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PAX6 is an evolutionarily conserved transcription factor that plays
a critical role in vertebrate and invertebrate eye formation. Het-
erozygous null mutations in the PAX6 gene result in aniridia in
humans and a distinct small eye syndrome in rodents. Vertebrates
primarily express two alternatively spliced isoforms of Pax6 that
differ by the presence or absence of exon 5a (e5A) that encodes an
additional 14 aa residues within the paired domain. The e5a-
containing isoform, PAX6(5a), is specific to and conserved in
vertebrates. To determine the role of PAX6(5a), we have generated
mice that lack e5a of the Pax6 gene. Unlike Pax6 null mice that
exhibit anopthalmia with central nervous system defects and
lethality, 5a isoform-null mice have iris hypoplasia and defects in
the cornea, lens, and retina. Although invertebrates have struc-
tures that respond to light intensity and act to restrict light
exposure of the eyes, a significant and distinct feature of the
vertebrate eye is its ability to regulate the amount of incoming
light through contractile pupils. This feature of the eye not only
allows vertebrates to see in various light conditions but also
enhances image resolution. The requirement of the 5a isoform in
iris formation suggests that the evolution of this isoform contrib-
uted to advanced features of the vertebrate eye.

PAX6 is an essential and evolutionarily conserved transcrip-
tion factor for eye formation (1–3). Heterozygous null

mutations in the PAX6 gene result in distinct phenotypes in
humans (aniridia) and rodents (small eye) (4, 5). Aniridia is a
severe panocular disease that is characterized by lack of proper
iris development, associated with cataracts, optic nerve hypopla-
sia, and glaucoma. Small eye syndrome is distinguished from
aniridia by reduced eye size, cataracts, and poor lens develop-
ment. Homozygous mutations in the PAX6 gene result in severe
brain abnormalities, microencephaly, early postnatal death,
and the absence of the eyes and nose in both humans (4) and
rodents (5, 6).

The Pax6 locus encodes two products caused by alternative
splicing of exon 5a (e5a) that adds an additional 14 aa residues
within the paired domain (7, 8). The e5a-containing isoform,
PAX6(5a), is specific to and conserved in vertebrates (9). Pax6
is expressed in the developing eye, nose, pancreas, and central
nervous system (7, 10–13). PAX6 is a protein of 422 aa residues,
and PAX6(5a) is 14 aa longer and exhibits unique DNA-binding
properties (14). Structural analysis of PAX6 identified two
DNA-binding domains (a paired domain at the amino terminus
and a paired-like homeodomain located centrally), a glycine-rich
region that links the two DNA-binding domains, and a transac-
tivation domain at the carboxyl terminus. The paired domain of
PAX6 is a bipartite DNA-binding motif and is believed to have
two independent amino-terminal and carboxyl-terminal subdo-
mains (15, 16). The paired domain can bind DNA alone or
cooperatively by interacting with other DNA-binding domains,
such as the homeodomain (17). Unlike other paired domains
that bind DNA predominantly through their amino termini, the
longer paired domain of the 5a isoform preferentially interacts
with DNA through its carboxyl terminus. Deletion of the 30
amino-terminal residues from PAX6 or PAX2 yields a protein

that mimics the DNA-binding properties of the 5a isoform (16).
Thus, the insertion of 14 aa in the amino-terminal subdomain of
the PAX6 paired region is thought to act as a molecular toggle
to unmask the DNA-binding potential of the carboxyl-terminal
subdomain. This finding suggests that PAX6 and PAX6(5a) may
have unique roles.

To determine the role of the 5a isoform, we deleted e5a of the
Pax6 gene in embryonic stem (ES) cells by using a Cre�loxP gene
targeting strategy (18). In this strategy, e5a is deleted and
replaced by a loxP-f lanked neomycin resistance selection cas-
sette (neo) (Fig. 1A). The neo cassette is removed by crosses with
CMV-Cre mice. Pax6(5a) null mice have iris hypoplasia, distinct
defects in the cornea, lens, and retina.

Materials and Methods
Targeted Deletion of e5a of the Pax6 Gene. Pax6 genomic clones
were isolated from a 129�SvEv mouse genomic library. The
targeting event was designed to delete e5a, replacing it with a
loxP-f lanked PGKneobpA (neo) expression cassette (18). Cor-
rect targeting introduces novel BamHI and ClaI restriction sites
to follow the targeting event by Southern blot analysis (Fig. 1 A).
The targeting vector was linearized at a unique NotI site and
electroporated into AB1 ES cells (19). Correctly targeted clones
were identified by Southern analysis using 5� (Fig. 1B) and 3� (not
shown) external probes. Twenty targeted clones were identified
among 192 colonies screened. Correctly targeted ES cell clones
(clones H4 and H10) were injected into C57BL�6J (B6) blasto-
cysts to generate chimeras. After germ-line transmission was
confirmed by crosses with B6 females, the resulting progeny were
bred with Cre-expressing mice (CMV-Cre) to remove the neo
cassette (20). The removal of neo in the resulting pups was
confirmed by PCR. Sequencing of PCR products was performed
to confirm the expected structural changes. Mice were geno-
typed by Southern blot and�or PCR analysis with tail DNA. Both
mouse lines (H4 and H10) gave similar results.

Histology. Adult mouse eyes were processed for plastic embed-
ding with a Leica-historesin embedding kit according to the
manufacturer’s instructions. Sections of 1.5 �m were cut by using
a glass knife and Leica motorized microtome. Sections were
stained according to the method described (21). Neonatal eyes
were fixed in neutral-buffered formalin overnight at room
temperature and embedded in paraffin. Sections (8 �m) were
stained with hematoxylin and eosin.

Results and Discussion
To generate e5a null mice, we deleted e5a of the Pax6 gene in ES
cells by using a Cre�loxP gene targeting strategy. In this strategy,
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e5a is deleted and replaced by a loxP-f lanked neomycin resis-
tance selection cassette (neo) (Fig. 1 A). In contrast to mice
heterozygous for a Pax6 null allele, mice heterozygous for the e5a
deletion with the neo cassette located between exons 5 and 6 did
not develop the small eye phenotype, indicating that the mod-
ifications within intron 5 did not block the expression of the
PAX6 isoform. These mice were then bred with mice expressing
Cre recombinase to remove the neo cassette. The structure of
the modified locus was verified by Southern blot (Fig. 1B)
and reverse transcription–PCR (RT-PCR) analysis (Fig. 1C). In
the modified allele 274-bp sequence from 617 nt 3� of the end of
exon 5 to 71 nt 5� of exon 6 including 42-bp exon 5 is replaced
by a DNA fragment that contains loxP sequence, part of
polylinker, and is f lanked by BamHI and ClaI restriction sites
(5�-GGATCCCCTCGAGGGACCTAATAACTTCGTAT-
AGCATACATTATACGAAGTTATATTAAGGGTTATTG-
AATATGATCGGAATTGGGCTGCAGGAATTCGATATC-
AAGCTTATCGAT-3�). RT-PCR analysis of adult eye mRNA
encoded by the mutated gene, followed by sequencing did not
reveal any abnormality in the structure or expression of the Pax6
isoform (Fig. 1C). Replacing exon that contributes to alternative

splicing with a foreign sequence within a gene, in this case loxP,
raises the possibility of negative effect on expression. However,
our data did not reveal any noticeable difference in expression
of the gene. Recently, a similar strategy of cre�loxP-mediated,
exon-specific targeting was used to determine the role of splice
variants of the Wilms’ tumor gene (22). Like our results no effect
of loxP sequence was observed on the total expression of Wilm’s
tumor gene. About 12% mice of C57BL�6 strain develop spon-
taneous ocular defects (23, 24). Founder mice in this study were
crossed with Cre-expressing transgenic mice that were of
C57BL�6 strain to remove neo. To rule out the phenotypic
effects that may be contributed because of the C57BL�6 genetic
component, we used a total of nine chimeric mice from two
different ES cell clones that were crossed to five different
Cre-expressing mice and examined more than 20 animals born
from different crosses for each group. None of the wild-type
animals showed any abnormal phenotype.

The gross morphology and histology of the adult eyes of
wild-type (���) mice and their littermates that were heterozy-
gous (e5a��) or homozygous (e5a�e5a) for the Pax6 e5a deletion
were analyzed. Both e5a�� and e5a�e5a animals had iris hyp-
oplasia (Fig. 2 A–D). It was noticed that although e5a�e5a
animals had iris hypoplasia, they still responded to light. There-
fore, for consistency eyes from 6–8 different animals were
examined under identical bright light. Also, identical light con-
ditions were used to take photographs of the eyes. Similarly eyes
from 5–6 animals from each group were fixed and examined.
Results within a group were consistent. In addition to hypopla-
sia, it was consistently observed that the iris in the pupil region
of e5a�e5a mice was irregular compared with wild type (Fig. 2
E and F). This irregularity was not observed in e5a�� mice.
Thus, the 5a isoform is essential for normal iris formation and
morphology.

The retina is a highly organized, layered structure that lines
the posterior inner surface of the eye. The eyes of e5a-null mice
had focal retinal abnormalities (Fig. 3 A–C). The retinas of the
e5a-null mice consistently showed papillated structures, and
many times the outer nuclear layer aggregated within the
papillated structure (Fig. 3 C and D). The number of these
papillated structure varied between 1 and 2 in various samples
analyzed, and they were mostly located adjacent to the optic
nerve. The inner and outer nuclear layers, inner and outer
segments of photoreceptors, and ganglion cell layers were
present and appeared normal (Fig. 3 G–I) in the areas that were
not papillated. No papillated structures were found in the eyes

Fig. 1. Generation of Pax6(5a) mutant mice. (A) Gene targeting strategy.
Correct targeting will delete e5a, replacing it with a loxP-flanked neo cassette.
The neo cassette is removed by crosses with CMV-Cre mice. Exons (numbered),
vertical lines; homology used for targeting, thick line. neo, neomycin resis-
tance expression cassette; TK, thymidine kinase expression cassette; B, BamH1;
C, ClaI; N, NotI. The 5� and 3� external Southern probes are shown. (B) Southern
blot analysis of tail DNA digested with BamHI hybridized with the 5� external
probe. (C) Reverse transcription–PCR analysis of total RNA from eyes of wild
type (lane 1), e5a�� (lane 2), and e5a�e5a (lane 3) mouse for Pax6 and Pax6(5a)
isoform. Primers 5�-GCGGAGTGAATCAGCTTGGTGGTG and 5�-CTCCGATTGC-
CCTGGGTCTGATG encompassing e5a were used for amplification during PCR.
Mouse hypoxanthine phosphoribosyltransferase (HPRT) gene was amplified
to provide loading control for reactions. Plasmids containing Pax6(5a) and
Pax6 alone (lanes 5 and 6) or a mixture of both (lane 4) were used as control
to mark the respective products. Because of identical sequences in the flank-
ing region of the PCR products, a heteroduplex is formed during PCR that
migrates slower than either of the isoform. As expected, in e5a�e5a mice
heteroduplex as well as band for 5a isoform are absent. M, 100-bp DNA marker
ladder.

Fig. 2. Aniridia in Pax6(5a) mutant mice. (A–C) Eyes of live adult mice. Both
e5a�� and e5a�e5a mutant mice have hypoplasia of the iris with a larger pupil
(arrows) relative to ��� mice. (D) Whole-mount view of the eyes of adult mice
after fixation. The iris is the black area and the lens is white. Both e5a�� and
e5a�e5a mutant eyes have iris hypoplasia (arrows). (E and F) Close-up view of
an e5a�e5a mutant eye (F) showing an irregular iris (arrow) in the pupil region
compared with the regular and smooth iris of a ��� control (E). (Magnifica-
tions: A–C, �20; D, �40; E and F, �60.)
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of e5a�� mice. These data indicate that the 5a isoform is
essential for normal retinal structure.

Pax6 activity in the lens primordium is required for lens
formation and correct placement of retinal cells in the eye (25).
Although the gross morphology of the lenses of adult e5a-null
mice appeared normal, a closer examination revealed 37% fewer
lens fiber cells in the epithelial to fiber transition zone than in
their wild-type littermates (Fig. 3 E and F). In addition, the cells
in the epithelial to fiber transition zone were less elongated,
wider, and relatively less compact in the e5a-null mice. Further-
more, the iris cells of the e5a-null mice were less compact (Fig.
4 A–C) and the corneal stroma had fewer (30%) keratocytes
(Fig. 4 D–F). Higher magnification examination of iris revealed
spongy structure with empty spaces where no tissue was de-
tected. It is possible that these spaces were created because of
nonoptimal growth of connective tissue. The e5a�� mice showed

intermediate compactness of the iris cells but the numbers of
keratocytes were nearly similar to the wild-type littermates.
These results indicate that the 5a isoform also regulates lens, iris,
and corneal cell behavior.

It has been shown that PAX6(5a) is expressed in the eye at
about one-tenth the level of PAX6 during embryonic develop-
ment (14, 16, 26, 27). However, a recent study has shown that the
expression levels of the two isoforms in the lens are similar after
birth (28). Therefore, we analyzed the eyes of newborn e5a-null
mice. We found that the eyes of newborn (2 days old) ���,
e5a��, and e5a�e5a mice were grossly and histologically similar
(Fig. 5). This finding suggests that the 5a isoform does not have
a significant role in embryonic eye development, apparently
because of low expression levels, but that its up-regulation after
birth is required later for the differentiation and�or maintenance
of adult eye structures.

It appears that the ratio of the two PAX6 isoforms is critical
for the normal development and function of vertebrate eyes.
Changes in the ratio of the two isoforms correlate with a distinct
human ocular syndrome (16). In addition, overexpression of
human PAX6(5a) in the lenses of transgenic mice disrupts the
lens fiber cells, causing cataracts (29). Azuma et al. (30) iden-
tified four patients with missense mutations within e5a. Al-
though all four patients had nystagmus, corneal opacity, and
foveal hypoplasia their phenotypes were not identical. Two
patients had mild micropthalmos. Other abnormalities that were

Fig. 3. Histological analysis of plastic-embedded adult eyes. (A–C) Midsag-
ittal sections showing the entire eye. C, cornea; I, iris; L, lens; P, pupil; R, retina.
The e5a�e5a eye has an enlarged pupil and peri-retinal space and a papillated
structure (arrow) in the retina. (D) Closer view of the papillated structure
shown in C, showing the retinal fold and cluster of inner nuclear layer cells
(arrow). Equator of the lenses of ��� (E) and e5a�e5a (F) eyes. The mutant lens
shows relatively loose packing of the elongated lens fiber cells (LFC) and
reduced numbers of newly differentiated lens epithelium (LE) cells in the
transition zone in comparison to the wild type. LC, lens capsule. (G–I) The
retinal layers appear normal in wild-type and mutant eyes. GC, ganglionic
cells; INL, inner nuclear layer; ONL, outer nuclear layer; PE, pigmented epi-
thelium. (Magnifications: A–C, �25; D–I, �200.)

Fig. 4. Histological analysis of the iris and cornea. (A–C) The iris of e5a�e5a
and e5a�� mice is less compact than the iris of ��� mice. In addition, the
corneal stroma of e5a�e5a mice have fewer keratocytes (arrows) than e5a��
and ��� mice. CE, corneal epithelium; CS, corneal stroma; I, iris; L, lens.
(Magnifications: �200.)

Fig. 5. Analysis of the eyes of newborn mice. (A) Whole-mount view of eyes
of newborn mice after fixation. There are no detectable differences in the
irises of mutant and wild-type mice. (B–H) Histological analysis of paraffin-
embedded eyes from newborn mice. No significant differences were detected
between the eyes of the mutant and wild-type mice. C, cornea; L, lens; LFC, lens
fiber cells; R, retina. (Magnifications: A, �40; B–D, �25; E–H, �200.)
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not common in these patients included cataract, peripheral
iridocorneal adhesion, and microcornea. We have not noticed
any corneal opacity or nystagmus in either e5a�� or e5a�e5a
mice so far. In the light of the fact that heterozygous mutations
in Pax6 gene exhibit different effects in mice and humans, but
have similar effects in homozygous condition, difference in the
phenotype of e5a�� mice and the patients is not surprising. It
will be interesting to know the effect of homozygous mutations
in e5a if we ever find one. Humans and mice with mutations in
Pax6 show abnormality in brain and pancreas (12, 31). However,
Azuma et al. (30) reported that, except for one, patients with
mutations in e5a had normal growth and intelligence. In the
study of anatomy of other organs in e5a�e5a mice where Pax6 is
expressed we have noticed differences in the anatomy of the
pancreas; however, these results will be part of a separate study
(R.M., S.S., R.R.B., and G.F.S., unpublished work).

As discussed above, e5a�� mice have relatively mild pheno-
type compared with humans with heterozygous mutations in e5a.
Recently, Favor et al. (32) and Lyon et al. (33) reported
hypomorphic alleles, namely Sey4Neu, Sey7Neu, and Seycoop of
Pax6. Unlike Sey1neu heterozygous mice that have severe small
eye phenotype and show a high degree of corneal opacity,

Sey4Neu, Sey7Neu mice in heterozygous condition have milder
reduction in eye size and have none to a relatively small degree
of corneal opacity. The e5a�� mice show mild iris hypoplasia,
but unlike hypomorphic Sey4Neu, in Sey7Neu alleles no reduction
in eye size or any instance of corneal opacity was noticed.

Our study demonstrates that PAX6(5a) plays a distinct role in
postnatal iris formation and is critical for the structural integrity
of the cornea, lens, and retina. Finally, the vertebrate eye is
capable of regulating the amount of incoming light that strikes
the retina through a contractile iris. This feature of the eye not
only allows vertebrates to see in various light conditions but also
enhances image resolution. The requirement of PAX6(5a) in iris
development suggests that the evolution of this PAX6 isoform
contributed to advanced features of the vertebrate eye.
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