoforms and their potential role in eye and
corneal development.

Evolutionary Conservation of PAX6 AS

Pax6 is highly conserved evolutionarily through 400
million years of divergence [37]. PAXG6 or its close homolog
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is present in Caenorhabditis elegans, nemertean, mollusks,
cnidarians, annelids, and arthropods for its conserved role in
eye and brain development [38—43]. Human PAXG6 still shares
90% and 96% sequence identity with Drosophila melano-
gaster and zebrafish, respectively [37,44]. More importantly,
AS of PAX6 has been conserved in all vertebrates from
zebrafish to human. In Drosophila, there are four PAX6 or-
thologs, ey and toy, and eyg and foe, each corresponding to
PAX6a and PAX6D, respectively, and thought to be duplicated
during evolution. The duplicated genes are thought to have
redundant functions during eye development [45]. Ey and its
paralog toy, the canonical form of PAX6 (PAX6a), are the key
players in eye development and induce ectopic eyes when
overexpressed mainly through specification and differentia-
tion of eye cells [46]. However, the rescue of the eye-growth
defects in Notch mutants is only made by eyg, equivalent to
mammalian PAX6b, but not by ey or foy, indicating that eyg
or PAX6b isoform plays an important role in eye growth,
whereas ey and/or toy may play a role in eye specification
[47]. These findings strongly suggest that two structurally
similar yet distinct PAX6 isoforms play two functionally
distinct roles by differentially activating or repressing target
genes during eye development.

Molecular Mechanisms by Which Pax6 AS
Modulates the PAX6 Functions

Epstein et al. provided a hint for the first time that AS may
render a regulatory mechanism for normal eye development
by producing two functionally distinct PAX6 isoforms with
divergent consensus binding sites [32]. Two major alternative
isoforms in mammals, PAX6a (— exon5a) and PAX6b (+ exon
Sa), are generated from PAX6 gene by including or skipping a
mutually exclusive exon, exon 5a (Fig. 1). The canonical
PAX6 (PAX6a) is composed of 128 amino acids long DNA-
binding PAIRED domain (PD), linked by 60 amino acids
long DNA-binding Homeodomain (HD) and proline/serine/

!
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PAX6b

A |0—>
I
I

PAX6a

PAX6b
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FIG. 1.

Genomic and protein structure of Pax6. (A) Pax6 gene is composed of a total of 14 exons, 13 constitutive exons and

1 alternative exon, three promoters are differentially used for transcriptional activation of Pax6. (B) Two protein isoforms are
generated by alternative splicing, differing in 14 amino acid insertion in the PD. (C) Fourteen amino acids insertion is located
between second and third alpha-helices within PAI domain. PD, paired domain; PAX6, paired box protein 6.
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threonine-rich transactivation domain (PST) [48]. However,
the second isoform (PAX6b) with 14 amino acid addition into
the PD disrupts the structure of the PD and regulates the DNA
binding mostly through HD [49]. PAXG6 primarily carries out
its function through DNA binding by PD and HD and tran-
scriptional activation by PST domain. Previously, structural
study by Xu et al. showed that 14 amino acids insertion of
PAXG6b is located between the second and third alpha helices of
the PD (Fig. 2A) [49]. The insertion disrupts the conformation
of the PD, specifically the interaction between PAI and RED
domains, thereby modifying the DNA-binding activity [32,49].
It is hypothesized that two isoforms differing in 14 amino acids
of the PAI domain may exert different biological function by
differential transcriptional activities with unique target genes
[32,50,51] or cooperatively act for normal development
through a precise balance between two isoforms [52].
Another possible regulatory mechanism by which AS of
PAX6 can modulate biological activity is through its subcel-
lular localization. Carriere et al. identified several Pax6 iso-
forms from screening cDNA library of quail neuroretina cells
[53]. Their data show that the PAX6 isoform containing the
alternative exon, annotated as exon 4a in quails, which is
equivalent to PAX6b in murine and human, localizes both in
nucleus and cytoplasm, whereas the isoform lacking exon 4a
(PAX6a) was completely nuclear. Additionally, it was dem-
onstrated that PAX6 localized in the nucleus inside the gan-
glion cell and inner nuclear layers of the retina, whereas a
strikingly different subcellular localization, that is, cytoplas-

mic, in the photoreceptor and outer nuclear layer of the retina
[54]. Since an antibody against the common epitope for PAX6a
and b was used for the study, it is not clear whether a differ-
ential subcellular localization was due to AS or additional
protein interacting partner(s) for such a dramatically different
distribution with single cells. In the case of AS, a structural
change due to the insertion of 14 amino acids at the PAI do-
main, may lead to masking the nuclear localization signal, or
disrupting the protein—protein interaction for subcellular dis-
tribution (Fig. 2B). Altered subcellular localization of PAX6
isoforms in cell type or time-specific manner may consequently
trigger differential transcriptional activation of the downstream
targets, eventually determining the cellular properties.
Finally, protein—protein interaction between PAXG6 iso-
forms and other proteins may contribute to modulating the
differential cellular phenotypes. Biochemical studies by
Grocott et al. demonstrated that PD of PAX6 directly in-
teracts with MH1 domain of SMAD?3 [55]. They deter-
mined that the PD of PAXG6 is sufficient to bind to SMAD3,
and more specifically the RED domain, the region between
PAI and linker domain of the PAX6 protein, is responsible
for the binding (Fig. 2C). Although whether PAXG6b is
capable of interacting with SMAD3 is yet to be determined
empirically, it is highly possible that an insertion of a short
stretch of peptide in PD disrupt the protein—protein inter-
action. Another study showed the physical interaction of
PAX6 with secreted protein, acidic and rich in cysteine and
transforming growth factor , suggestive of the tetrameric

A DNA binding specificity

PAX6a PAX6b

3

Gene X

B Subcellular localization

o

I PAX6a

C TGFB-dependent SMAD2/3 pathway

PAX6a

SMAD3

SMAD3

N PAX6b

FIG. 2. Three potential
molecular mechanisms by
which PAX6 alternative splic-
ing regulates cellular pheno-
types in metazoan. (A) PAX6a
and PAXG6b activate a distinct
set of genes by PD and HD,
respectively [32]. (B) Wild-
type PD interacts with
MHI1 domain of SMAD3 in
transforming growth factor
B-dependent manner to fa-
cilitate nuclear import and
transcriptional activity. (C)
Differential subcellular lo-
calization of PAX6a and
PAX6b [53]. HD, home-
odomain, PSTD, Proline/
Serine/Threonine-rich domain;
MH1, MAD homology domain.
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complex involved in the nuclear—cytoplasmic shuttling
[56]. Taken together, two Pax6 isoforms generated by AS
can modulate the cellular phenotypes or cell fate deter-
mination by differential DNA-binding specificity, pro-
tein—protein interaction, and subcellular localization.

Spatial and Temporal Expression of PAX6
Isoforms During Eye and Corneal Development

Differential expression of Pax6 isoforms in ocular tissues
have been demonstrated in many organisms from Droso-
phila to humans. Earlier works demonstrated that Droso-
phila Pax6 homologs, ey/toy and eyg/toe, are expressed in
different regions of the Drosophila eye discs [57]. In addi-
tion to differential expression of the Pax6 isoforms, the ratio
of the two appears to be tightly regulated. The ratio of two
Pax6 isoforms appears to be temporally regulated in a
tissue-specific manner during chick eye development [58].
Furthermore, the expression level of Pax6b is highly upre-
gulated in posterior retinal tissues in the later part of the eye
development, whereas Pax6a expression is predominant in
most other tissues during development [58]. Jaworski et al.
showed that retina and lens have preferential expression for
Pax6a, whereas iris and cornea for Pax6b in bovine eye [59].
The same study demonstrated a highly conserved intronic
sequence flanking exon 5a, including putative lariat sites,
between Xenopus and bovine, further supporting the sig-
nificance of isoform-specific expression in the eye. It ap-
pears that both isoforms of PAX6 were shown to be
expressed in all epithelial layers, but at various levels in
different areas of the corneal epithelial layer [36]. Sasamoto
et al. [36] recently showed the differential expression of
PAX6a and PAX6b in human corneal epithelium. A laser
microdissection of the frozen section of the human corneal
epithelium into four areas, central-apical, central-basal,
limbal-apical, and limbal-basal, was followed by the de-
termination of the expression level for each PAX6 isoform
in each region. They demonstrated the differential expres-
sion of two isoforms in two areas of human corneal epi-
thelium, where the relative expression ratios are quite
different, ranging from 1:1 to 3:1, PAX6a to PAX6b, re-
spectively [36]. In fact, isoform-specific expression of Pax6
in various parts of the eye is conserved all the way from fish
to humans [58,60,61]. This tissue-specific enrichment of
different isoforms may confer unique biological function
through differential transcriptional control during eye
development and provide mechanistic insight to corneal
differentiation and maintenance.

Gain- and Loss-of-Function Studies
Involving Two PAX6 Isoforms During Eye
and Corneal Development

Davis et al. [23] overexpressed Pax6a in wild-type mice
under a cornea-specific promoter (Aldh3al) in mice, and
observed opaqueness, erosion, and neovascularization of the
cornea, and immune cell invasion in the stromal region.
Overexpression of Pax6a drastically altered gene expression
of many genes in the cornea, particularly the genes involved
in angiogenesis and immune response, consistent with the
corneal defective phenotypes. In addition, in severely af-
fected animals, the Krt/2 expression level was reduced as
high as 50% compared with the wild-type animals. Duncan
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et al. demonstrated that the overexpression of human PAX6b
in the lens of mice caused phenotypic defects as well as
activating several important genes for cornea development,
such as a5 and B1 integrins, paxillin, and p120 [62]. They
further supported this argument that the gene expression of
the abovementioned adhesion molecules regulated by Pax6b
plays a critical role in cornea morphogenesis [23].

Overexpression of Pax6b in the eyes of the developing
chicken embryos developed a well-differentiated retina-like
structure, suggesting a specific role for Pax6b in retinal
differentiation [58]. This notion was also supported by the
same group that Pax6b expression is greater in posterior
retina than anterior side, with the highest concentration in
the foveal region of the retina [58]. Additional studies
showed that a balanced expression ratio of Pax6 isoforms is
required for normal development during brain and eye de-
velopment [63,64]. As discussed earlier, AS modulates the
ratio of isoforms to shape the cellular transcriptome or
functional polymorphism. This idea was clearly demon-
strated by Dora et al. in which a specific ratio of two Pax6
isoforms was also critical for controlling the cell fate or
maintaining the homeostasis in the cornea [65].

An ectopic expression of human PAX6b induced strong
overgrowth of the eye in D. melanogaster, whereas that of
the canonical isoform, PAX6a, hardly did [47]. It has also
been shown that an overexpression of Pax6b inhibited the cell
proliferation without affecting the cell fate determination
during neural development [66]. Furthermore, only PAX6a can
trigger the neuroectoderm specification, whereas combination
of both isoforms, PAX6a and 6b, was required to suppress the
pluripotency of human embryonic stem (hES) cells to trig-
ger the neuronal differentiation [67]. This indicates that two
alternative splicing isoforms may exert similar but distinct
functional activity during early neuroectoderm specification
and eye development through differential transcriptional
regulations. Based on these findings, one can hypothesize that
PAX6a, the canonical form, modulates the transcriptional
activity for differentiation or cell fate specification aspect,
whereas PAX6b modulates the gene expression for prolifer-
ation by either antagonizing the activity of PAX6a or regu-
lates the gene expression independent of PAX6a activity.

Carbe et al. created a transgenic mouse in which the full-
length Pax6b cDNA replaced the Pax6 genomic locus by re-
combineering to determine the function of Pax6b isoform for
lens development. In their study, they showed that Pax6>*>*
could not replace endogenous Pax6a and Pax6b for lens in-
duction and neural differentiation in retina, whereas it was suf-
ficient to properly segregate corneal epithelial layer from
lenticular layer [68]. This implicates that Pax6b plays an indis-
pensable role during the detachment of corneal epithelium from
lens placode in response to an interaction with optic vesicle.

Favor et al. generated several heterozygous Pax6 deletion
mutant mice to analyze the function of Pax6 for the eye
development [35]. One of which, Pax6'"™"* with the dele-
tion of Pax6 locus along with the immediately upstream gene,
Rcnl, resulted in severe eye phenotypes, ranging from ex-
treme microphthalmia, a failure to separate the cornea from
the lens, absence of the corneal stromal layer, coloboma in
the retinal epithelial cells (RPE), and to an ectopic formation
of RPE in the anterior part. However, another deletion mutant
(Pax6'>™"""), with deletion of Pax6 gene and two immedi-
ately downstream genes, Elp4 and ImmplL, had milder
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phenotypes. Interestingly, while there was no detectable dif-
ference in the expression levels for Pax6 in the developing
eye of P1 mouse for both mutant strains, the ratio of two
isoforms, Pax6a and Pax6b, was clearl?/ altered. The level of
Pax6b was higher than Pax6a in Pax6' '"""*, compared with
either wild-type or Pax6'>™*. This raises an intriguing
possibility that a change in the ratio of two isoforms gener-
ated by AS or increased level of Pax6b are attributable for the
severity of the several eye phenotypic defects, although the
possibility that Rcnl has an independent role during ocular
development cannot be completely ruled out.

Single cell analysis by Sasamoto et al. [36] observed an
interesting correlation between the expression levels for two
classic CEC markers, KRT12 and KRT3, and two PAX6
isoforms, PAX6a and PAX6b. During the corneal develop-
ment, KRT3 expression precedes KRT12 expression, con-
verting embryonic epithelial cells (superficial, superbasal,
and basal) to adult epithelial cells. Overexpression of
PAX6a isoform in non-PAX6-expressing cell line, OKF6/
TERT-1, induced the expression of KRT3, whereas that of
PAX6b induced the expression of KRT12. This demonstrates
that there may be two mutually exclusive populations of
KRT3- and KRT12-positive cells. Interestingly, either mu-
tation in KRT3 or KRTI2 causes Meesmann corneal dys-
trophy in an autosomal dominant manner, indicating that
both KRT3- and KRT12-positive cells may be necessary for
normal CEC development and maintenance. The physio-
logical significance of mutually exclusive KRT3- and KRT12-
positive cells is not known. However, they further demonstrated
that cells expressing KRT12 was promoted by only PAX6a,
whereas KRT3 was only expressed by PAX6b.

Genetic Evidence PAX6 AS Pertaining
to Specific Eye Phenotypes, Particularly,
Corneal Defects

Several mutations have been identified in alternatively
spliced exon5a and these mutations appear to be associated
with several ocular defects, including congenital cataract and
corneal opacity, implying the importance of exon 5a inclu-
sion for normal eye development [69—71]. Opacification of
the cornea may be attributable to three potential mechanistic
causes, a thickened stromal layer with or without infiltration
of the inflammatory cells, followed by neovascularization, a
reduced proliferation of the CECs, and a slower turnover of
the CECs after corneal wounds. Therefore, it is plausible to
think that PAX6b plays a critical role, at least in part, in the
proliferation of the CECs during normal corneal develop-
ment/differentiation.

More strikingly, a mutation in splice regulatory element on
PAX6 exon 5a was discovered in family members with several
ocular defects. A disruption of the inclusion of exon 5a, thus
perturbing the ratio between two isoforms without affecting
the total Pax6 mRNA level, caused abnormal iris, corectopia,
and corneal opacity [32]. Another study showed that alterna-
tive spliced Pax6b isoform null mice displayed specific defects
in cornea, lens, and retina, as well as iris hypoplasia, whereas
transgenic Pax6a null mice exhibited severe central nervous
system defects and lethality [72]. This finding is consistent
with the fact that only PAX6a, not PAX6b, was capable of
activating neuroectoderm specification of undifferentiated
hES cells. More importantly, this suggests a notion that

PAX6b may be an eye-specific isoform, whereas PAX6a
may be a form, specifying the neuroectoderm cell fate. In
addition, there are several single nucleotide polymorphisms
(SNPs) in exon 5a of PAX6 gene conferring anterior segment
dysgenesis based on human genome database. It is likely that
altered ratio of two PAXG6 isoforms, or transcriptional activity
by these SNPs could result in ocular defective phenotype.

Potential Regulation of PAX6 AS

Common mechanisms by which AS is regulated is by
cell-type or tissue-specific splicing regulators. Two potential
trans-acting splicing regulators have been described for al-
ternative pre-mRNA splicing of PAX6 in the context of
human CECs. PININ (PNN), a SR-related protein, initially
identified as an associating protein for desmosomes of the
epithelium [73], is a component of the mRNA splicing-
dependent exon junction complex as well as active spli-
ceosomal complex C, which is the active catalytic complex
involved in pre-mRNA splicing [74]. Pinin was first shown
to have a role in murine corneal epithelia differentiation as
Pax6-cre-mediated conditional Pnn deletion displayed the
defects in the formation of the normal corneal epithelia, more
epidermis-like, including the downregulation of corneal epi-
thelial marker, Krt12, and upregulation of epidermal markers,
Krt10 and Krti4 [75]. In addition, Pnn was shown to colo-
calize with several splicing factors in nuclear speckles and
interact with SRp75, SRrp130, SRm300, and RNPS1 [76,77].
In humans, PNN was shown to have a repressive function in
the inclusion of exon 5a in CEC line [78-80].

Epithelial splicing regulatory protein 1 (ESRP1) is a pre-
mRNA splicing factor, which is specifically expressed in
epithelial cells and regulates the formation of epithelial cell-
specific isoforms. A cell-type specific AS of FGFR2 pre-
mRNA, by which one of the two mutually exclusive exons,
8 and 9, can be selected to produce FGFR2-IIIb or FGFR2-
Illc. By selecting one of the two mutually exclusive exons,
FGFR2-IIIb or FGFR2-IIIc can modulate the cellular phe-
notype as FGFR2-IIIb is specifically expressed in epithelial
cell types. In addition, ESRP1 controls the splicing of CD44,
CTNNDI1, and ENAH pre-mRNA, which undergo changes
in splicing during the EMT [81].

It acts by directly binding to GU-rich sequence motifs in the
intronic sequence silence or enhancer. For example, ESRP1
binds to this cis-element regulatory region, which is present in
the mRNA of FGFR2. Indeed, GU-rich sequence is found in
the exon 5a and its flanking introns of exon 5a of PAX6 gene
and conserved evolutionarily, raising a possibility that this
region may be a binding site for ESRP1 and further recruiting
other splicing regulators, including SR proteins for the spli-
ceosomal assembly to facilitate the inclusion of exon 5a
(Fig. 3). A functional analysis showed that PAX6 AS was
affected by knockdown of either PNN or ESRP1, implicating
that PAXG6 is the common target of two splicing regulators or
the target for cooperative action of both regulators [80].

Although the precise mechanism by which PNN and
ESRP1 regulate PAX6 AS is not known, PNN and ESRP1
appear to perform opposite functions as a repressor and an
activator, respectively, for the inclusion of exon 5a. PNN
regulates the inclusion of exon 5a through an interaction with
other SR proteins within the spliceosome and/or ESRP1,
epithelial-specific splicing regulator. Since PNN is also a
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FIG. 3. A regulatory mechanism of
Pax6 alternative splicing. In nonepithelial
cells, U2 snRNP binds to the stronger 3’
splice site upstream of exon 6, thus skip-
ping exon S5a. In contrast, epithelial cell-
specific ESRP1/2 binds to exonic splicing
enhancer (GU-rich sequence) and recruit
U2 snRNP to 3’ splice site adjacent to exon
5a in epithelial tissues, thus preferentially
including exon 5a. PNN, also epithelial-
specific splicing regulator without RNA-
binding motif, may have an antagonistic
action against ESRP1/2 for the inclusion
of exon 5a. U2 snRNP, U2 small nuclear
ribonucleoproteins.

Non-epithelial cells

downstream target gene of PAX6 [80], a tight control of
PNN level and Pax6 AS must be essential in regulating cell
fate and differentiation potential of the CECs by forming a
negative feedback loop.

Furthermore, a coimmunoprecipitation experiment to de-
termine PAX6-interacting proteins in CECs identified several

integral components of U2 small nuclear Ribonucleoproteins
(U2 snRNP), including, SF3bl, 2, 3, 4, and U2SURP1, as bona
fide binding proteins [36]. U2 snRNP, one of the five snRNPs,
which constitute spliceosome, a macromolecular machinery,
plays an important role in pre-mRNA splicing by binding to
branch point and thereby defining 3" SS. It has been shown

FIG. 4. A life cycle of Pax6
isoforms. Two PAX6 mRNA
isoforms are produced by al-
ternative splicing and ex-
ported to the cytoplasm. Two
protein isoforms modulate
the cell fate specification or
cellular phenotypes by differ-
ential DNA-binding specificity,
protein—protein interaction, or
nuclear—cytoplasmic shuttling.
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clearly shown that modulation of the concentration of U2
snRNP components have a specific effect on AS, rather than
global splicing defects [7]. Thus, it is highly plausible that
PAXG6 can autoregulate the inclusion of exon 5a by interacting
with U2 snRNP during CEC development, either in specifying
either corneal or epidermal epithelium fate. However, whether
either PAX6 isoforms may regulate AS of other targets is not
known at present.

Perspectives

From the literature findings, we propose a life cycle of the
PAX6 isoforms during corneal development (Fig. 4). PAX6
pre-mRNA undergoes AS by tissue-specific splicing regula-
tors, such as PNN and/or ESRP-1/-2 and may facilitate sub-
cellular localization of developmentally important signaling
molecules such as SMAD-3 through protein—protein inter-
action. In addition, many studies have demonstrated that
PAX6a and PAX6b differentially activate the transcription of
the proliferation- and cell fate specification-related genes,
thereby shaping the corneal developmental program. Many
questions remain to be answered, including molecular mech-
anism(s) by which each isoform can regulate the fate of early
progenitor cells toward either a proliferating or differentiating
state through differential transcriptional activities, protein—
protein interaction, or subcellular localization of the two iso-
forms for corneal development.
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