
An Allelic Series at the Paired Box Gene 6 (Pax6) Locus
Reveals the Functional Specificity of Pax Genes*

Received for publication, November 16, 2012, and in revised form, March 20, 2013 Published, JBC Papers in Press, March 20, 2013, DOI 10.1074/jbc.M112.436865

Christian Carbe, Ankur Garg, Zhigang Cai, Hongge Li, Andrea Powers, and Xin Zhang1

From the Departments of Medical and Molecular Genetics and Biochemistry and Molecular Biology, Indiana University School of
Medicine, Indianapolis, Indiana 46202

Background: Pax6, Pax6(5a), and Pax2 are derived from a common Pax2-like ancestral gene.
Results: Pax6(5a) and Pax2 can partially substitute for Pax6 in neural development.
Conclusion:The specificities of Pax6(5a) and Pax2 paired domains correspond to the extent of the rescues in forebrain but not
in eye development.
Significance: The unique function of Pax6 in eye development requires the combined activities of paired domain and
homeodomain.

The advent of the ocular and nervous system in metazoan
evolution coincides with the diversification of a single ancestral
paired box (Pax) gene into Pax6, Pax6(5a), and Pax2. To inves-
tigate the role of thesePax genes inneural development,wehave
generated an allelic series of knock-in models at the Pax6 locus.
We showed that although Pax6(5a) and Pax2 could not replace
Pax6 for its autoregulation in lens induction or for neural dif-
ferentiation in retina,Pax6(5a)was sufficient for corneal-lentic-
ular detachment. In brain development, cell proliferation in the
cerebral cortex and dorsoventral patterning of the telencepha-
lon and neural tube were partially rescued in either knock-in
mutant. Contrary to the previous belief, our genetic studies
showed that the Pax6 isoform Pax6(5a) could potentially play a
role in neuronal differentiation in brain development. Impor-
tantly, Pax2 showed greater rescue efficiency than Pax6(5a) in
the telencephalon even though the latter was identical to Pax6
outside the paired domain. In studying Ngn2, a Pax6 direct tar-
get gene in telencephalon, we showed that the level of Ngn2
expression correlated with the in vitro binding of Pax2, Pax6,
and Pax6(5a) paired domain on its enhancer. Our results show
that Pax6 is uniquely required for eye development, but in brain
development, Pax6 can be functionally substituted by related
Pax family genes that share a similar paired domain binding
specificity.

The Pax2 family of transcription factors is a metazoan inno-
vation that can be traced back evolutionarily to a single Pax2-
like gene in sponge, which has no eye or nervous system (for a
review, see Ref. 1). The emergence of the visual system in bila-
teria coincides with the separation of Pax2 and Pax6 genes,
whereas further gene duplications inDrosophila resulted in two
canonical Pax6 paralogues (ey and toy) and two Pax6(5a)-like

genes (eyg and toe). The importance of Pax6, Pax6(5a), and
Pax2 in Drosophila eye development has been clearly demon-
strated by the ey and the eygmutants, which have no eyes, and
by the Pax2mutants, which have abnormal cone cells (2–4). It
was further shown that Drosophila Pax6, Pax6(5a), and Pax2
have separate functions with ey controlling retinal specifica-
tion, eyg regulating cell growth, and Pax2 involved in cone and
pigment cell development (2, 5). However, the Pax2 and Pax6
paired domains share remarkably similar consensusDNAbind-
ing sites, and at least inDrosophila, the paired domain (PD) but
not the homeodomain (HD) of Pax6was required for eye devel-
opment (6). Furthermore, Pax6(5a), but not Pax6, was shown
to be able to induce ectopic retina in chick (7). These results
raise the question whether Pax6, Pax6(5a), and Pax2 are func-
tionally exchangeable in mammalian eye development.
Pax6 plays multiple roles in neural development. Humans

heterozygous for PAX6 develop blindness, aniridia, colobomas,
and cataracts, whereas Pax6-null mice (Pax6Sey/Sey; small eye)
fail to form any mature eye structures (8–11). This is because
Pax6 expression, which appears in the head surface ectoderm
prior to lens placode formation, is crucial for lens induction as
well as differentiation (12, 13). Although the remaining Pax6-
null retinal primordia initially up-regulate retina-specific
markers, such as Crx for photoreceptor cells and VC1.1 for
amacrine cells, the neurogenic program is eventually aborted
(14–16). During neural tube development, Pax6 controls ven-
tral patterning through its antagonistic interaction with
Nkx2.2, establishing distinct populations of progenitor cells
(17). In contrast, Pax6 expression in forebrain is primarily
restricted to the dorsal telencephalon where Pax6 activates the
dorsal telencephalic transcription factor Ngn2 expression to
prevent the expansion of ventral transcription factor Mash1
while maintaining the boundary structures to restrict cell
migration (18, 19). In addition to these neural patterning
defects, the Pax6-null progenitors in the dorsal telencephalon
also present with cell cycle andmigratory abnormalities, result-
ing in a thinner cortical plate (20–23).
Underlying its complex biological functions, Pax6 protein

has three distinct domains, the PD, the HD, and the transacti-
vation domain. The PD contains two helix-turn-helix motifs,
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referred to as the “PAI” and the “RED” motif regions, respec-
tively, that are necessary for DNA recognition and binding (24).
The PD may also cooperate with the DNA-binding HD to pro-
mote transcription via the transactivation domain, a proline-,
serine-, threonine-rich linker domain at the C terminus (25).
Pax6(5a), an alternatively spliced isoform of Pax6, contains a
14-amino acid insert within the PD that considerably changes
its DNA binding specificity: the canonical PD binds to DNA via
its N-terminal PAI domain, whereas the Pax6(5a) PD targets
DNA with the C-terminal RED domain (24). Although the
Pax6(5a) isoform only constitutes up to 20% of total Pax6 tran-
scripts, loss of Pax6(5a) in human andmouse results in distinct
ocular phenotypes (24, 26, 27). In addition, overexpression of
Pax6(5a) in cerebral cortex progenitors was observed to inhibit
cell proliferation without affecting cell fate, whereas overex-
pression of the canonical Pax6 inhibited cell proliferation but
also potently increased neurogenesis (26, 28). These results led
to the conclusion that Pax(5a) only controls cell proliferation,
whereas Pax6 canonical isoform regulates both cell growth and
fate determination.
A homologous PD is also the defining feature of the larger

Pax gene family, which otherwise harbors considerable
sequence variations within its nine family members. Unlike
Pax6, for example, Pax2 retains a partial one-helix HD and an
eight-amino acid octapeptide motif, which is functionally
important for transcriptional inhibition (for a review, see Ref.
29). Using a PCR-based seletion method, Epstein et al. (30)
showed that the Pax6 PD and Pax2 PD share strikingly similar
consensus binding sequences. Nevertheless, although ectopic
expression of Pax6 can sometimes induce eye formation out-
side the ocular region, Pax2 is known for its distinct control of
urogenital development. Only during early eye development
when Pax2 and Pax6 are initially co-expressed in the optic ves-
icle do they play redundant roles in retinal pigmented epithe-
lium specification (31, 32). But even in the eye, Pax2 and Pax6
expressions quickly diverge through mutual repression to con-
trol optic stalk and neural retina development, respectively
(33). It remains unclear how these two transcriptional regula-
tors that share an almost identical consensus PD binding
sequence can have sometimes redundant but often divergent
functions in embryogenesis.
In our present study, we sought to examine the functional

specificity of the Pax genes in neural development by replacing
the Pax6 coding region with either Pax2 or Pax6(5a) cDNA,
which led to induction of Pax2 and Pax6(5a) in the endogenous
Pax6 expression domains. Although neither ectopically
expressed transcription factor could rescue eye development,
the ventral patterning of the neural tube was partially restored
by the Pax6(5a) and Pax2 knock-in. In contrast to previous
reports that Pax6(5a) only affects cell proliferation but not cell
fate in the telencephalon, we showed that ectopic Pax6(5a)
reversed both dorsoventral patterning and progenitor prolifer-
ation defects, although boundary formation was not recovered.
Interestingly, ectopic Pax2 achieved stronger rescue of Pax6
telencephalon patterning and neurogenesis than Pax6(5a)
despite the fact that Pax2 diverges from Pax6 and Pax6(5a)
outside the PDdomain. Using aPax6 direct downstream target,
the proneural gene Ngn2, as an example, we showed that the

extent of rescue closely correlated with the binding affinities of
Pax2 and Pax6(5a) PDs on the known Ngn2 enhancer. There-
fore, whereas the entire Pax6 protein is necessary for eye devel-
opment, the binding specificity of the PD is largely sufficient to
determine the functional specificity of Pax2, Pax6, and Pax6(5a)
in forebrain and neural tube development.

EXPERIMENTAL PROCEDURES

Pax6 Targeting Vector Construction—The Pax6 targeting
vector was generated using the recombineering method (34,
35). Briefly, a minitargeting vector containing a Neo selection
cassette and a Pax6(5a) full-length cDNA (IMAGE clone num-
ber 4008490) was used to replace the Pax6 genomic sequence
from exons 4 to 13 contained in a 129S6/SvEvTac Bac clone
(BACPAC Resources Center at Children’s Hospital Oakland
Research Institute, catalogue number RP22-55A14). Through
homologous recombination, the translation start site of
Pax6(5a) cDNA was fused exactly at the original ATG codon
within Pax6 exon 4. The excision of the Neo cassette by Cre
recombinase left behind a de novo NcoI site and a single loxP
site in front of the Pax6(5a) cDNA. Using the gap repair
method, the Pax6(5a) cDNA and the flanked 4.2- and 6-kb
Pax6 genomic sequences were cloned into pAY253, a low copy
number MC1TK-containing plasmid that can accommodate
large DNA inserts. A second round of minitargeting then
placed behind the Pax6(5a) cDNA anotherNeo cassette, a stop
cassette (five copies of poly(A) sequence), a single loxP site, and
a full-length cDNA for Pax2 followed by a new BamHI site (Fig.
1A). The resulting Pax6 targeting vector was verified by direct
sequencing.
Generation of Mouse Lines—ES cells (129S6/SvEvTac) elec-

troporated with the linearized Pax6 targeting vector were
screened for successful homologous recombination by South-
ern blot using both 5� (NcoI) and 3� (BamHI) external probes
(Fig. 1B). The positive ES cells were used to generate Pax65a
chimeric mice by pronuclear injection into C57BL/6 mouse
blastocysts. Tail biopsies were collected, and genotype PCRwas
performed to confirm the Pax65a allele (primers: Pax65a F,
5�-GATGCAAAAGTCCAGGTGCT-3�; Pax65a R, 5�-TTC-
CCAAGCAAAGATGGAAG-3�) (Fig. 1C). The Pax65a/� mice
were crossed to the Ella-Cre mice (The Jackson Laboratory,
stock number 003724) to remove the Pax6(5a) cDNA and the
Neo and the stop cassettes in the germ line. The resulting
Pax6Pax2/� mice were confirmed by genotype PCR (primers:
Pax6Pax2 F, 5�-AAAGTGGTGGACAAGATTGC-3�; Pax6Pax2
R, 5�-TTAGGGACAGAGCCCTCAGA-3�). Pax6 small eye
mutant embryos (Pax6Sey-Neu/Sey-Neu) were kindly provided by
James Li (University of Connecticut Health Center, Farming-
ton, CT) (10, 36).
The presence of a vaginal plug was considered 0.5 days post-

coitum or E0.5. All experimental procedures involving mice
were humanely performed in accordance with the Laboratory
Animal Research Center at Indiana University.
Immunohistochemistry and Histology—Fluorescent immu-

nohistochemistry of cryosections and paraffin sections were
performed as described previously (37–39). The following anti-
bodies were used: mouse anti-Islet1 (1:10), anti-Pax6 (1:10),
and anti-Nkx2.2 (1:10) (all from Developmental Studies
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Hybridoma Bank, Iowa City, IA); mouse anti-Mitf (1:50)
(Thermo Scientific, Fremont, CA); rabbit anti-Sox2 (1:800)
(Chemicon International, Billerica, MA); rabbit anti-Pax2
(1:100) and rabbit anti-Pax6 (1:250) (both from Covance,
Berkeley, CA); rabbit anti-phosphohistone H3 (Ser-10) (1:500)
(Upstate, Temecula, CA); and rabbit anti-Ptf1a (1:100) (kindly
provided by Dr. Jane E. Johnson, University of Texas South-
western Medical Center, Dallas, TX). Secondary antibodies for
all experiments were either Alexa Fluor 488- (1:250) or Alexa
Fluor 555 (1:500)-conjugated anti-mouse and anti-rabbit IgG
(Jackson ImmunoResearch Laboratories,West Grove, PA). For
histology of E14.5 paraffin sections of cerebral cortex, hematox-
ylin and eosin staining was performed as described previously
(37).
RNA in Situ Hybridization—RNA in situ hybridization

experiments for whole-mount embryos and slide sections were
performed as described previously (37–39). Antisense probes
were generated from cDNAs for Crx (from Valerie Wallace,
Ottawa Health Research Institute, Ottawa, Ontario, Canada),
Foxe3 (from Dr. Milan Jamrich, Baylor College of Medicine,
Houston, TX), Pax2 and Pax6 (both generously provided by
Richard Maas, Brigham andWomen’s Hospital, Harvard Med-
ical School, Boston, MA), Ngn2 (kindly provided by Lin Gan,
University of Rochester, Rochester, NY), Mash1 (kindly pro-
vided by Alexandra Joyner, Memorial Sloan-Kettering Cancer
Center New York, NY),Math5 (from Dr. Tom Glaser, Univer-
sity of California, Davis, CA), and Sfrp2 (a generous gift from
Andrew McMahon, Harvard University, Boston, MA).
Quantitative Real Time RT-PCR—To compare the expres-

sion levels of knock-inPax6(5a) andPax2 in embryonic brain at
E14.5, they were individually correlated with the endogenous
Pax6 expression level in Pax65a/� and Pax6Pax2/� mutants by
quantitative real time RT-PCR as described previously (34).
PCR primers used were as follows: Pax6(5a)/Pax6: F, GCGC-
AGACGGCATGTATGATA; R, GGGTTGCCCTGGTACT-
GAAG; Pax2: F, AAGCCCGGAGTGATTGGTG; R, CAGGC-
GAACATAGTCGGGTT (acquired from Harvard PrimerBank).
To determine any differences in expression levels of Pax6 and
Pax6(5a), the combined expression levels of Pax6 and Pax6(5a)
were compared in wild type and Pax65a/� embryos. In another
experiment, Pax2 knock-in and Pax6 expression levels were
compared within Pax6Pax2/� mutants. The knock-in Pax2
expression levels were calculated by subtracting endogenous
Pax2 levels in wild type littermates. To determine the absolute
transcript levels, plasmids encoding Pax6 andPax2 cDNAwere
used to calibrate Ct values. Gapdh was used as an endogenous
control to normalize the Ct values. Three embryos were used
for each genotype, and all experiments were run in triplicates.
The statistical significance was calculated by Student’s t test.
Data Analysis—Quantification of cortical plate and phos-

phorylated histone H3-positive (pHH3�) cells was performed
as described previously (26). Briefly, the quantification of cor-
tical plate was determined in hematoxylin- and eosin-stained
E14.5 cerebral cortex sections throughout rostral, intermedi-
ate, and caudal levels (40, 41). The length of a line, measured by
the ImageJ program, from the ventricular surface to the pial
surface served as the total cortical thickness. The length of a
second line drawn from the apical and basal side of the cortical

plate served as the thickness of the cortical plate. The relative
width of the cortical plate was expressed as the proportion of
the overall thickness of the cerebral cortex. Quantification of
pHH3� cells at subventricular zone (SVZ) cells was performed
by placing a 150-�m-wide square covering the entire cortical
thickness parallel to the ventricular surface and counting all
pHH3� cells five or more cell diameters away from the ventric-
ular surface (26). Quantification of the Nkx2.2-positive domain
in the developing neural tube was performed by counting the
number of cell rows in the neural tube positive for Nkx2.2
immunofluorescence and expressing it as the proportion of the
total number of neural tube cell rows in each E10.5 C1-R7 level
section (17). The statistical significance was calculated by one-
way analysis of variance and Tukey’s post hoc tests.
Paired Domain-Glutathione S-Transferase Fusion Protein

Preparations—The pGEX-Pax6 and pGEX-Pax6(5a) GST-
paired domain expression plasmids were generously provided
by Richard Maas (Brigham and Women’s Hospital, Harvard
Medical School, Boston MA) (24, 30). For pGEX-Pax2 GST, a
full-length cDNA clone for murine Pax2, pPax2-CMV (also
kindly provided by RichardMaas, Brigham andWomen’s Hos-
pital, Harvard Medical School, Boston MA) was used as a
template in a PCR with primers (F, 5�-CTCGGATCCATG-
GATATGCACTGCAAAGCAGACC-3�; R, 5�-ATCGAATT-
CGAACTTTGGTCCGGATGATCCTGTT-3�) to amplify the
sequence corresponding to amino acids 1–128 for Pax2. This
PCR product was then cloned into the BamHI and EcoRI sites
of pGEX4T1, and the resulting clone was verified by direct
sequencing. Large scale purification ofGST fusion proteins was
performed in BL21 Escherichia coli.
Electrophoretic Mobility Shift Assay (EMSA)—EMSA reac-

tions were carried out as described previously (42, 43). The
following oligonucleotide probes were used: P6CON, 5�-GAT-
CAGGAAAAATTTTCACGCTTGAGTTCACAG-3� (24);
5aCON, 5�-GATCCAATGTTCATTGACTCTCGAG-3� (24);
E1.1, 5�-TCATTCACGCCTAGAAGCAG-3� (44); mtE.1,
5�-TCACTAGTAACGAGAAGCAG-3� (44); E1.5a, 5�-ATCT-
CAATCAACAATCCATTAGAACTCA-3�; and mtE1.5a, 5�-
TCACTAGTAACGCCATTAGAACTCA. These oligonucleo-
tideswere end-radiolabeled byT4 kinasewith [�-32P]ATPprior
to annealing oligonucleotides of complimentary sequence.

RESULTS

Generation of Pax65a and Pax6Pax2 Alleles—To investigate
the functional specificity of Pax6, we took a cDNA knock-in
approach to determine whether Pax6 can be functionally
replaced by either Pax2, which shares a similar DNA-binding
PD, or Pax6(5a), which shares the same homeodomain and the
transactivation domain. The Pax65a/� allele was generated by
fusing a Pax6(5a) cDNA in-frame to the original Pax6 start
codon, whereas the Pax6Pax2/� allele was subsequently derived
by Cre-mediated excision of the Pax6(5a) and a stop cassette
from the Pax65a/� allele, allowing the remaining Pax2 cDNA to
be expressed (Fig. 1, A–C). In homozygous mutants, Pax6(5a)
and Pax2 RNAs were expressed in the endogenous Pax6 spa-
tiotemporal pattern in the eye, telencephalon, and neural tube,
whereas in heterozygous eyes (Pax6Pax2/�), ectopic Pax2
expression arose at the expense of the endogenous Pax6 tran-
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FIGURE 1. Cloning strategy for Pax65a and Pax6Pax2 knock-ins. A, the coding region of Pax6 (exons 4 –13) was replaced by a cDNA for Pax6(5a) followed by
a neomycin (Neo) cassette, a stop cassette (five copies of poly(A) sequence), and a cDNA for Pax2. Frt and LoxP sites are represented by open arrows and solid
triangles, respectively. Nc, NcoI; B, BamHI. B, for Southern blot confirmation, genomic DNA extracted from targeted ES cells digested with either NcoI or BamHI
was hybridized with the 5� or the 3� external probes, respectively. Predicted fragment sizes were obtained for the correctly targeted clones. C, genotyping for
Pax65a and Pax6Pax2 alleles. D–G, using a Pax6 3�-UTR probe (common to both Pax6 and Pax6(5a)) and a Pax2 probe, we showed that Pax6(5a) and Pax2 RNAs
were expressed ectopically within the endogenous Pax6 expression domains at embryonic day 10.5 (arrows). tc, telecephalon; ey, eye; nt, neural tube. H–K, in
Pax6Pax2/� eyes, there was a decrease in Pax6 transcripts but a corresponding expansion of Pax2 expression from the optic disc to the whole retina (arrowhead)
and the lens (arrow). L, quantitative real time PCR was performed on E14.5 brain tissues with primers that recognize the domain shared by Pax6 and Pax6(5a).
After normalization using Gapdh expression, the combined expression of Pax6 and Pax6(5a) was shown to be the same in Pax6�/� and Pax65a/� embryos,
demonstrating that Pax6(5a) was transcribed as efficiently as endogenous Pax6. M, the numbers of Pax6 and Pax2 transcripts in Pax6Pax2/� embryos were
determined by quantitative real time PCR using standard curves generated with Pax6 and Pax2 cDNA plasmids and normalized using Gapdh expression. After
subtracting endogenous expression of Pax2 determined from wild type samples, the expression level of Pax2 knock-in allele was found to be the same as that
for endogenous Pax6 in Pax6Pax2/� embryos. n � 3 for each genotype. N.S., not significant. Scale bar, 100 �m. Error bars represent S.E.
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scripts (Fig. 1, D–K). By quantitative real time PCR, we con-
firmed that Pax6(5a) and Pax2 were both expressed at a level
similar to that of the endogenous Pax6 in Pax65a/� and
Pax6Pax2/� embryos, respectively (Fig. 1, L and M). Further-
more, no read-through transcription or translation of Pax2was
detected in Pax65a/5a mutants (see Figs. 5, C and G, and 6C).
These results supported the correct gene targeting and preser-
vation of major transcriptional regulatory elements in the
Pax65a and Pax6Pax2 alleles.
Pax6(5a), but Not Pax2, Prevents Persistent Lens Stalk in

Heterozygous Animals—We first examined Pax65a/� and
Pax6Pax2/� embryos to determine whether they resembled
Pax6 heterozygous nulls. At E14.5, Pax6 staining revealed clear
separations between lens and cornea in both wild type and
Pax65a/� embryos (Fig. 2, A and B, arrows). In Pax6Pax2/�

embryos, however, there still existed a persistent corneal-len-
ticular stalk (Fig. 2C,arrow), a knownocular defect inPax6Seu/�

mutants. Consistent with this, Pax6 downstream gene Foxe3
was onlymodestly reduced in Pax65a/� embryos but was nearly
absent in Pax6Pax2/� lens (Fig. 2,D–F, arrows) (45). In contrast,
the budding of lacrimal gland and retinal expression ofMath5,
two features also known to be sensitive to Pax6 gene dosage,
were both disrupted in Pax65a/� and Pax6Pax2/� embryos (Fig.

2,G–L, arrows) (34, 46, 47). Therefore, Pax6(5a), but not Pax2,
partially substituted for Pax6 function in lens development.
Failure of Lens Induction in the Pax65a/5a and Pax6Pax2/Pax2

Embryos—The Pax65a/5a and Pax6Pax2/Pax2 embryos were
recovered at the expected Mendelian ratio at E15.5, but they
lacked any obvious eye structures (Fig. 3, A–C, arrows). This
prompted us to examine lens induction, the pivotal morphoge-
netic event in early eye development. The murine embryonic
eye develops in response to signaling interactions between two
Pax6-expressing embryonic tissues, the head surface ectoderm
and optic vesicle. After coming in physical contact with the

FIGURE 2. Partial rescue of Pax6 heterozygous lens phenotype by
Pax6(5a) but not by Pax2. A–C, persistent corneal-lenticular stalk (arrow in C)
was present only in E14.5 Pax6Pax2/� mutants but not in wild type and
Pax65a/� eyes. D–F, Foxe3 expression (arrows) was reduced more significantly
in Pax6Pax2/� mutants than in Pax65a/� eyes. G–L, both Pax6Pax2/� and
Pax65a/� mutants displayed smaller lacrimal gland buds (outlined in white
dashed lines) and reduced expression of retinal differentiation gene Math5
(arrows). Scale bar, 100 �m.

FIGURE 3. Lens induction failure in Pax65a/5a and Pax6Pax2/Pax2 knock-in
mutants. A–C, no obvious eye structure was observed in the E15.5 Pax65a/5a

and Pax6Pax2/Pax2 mutants (arrows). D–F, using an antibody that recognized
both Pax6 and Pax6(5a) protein, we detected Pax6 in the wild type lens pla-
code (thickening of lens surface ectoderm) but not Pax6(5a) in the Pax65a/5a

mutant surface ectoderm (compare D and E, arrows). No lens placode was
formed in either E9.5 Pax65a/5a or Pax6Pax2/Pax2 mutants. ov, optic vesicle; lp,
lens placode; le, lens ectoderm. G–I, Sox2 expression was absent from lens
surface ectoderm (arrows) but present in developing optic vesicles of both
knock-in mutants at E9.5 (arrowheads). J–R, in both knock-in mutants at E10.5,
lens vesicle and optic cup failed to form, and Pax6, Pax6(5a), Pax2, and Sox2
expressions were absent from lens surface ectoderm (arrows). lv, lens vesicle;
oc, optic cup. Scale bar, 50 �m.
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optic vesicle at E9.5, the wild type surface ectoderm thickened
to form the presumptive lens placode where Pax6 up-regulated
its own expression (Fig. 3D, arrow). In contrast, no Pax6-
positive lens placode was observed in the Pax65a/5a and
Pax6Pax2/Pax2mutants, indicating a failure of the Pax6 autoreg-
ulatory loop (Fig. 3,E–F, arrows). As a consequence, the expres-
sion of Sox2, a Pax6 downstream transcription factor in lens
placode development, was also extinguished (Fig. 3, G–I,
arrows). At E10.5 when the wild type lens placode invaginated
to form a lens vesicle, the Pax65a/5a and Pax6Pax2/Pax2mutants
failed to form any lens structures, and Pax6, Pax2, and Sox2
were completely absent on the remaining surface ectoderm
(Fig. 3, J–R,arrows). It is important to note thatPax2 expression
was still detected in Pax6Pax2/� lens (Fig. 1K, arrow), indicating
that our knock-in alleles did not lose any essential lens
enhancer. Taken together, these results demonstrated that
Pax6(5a) and Pax2 were unable to activate the Pax6 autoregu-
latorymechanism in the presumptive lens placode, which led to
the loss of lens development.

Retinal Development Is Disrupted in the Pax65a/5a and
Pax6Pax2/Pax2 Mutants—Previous studies have shown that ret-
inal differentiation was initially accelerated in the Pax6-null
mutants, but the neurogenesis was eventually aborted (15, 16).
Thus, we examined whether retinogenesis still occurred in the
Pax65a/5a and Pax6Pax2/Pax2 mutants. In the E14.5 wild type
embryos, Pax6 was detectable throughout the neural retina,
whereas Pax2 was restricted to the optic stalk and the optic disc
(Fig. 4, A and B, arrow and arrowhead). In contrast, the
Pax65a/5a optic vesicle expressed both Pax6(5a) and Pax2 (Fig.
4, A� and B�), whereas the Pax6Pax2/Pax2 optic vesicle only
expressed Pax2 (Fig. 4, A� and B�). Furthermore, both mutant
optic vesicles were positive for Sox2, here a retinal progenitor
marker, but negative for Mitf, a retinal pigmented epithelium
marker (Fig. 4, C–D�). These results indicated that the pattern-
ing of optic vesicle into retinal pigmented epithelium, optic
disc, and neural retina was abolished in the Pax65a/5a and
Pax6Pax2/Pax2 mutants. We also provide evidence that neuro-
genesis was disrupted in the mutants. Ptf1a is a transcription

FIGURE 4. Defective retinal development in Pax65a/5a and Pax6Pax2/Pax2 mutants. A–B�, Pax6(5a) and Pax2 were expressed in the residual Pax65a/5a and
Pax6Pax2/Pax 2optic vesicles (arrowhead). nr, neural retina; le, lens; os, optic stalk; od, optic disc. C–D�, entire mutant optic vesicles (dashed lines) expressed neural
retinal marker Sox2 but not retinal pigmented epithelium marker Mitf. E–J�, the retinal differentiation factors Ptf1a, Brn3a, NF165, Islet1, and VC1.1 were lost in
the mutant optic vesicles (dashed lines), but photoreceptor cell differentiation gene Crx was ectopically expressed (arrows). Scale bar, 100 �m.
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factor important for retinal amacrine and horizontal cells.
Its expression was completely lost in the Pax65a/5a and
Pax6Pax2/Pax2 mutant optic vesicles (Fig. 4, E–E�). Brn3a and
NF165, markers for newly differentiated ganglion cells, were
similarly abrogated (Fig. 4, F–G�). Islet1, which marks differen-
tiating retinal ganglion and amacrine cells, was also absent in
the mutants (Fig. 4, H–H�). It has been shown previously that
the Pax6-null retina still expresses the photoreceptor determi-
nation gene Crx and amacrine cell differentiation marker
VC1.1 (15). Interestingly, we did not detect any VC1.1 expres-
sion in our mutants, but Crx expression was indeed expanded
tomost of the residual optic vesicles (Fig. 4, I–J�, arrows). Taken

together, these ocular defects demonstrate the strict require-
ment of canonical Pax6 for lens and retinal development.
Pax6(5a) and Pax2 Partially Substitute for Pax6 in Suppress-

ing EctopicNkx2.2 Expansion in theNeural Tube—Considering
that Pax6 is required for patterning the ventral neural tube, we
next asked whether Pax6(5a) or Pax2 could recapitulate the
role of Pax6 as a repressor of homeodomain transcription fac-
torNkx2.2 expression (17, 48). By E10.5, wild type Pax6 expres-
sion was detected in the ventral neural tube, whereas Pax2 was
expressed in the neural tube bilaterally flanking the dorsoven-
tral midline (Fig. 5,A and E). This was in contrast to the ectopic
expression of Pax6(5a) and Pax2 within the neural tube-Pax6

FIGURE 5. Correction of Nkx2.2 expression by Pax2 and Pax6(5a) in neural tube. A–H, Pax6(5a) and Pax2 were expressed within the endogenous Pax6
neural tube domain in the E10.5 Pax65a/5a and Pax6Pax2/Pax2 mutants, respectively. I–L, the suppression of Nkx2.2 by Pax6 was disrupted in the Pax6-null
(Pax6Sey-Neu/Sey-Neu) mutants, allowing for Nkx2.2 expression to expand dorsally (arrows). A significant decrease in Nkx2.2 expansion was observed in the
Pax65a/5a and Pax6Pax2/Pax2 mutants. M, measurement of the relative length of Nkx2.2-positive neural tube (*, p � 0.05; n � 3). Scale bar, 100 �m. Error bars
represent S.E.
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expression domains in the corresponding knock-in mutants
(Fig. 5, C, D, and F–H). As expected, Nkx2.2 expression
expanded dorsally in the Pax6-null (Pax6Sey-Neu/Sey-Neu)
mutants, confirming the antagonistic interaction between Pax6
and Nkx2.2 (Fig. 5, I and J, arrows). In both Pax65a/5a and
Pax6Pax2/Pax2 mutants, however, the dorsal expansion of
Nkx2.2 appeared to be partially reduced compared with the
Pax6-null mutants (Fig. 5, K and L, arrows). By calculating the
proportion of Nkx2.2-positive cells per total number of neural
tube cells, we confirmed that the suppression of ectopic Nkx2.2
expression was statistically significant for Pax65a/5a and
Pax6Pax2/Pax2 mutants (Fig. 5M).
Partial Rescue of Telencephalic Cell Proliferation and Neuro-

genesis by Pax2—Transgenic overexpression studies suggest
that Pax6 and Pax6(5a) both have antiproliferative roles in the
embryonic cortex (26, 28). To assess any changes in cortex cell
proliferation in our mutants, mitotic cells in E14.5 coronal cor-
tex sections were immunolabeled with anti-pHH3. Consistent
with previous studies, E14.5 Pax6Sey-Neu/Sey-Neumutants exhib-
ited a significant increase in cell proliferation within the SVZ
compared with the wild type cortex, whereas the ventricular
zone mitotic index remained the same (Fig. 6, A and B, arrows)
(26). However, there was a statistically significant reduction in
the number of pHH3-positive subventricular zone cells in both
Pax65a/5a and Pax6Pax2/Pax2mutants compared with the Pax6-
null mutants (Pax6Sey-Neu/Sey-Neu), indicating a partial rescue of

telencephalic progenitor cell inhibition (Fig. 6, C, D, and I).
After terminal cell division, newborn neurons migrate to
beneath the pial surface to form a conspicuous band called the
cortical plate (Fig. 6, E–H, telencephalic area flanked by dotted
lines). Relative to the total cortical thickness in the lateral cor-
tex, the cortical plates in the Pax6Sey-Neu/Sey-Neu and the
Pax65a/5amutants were both thinner than that of the wild type
embryos. The Pax6Pax2/Pax2mutants, however, exhibited a sig-
nificant increase in cortical thickness, suggesting that, unlike
Pax(5a), Pax2 could partially rescue neurogenesis in the Pax6-
deficient cortex (Fig. 6I).
Stronger Rescue of Telencephalon Patterning in Pax6Pax2/Pax2

Mutants than in Pax65a/5a Mutants—Given the vital role of
Pax6 in the dorsoventral specification of telencephalic progen-
itors, we next examined the expression patterns of three well
characterized Pax6 downstream targets within the developing
telencephalon at E14, namely Ngn2, Mash1, and Sfrp2. Pax6
expression was normally confined to the dorsal E14.5 telen-
cephalon in the wild type embryos as was the expression of
Pax6(5a) and Pax2 in the Pax65a/5a and the Pax6Pax2/Pax2
mutants, respectively (Fig. 7, A–D, arrows). Consistent with
previous reports, we observed in the Pax6Sey-Neu/Sey-Neu
mutants a complete abrogation of telencephalic Ngn2 expres-
sion in addition to an expanded expression of the ventral telen-
cephalon-specific transcription factor Mash1 into the dorsal
telencephalon (Fig. 7, F and J, arrows) (26). In the Pax65a/5a

FIGURE 6. Pax2 and Pax6(5a) partially rescued cell proliferation defects in telencephalon. A–D, an increase in cortical progenitor cell proliferation as
indicated by pHH3 staining was evident in the SVZ (arrow) of the Pax6Sey-Neu/Sey-Neu mutants (B). A statistically significant decrease in SVZ cell proliferation was
observed in both knock-in mutants. E–H, hematoxylin and eosin staining of E14.5 telencephalon showed a partial rescue of cortical plate (CP) thickness in the
Pax6Pax2/Pax2 telencephalon. I, measurements of SVZ proliferation and cortical plate thickness (*, p � 0.05; n � 3). VZ, ventricular zone; CTX, cortex; MZ, marginal
zone. Scale bar, 100 �m. Error bars represent S.E.
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mutants, however, therewas amodest recovery ofNgn2 expres-
sion in the dorsal telencephalon, butMash1was still ectopically
expressed (Fig. 7,G andK, arrows). Remarkably,Mash1 expres-
sion in the Pax6Pax2/Pax2 mutant was correctly confined to the
ventral telencephalon despite the lack of endogenous Pax6
expression, whereas Ngn2 was strongly expressed in the dorsal
telencephalon (Fig. 7,H and L, arrow and arrowhead). Of note,
Sfrp2, a boundarymarker between the dorsal cortex and ventral
ganglionic eminence, was still absent in the Pax65a/5a and
Pax6Pax2/Pax2 mutants, suggesting an incomplete rescue of tel-
encephalic patterning (Fig. 7,M–P, arrowheads). Nevertheless,
it is clear that Pax2 and to a lesser extent Pax6(5a) can at least
substitute for some of the canonical Pax6 functions in the
regionalization of the forebrain telencephalon.
Differential Binding of Pax6(5a) andPax2PairedDomains on

Ngn2 E1 Enhancer—Tounderstand themechanismof differen-
tial rescue in the Pax65a/5a and Pax6Pax2/Pax2mutants, we next
investigated the regulation of Ngn2, one of the best character-
ized Pax6 downstream targets in neural development. Previous
studies have shown that the canonical Pax6 isoform through its
PD binds to a low affinity site on the Ngn2 E1 enhancer, which
promotesNgn2 expression only in the telencephalic domains of
high Pax6 expression (44). To assess whether there could exist
a direct physical interaction between theNgn2E1 enhancer and
Pax6(5a) or Pax2 PD, we performed DNA EMSAs using oligo-
nucleotide probes containing sequences corresponding to the

Pax6 binding sites. As expected, the P6CON and 5aCON con-
trol probes, which contained previously identified consensus
binding site sequences, strongly bound GST-Pax6-PD and
GST-Pax6(5a)-PD respectively (Fig. 8A) (24, 30). In addition,
we confirmed the previous finding that GST-Pax6-PD weakly
bound the Ngn2 E1 enhancer element probe E1.1 but not the
mutated E1 enhancer probe mtE1.1 (Fig. 8A) (44). Although
GST-Pax6-PD could also recognize the 5aCON control probe,
GST-Pax6(5a)-PD was unable to bind the P6CON site effec-
tively (Fig. 8A and data not shown). Consistent with this, we did
not observe any binding between GST-Pax6(5a)-PD and the
E1.1 element, confirming that the E1.1 sequence was indeed a
canonical Pax6 PD binding site. Nevertheless, in the sameNgn2
E1 enhancer, we identified a putative Pax6(5a)-specific binding
sequence, named E1.1(5a), that is evolutionally conserved from
human to frog (Xenopus tropicalis) (Fig. 8B). By EMSA, we
observed that GST-Pax6(5a)-PD could bind to probe E1.1(5a)
but not to the mutated negative control probe mtE1.1(5a),
although the overall binding was weaker than that of GST-
Pax6-PD on probe E1.1 (Fig. 8A). This suggested that Pax6(5a)
could potentially utilize the E1.1(5a) site, but the interaction
was likely weaker than that of canonical Pax6 on the Ngn2 E1
enhancer. Finally, we showed that the GST-Pax2-PD bound to
P6CON and 5aCON sequences with affinities similar to that of
GST-Pax6-PD, whereas control GST protein failed to bind any
of these probes, demonstrating that Pax6 and Pax2 PD indeed
share the same DNA binding specificity (Fig. 8A). Importantly,
the binding of GST-Pax2-PD on E1.1 was also significantly
stronger than that of GST-Pax6(5a)-PD on E1.1(5a). Taken

FIGURE 7. Differential rescue of dorsoventral patterning in Pax65a/5a and
Pax6Pax2/Pax2 mutant telencephalon. A–D, Pax2 and Pax6 immunohisto-
chemistry confirmed endogenous and ectopic protein expression within the
dorsal telencephalon at E15.5 (arrows). E–H, Pax6-proneural gene target Ngn2
RNA expression was lost in the Pax6Sey-Neu/Sey-Neu mutant dorsal telencepha-
lon but partially recovered in the Pax65a/5a mutant and fully rescued in the
Pax6Pax2/Pax2 mutant (arrows). I–L, Pax6Sey-Neu/Sey-Neu and Pax65a/5a mutants
showed misexpression of proneural gene Mash1 in the dorsal telencephalon
(arrows), whereas Pax6Pax2/Pax2 displayed normal Mash1 expression in ventral
telencephalon (arrowheads). M–P, Wnt inhibitor Sfrp2, normally expressed at
telencephalon dorsal-ventral boundary (arrowheads), was not detected in
any of the mutants. All sections were coronal. Scale bar, 100 �m.

FIGURE 8. Pax6(5a) and Pax2 paired domains bound the Ngn2 telen-
cephalic enhancer. A, electrophoretic mobility shift assays performed with
the recombinant Pax6, Pax6(5a), and Pax2 PD-GST fusion proteins. Pax6 and
Pax2 paired domains bound the Pax6 and Pax6(5a) consensus binding sites
(P6CON and 5aCON) and with a weaker affinity the Ngn2 E1.1 enhancer ele-
ment. Pax6(5a) paired domain preferentially bound 5aCON and the Ngn2
E1.1(5a) site. The Pax6(5a)-E1.1(5a) binding was weaker than that of Pax2-
E1.1. No binding complexes were observed with GST and the individual
oligonucleotide probes. B, Pax2 and Pax6 paired domain consensus binding
sites as well as the corresponding Ngn2 enhancer E1.1 target sequence. The
Pax6(5a) consensus binding site and its phylogenetically conserved binding
sequence within the Ngn2 E1.1 enhancer are shown.
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together, these results showed that Pax6 and Pax2 PDs formed
a stronger binding complex on the Ngn2 E1 enhancer than did
Pax6(5a) PD, which correlated well with the differential level of
Ngn2 expression in the Pax65a/5a and Pax6Pax2/Pax2 mutant
telencephalon.

DISCUSSION

In this study, we performed gene replacement experiments
to rigorously test the functional specificity of Pax6, Pax6(5a),
and Pax2 in vivo. In both the Pax65a/5a and Pax6Pax2/Pax2
mutants, lens development was abolished because lens induc-
tion never occurred. Further analysis showed that Pax2 and
Pax6(5a) failed to be expressed in the lens placode, demonstrat-
ing that the lens-specific enhancer activity in the Pax6 locus
required canonical Pax6. The known Pax6 lens enhancer, also
termed the ectodermenhancer, contains binding sites forMeis/
Prep, Sox2, Oct1, and Pax6 (34, 43, 49–51). Because the recom-
binant Pax2 PD bound as strongly as Pax6 PD on this lens
enhancer in EMSA (data not shown), the lack of lens enhancer
activity in the Pax6Pax2/Pax2mutants suggests that Pax2may be
unable to synergistically interact with the other cofactors on
this enhancer. Another possibility was that the Pax6 HD was
also required for its autoregulation in lens development, which
was supported by the previous finding that mutations in the
Pax6 HD disrupted eye but not brain development (52). In
support of this idea, we observed persistent lens stalk in
Pax6Pax2/�, but not in Pax65a/�, embryos, suggesting that
Pax6(5a) could partially substitute for canonical Pax6 in lens
development. However, it should be noted that the Pax6 lens
enhancer remained inactive in the Pax65a/5a mutants despite
the intact HD in Pax6(5a). Therefore, it is likely that both the
PD andHD of Pax6were necessary for its optimum function in
lens induction.
In retinal development, Pax2 and Pax6 have been shown to

cooperate initially in retinal pigmented epithelium specifica-
tion, but later on, they play antagonistic roles in optic stalk
and optic cup development, respectively (31–33). In the
Pax6Pax2/Pax2 mutants, however, the residual optic vesicle
expressed the neural retina markers Sox2 and Crx but not the
retinal pigmented epitheliummarkerMitf. This suggested that,
withoutPax6,Pax2 alone could notmaintain retinal pigmented
epithelium or optic stalk fate. On the other hand, although
ectopic Pax6(5a) could induce well differentiated retina in
chick, replacement of Pax6 by Pax6(5a) in the Pax65a/5a
mutants failed to correct the retinal differentiation observed in
the Pax6-nullmutant. Together with the lens development fail-
ure in our mutants, these results showed that canonical Pax6
was uniquely required for mammalian eye development.
Although Pax2 and Pax6(5a) failed to reverse Pax6 homozy-

gous null ocular defects, our studies showed that they could
partially replace Pax6 for telencephalon and neural tube devel-
opment. In the Pax65a/5a and Pax6Pax2/Pax2 mutants, we
showed that Ngn2 expression was reactivated in dorsal telen-
cephalon, and Nkx2.2 was indeed suppressed in ventral neural
tube. Thus, contrary to the previous gain-of-function studies
that indicated that Pax6(5a) only affected cell proliferation
in telencephalon, our genetic knock-in experiments supported
thatPax6(5a) could complement Pax6 in neural patterning and

differentiation. In brain development, Pax6, Pax6(5a), and
Pax2 likely share a common set of downstream neurogenesis
genes recognizable by their PDs. This is because even Pax2,
which lacks a functional HD, could rescue Ngn2 and Nkx2.2
expression in the Pax6Pax2/Pax2 mutants. On the other hand,
Pax6(5a) and Pax2 were still unable to activate Sfrp2 at the
dorsoventral boundary, consistent with the previous reports
that Sfrp2 regulation required both the PD and the HD of Pax6
(26, 53). Furthermore, wewere able to identify an evolutionarily
conserved binding site for the Pax6(5a) PD in the Ngn2 telen-
cephalic enhancer and showed that the in vitro binding affini-
ties of Pax6(5a) and Pax2 PD correlate well with the Ngn2
expression level. Therefore, at least forNgn2, the strength of the
PD binding dictates the functional activity of Pax6, Pax6(5a),
and Pax2 in vivo.
The diversification of the ancestral Pax gene into Pax6,

Pax6(5a), and Pax2 accompanied the arise of sophisticated
vision systems in both invertebrates and vertebrates. We have
shown that although Pax6, Pax6(5a), and Pax2 are partially
interchangeable in brain development where their HDs are dis-
pensable, Pax6(5a) and Pax2 cannot substitute for Pax6 in eye
development where PD and HD are both required. This is in
contrast with a previous knock-in study of the Pax2/5/8 sub-
family of Pax genes that demonstrated the complete functional
equivalence between Pax2 and Pax5 (54). Most of the previous
efforts in determining Pax6 downstream targets have focused
on its well characterized PDbinding site.Our gene replacement
studies suggest that it is essential to study the combinatorial
activities of PD and HD to understand the unique function of
Pax6 in neural development.

Acknowledgments—We thank Dr. James Li for the Pax6Sey-Neu/Sey-Neu

mice and Drs. Lin Gan, Tom Glaser, Jane E. Johnson, Alexandra
Joyner, Richard Maas, Andrew McMahon, Milan Jamrich, and Val-
erie Wallace for reagents.

REFERENCES
1. Kozmik, Z. (2005) Pax genes in eye development and evolution. Curr.

Opin. Genet. Dev. 15, 430–438
2. Fu, W., and Noll, M. (1997) The Pax2 homolog sparkling is required for

development of cone and pigment cells in the Drosophila eye. Genes Dev.
11, 2066–2078

3. Quiring, R., Walldorf, U., Kloter, U., and Gehring, W. J. (1994) Homology
of the eyeless gene of Drosophila to the Small eye gene in mice and
Aniridia in humans. Science 265, 785–789

4. Jang, C. C., Chao, J. L., Jones,N., Yao, L. C., Bessarab, D.A., Kuo, Y.M., Jun,
S., Desplan, C., Beckendorf, S. K., and Sun, Y.H. (2003) Two Pax genes, eye
gone and eyeless, act cooperatively in promotingDrosophila eye develop-
ment. Development 130, 2939–2951

5. Dominguez, M., Ferres-Marco, D., Gutierrez-Aviño, F. J., Speicher, S. A.,
and Beneyto,M. (2004) Growth and specification of the eye are controlled
independently by Eyegone and Eyeless in Drosophila melanogaster. Nat.
Genet. 36, 31–39

6. Punzo, C., Kurata, S., andGehring,W. J. (2001) The eyeless homeodomain
is dispensable for eye development in Drosophila. Genes Dev. 15,
1716–1723

7. Azuma, N., Tadokoro, K., Asaka, A., Yamada, M., Yamaguchi, Y., Handa,
H., Matsushima, S., Watanabe, T., Kohsaka, S., Kida, Y., Shiraishi, T.,
Ogura, T., Shimamura, K., and Nakafuku, M. (2005) The Pax6 isoform
bearing an alternative spliced exon promotes the development of the neu-
ral retinal structure. Hum. Mol. Genet. 14, 735–745

Functional Specificity of Pax6

APRIL 26, 2013 • VOLUME 288 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 12139



8. Glaser, T., Walton, D. S., and Maas, R. L. (1992) Genomic structure, evo-
lutionary conservation and aniridia mutations in the human PAX6 gene.
Nat. Genet. 2, 232–239

9. Grindley, J. C., Davidson, D. R., and Hill, R. E. (1995) The role of Pax-6 in
eye and nasal development. Development 121, 1433–1442

10. Hill, R. E., Favor, J., Hogan, B. L., Ton, C. C., Saunders, G. F., Hanson, I.M.,
Prosser, J., Jordan, T., Hastie, N. D., and van Heyningen, V. (1991) Mouse
small eye results from mutations in a paired-like homeobox-containing
gene. Nature 354, 522–525

11. Jordan, T., Hanson, I., Zaletayev, D., Hodgson, S., Prosser, J., Seawright, A.,
Hastie, N., and van Heyningen, V. (1992) The human PAX6 gene is mu-
tated in two patients with aniridia. Nat. Genet. 1, 328–332

12. Ashery-Padan, R., Marquardt, T., Zhou, X., and Gruss, P. (2000) Pax6
activity in the lens primordium is required for lens formation and for
correct placement of a single retina in the eye. Genes Dev. 14, 2701–2711

13. Shaham,O., Smith, A. N., Robinson,M. L., Taketo,M.M., Lang, R. A., and
Ashery-Padan, R. (2009) Pax6 is essential for lens fiber cell differentiation.
Development 136, 2567–2578

14. Marquardt, T., Ashery-Padan, R., Andrejewski, N., Scardigli, R., Guil-
lemot, F., andGruss, P. (2001) Pax6 is required for themultipotent state of
retinal progenitor cells. Cell 105, 43–55

15. Oron-Karni, V., Farhy, C., Elgart, M., Marquardt, T., Remizova, L., Yaron,
O., Xie, Q., Cvekl, A., and Ashery-Padan, R. (2008) Dual requirement for
Pax6 in retinal progenitor cells. Development 135, 4037–4047

16. Philips, G. T., Stair, C. N., Young Lee, H., Wroblewski, E., Berberoglu,
M. A., Brown, N. L., andMastick, G. S. (2005) Precocious retinal neurons:
Pax6 controls timing of differentiation and determination of cell type.Dev.
Biol. 279, 308–321

17. Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A.,
van Heyningen, V., Jessell, T. M., and Briscoe, J. (1997) Pax6 controls
progenitor cell identity and neuronal fate in response to graded Shh sig-
naling. Cell 90, 169–180

18. Stoykova, A., Fritsch, R., Walther, C., and Gruss, P. (1996) Forebrain pat-
terning defects in Small eye mutant mice. Development 122, 3453–3465

19. Chapouton, P., Gärtner, A., and Götz, M. (1999) The role of Pax6 in re-
stricting cell migration between developing cortex and basal ganglia. De-
velopment 126, 5569–5579

20. Nomura, T., andOsumi, N. (2004)Misrouting ofmitral cell progenitors in
the Pax6/small eye rat telencephalon. Development 131, 787–796
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