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ABSTRACT

In this study we extend the mouse Pax6 mutant allelic series to include a homozygous and hemizygous
viable hypomorph allele. The Pax6"7?'"¥ allele is a Phe272Ile missense mutation within the third helix of
the homeodomain. The mutant Pax6 homeodomain shows greatly reduced binding activity to the P3 DNA
binding target. Glucagon-promoter activation by the entire mutant Pax6 product of a reporter gene
driven by the GI paired and homeodomain DNA binding target was slightly increased. We constructed
mutant Pax6 genotypes such that Pax6 activity ranged between 100 and 0% and show that the extent of eye
development is progressively reduced as Pax6 activity decreased. Two apparent thresholds identify three
groups in which the extent of eye development abruptly shifted from complete eye at the highest levels of
Pax6 to a rudimentary eye at intermediate levels of Pax6 to very early termination of eye development at
the lowest levels of Pax6. Of the two Pax6-positive regions that participate in eye development, the surface
ectoderm, which develops into the lens vesicle and the cornea, is more sensitive to reduced levels of Pax6
activity than the optic vesicle, which develops into the inner and outer retinal layers.

HE transcription factor Pax6 belongs to the family

of paired-box-containing genes and is highly
conserved over a wide range of phyla within the
kingdom animalia. The mouse Pax6 gene encodes a
protein with DNA binding paired and homeodomains
separated by a linker region, and a C-terminal proline-,
serine-, and threonine-rich transcriptional activation
domain (WALTHER and Gruss 1991; GLASER et al.
1994). By mutant analysis Pax6 was shown to function in
the development of the eye (THEILER el al. 1978;
HocGaN et al. 1986, 1988; HiLL ef al. 1991; BAULMANN
et al. 2002), olfactory tissues (HoGAN et al. 1986;
HEINZMANN e al. 1991; GRINDLEY et al. 1995; QUINN
et al. 1996), craniofacial traits (KAUFMAN et al. 1995),
the central nervous system (SCHMAHL el al. 1993;
SToYKOVA el al. 1996, 1997, 2000; GRINDLEY et al. 1997,
GOTZ et al. 1998), the pancreas (ST-ONGE et al. 1997),
the pituitary gland (BENTLEY et al. 1999; KioussI et al.
1999), the pineal gland (EsTiviLL-TORRUS et al. 2001)
and adult neurogenesis (HACK et al. 2005). For correct
development of the eye a critical range of Pax6
expression is required since heterozygous carriers of
Pax6 deletions (HOGAN et al. 1986; ToN et al. 1991) and
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transgenic mice with increased levels of Pax6 (SCHEDL
et al. 1996) both express eye abnormalities.

Pax6 gene products control the transcriptional activ-
ity of target genes by directly or indirectly (via oligomer-
ization with additional cofactors) binding to enhancer
DNA target sequences (CHI and EpsTEIN 2002). The
“level” of Pax6 gene activity cannot be considered the
sum of activities of the individual domains since mis-
sense mutations confined to a single domain can affect
the binding activity of the full-length gene product by
the second nonmutated domain and can alter the
spectrum of gene target sequences to which the mu-
tated gene product binds (TANG et al. 1997; SINGH et al.
2000; M1sHRA et al. 2002). Similarly, missense mutations
in the C-terminal proline-, serine-, and threonine-rich
transcription activation domain can affect the DNA
binding activity of the gene product by the paired or
homeodomains (SINGH et al. 2001). The situation is
further complicated since Pax6is expressed as anumber
of isoforms (CARRIERE e/ al. 1993, 1995; WAWERSIK el al.
2000; Gorrov and SAUNDERS 2002). Thus, although
DNA binding activity of isolated Pax6 domains to
specific DNA target sequences or reporter gene activa-
tion by specific Pax6 isoforms can be measured, such
results do not reflect the in vivosituation of a mixture of
multiple isoforms simultaneously binding to a range of
alternate target sites. Previous experimental approaches
to address the question of the consequences of altering
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the levels of Pax6 on developmental outcome have
included the use of mouse null mutations (VAN RAAMS-
pONK and TiLGHMAN 2000), Pax6~/~ < Pax6™'* chi-
mera (QUINN et al. 1996; COLLINSON et al. 2000, 2001,
2003; TaramiLLo et al. 2003), conditional inactivation of
Pax6 in a tissue- and stage-specific manner (ASHERY-
PADAN et al. 2000; DAVIS-SILBERMAN et al. 2005), over-
expression of Pax6 via transgenic mutant constructs
(ScHEDL et al. 1996; DuNcaN et al. 2000; Kim and
LAUDERDALE 2006, 2008; MANUEL ef al. 2007) and
retrovirally mediated Pax6 expression (HEINS et al.
2002; HAck et al. 2005). We have taken a genetic
approach utilizing members of the mouse Pax6 allelic
series. We identified and characterized the first homo-
zygous viable Pax6 hypomorph allele. With this exten-
sion of the Pax6 allelic series we constructed Pax6
mutant genotypes such that the predicted Pax6 activity
ranged from 100% normal to 0% and assessed the
extent of eye development.

MATERIALS AND METHODS

Mice, mapping, and slit lamp examination: The original
mutant, designated 132, was recovered as a heterozygote
expressing anterior pyramidal opacity with corneal adhesions
in the offspring of a (102/El X C3H/EI)F, male exposed to
4.55 + 4.55 Gy y-irradiation and mated to an Oak Ridge tester-
stock female. Confirmation crosses indicated the mutation to
be autosomal dominant (KRATOCHVILOVA and EHLING 1979).
Subsequent analyses showed the mutation to be homozygous
viable and fertile, with homozygotes expressing microphthal-
mia and closed eyes, and that the 132 mutation was allelic with
three additional eye mutations. The allelism group was
designated Cat4 (KrRaTOCHVILOVA and FAvoR 1992) and the
132 mutation was previously assigned the mutant symbol Apyc
or Apcatl. The 132 mutation was incorrectly (see results below)
assigned linkage to chromosome (Chr) 8 (FAVOR et al. 1997).

Ophthalmological examinations were done as previously
described (FAvor 1983). Prior to mapping, a congenic C3H/
HeJ] 132 mutant line was established by >20 consecutive
backcross generations of 132 heterozygotes to strain C3H/
He]. Genomewide linkage analysis of the mutation relative to
42 Massachusetts Institute of Technology (MIT) microsatellite
markers, which are distributed over the 19 autosomes, was
carried out as previously described (FAVOR et al. 1997). Since,
as will be shown below, the 132 mutation is a hypomorph
mutant allele of Pax6 with a high frequency of phenotypically
misclassifying heterozygous carriers as wild type, only animals
classified as mutants were used in the linkage analysis. After
localization of the mutation to Chr 2 the backcross mice were
genotyped for additional MIT microsatellite markers within
the region. Segregation data were analyzed with Map Manager
version 2.6.5 (MaNLY 1993) and the gene order was de-
termined by minimizing the number of multiple crossovers.
Animals were bred and maintained in our facilities according
to the German law for the protection of animals. All inbred
strains employed in this study (C3H/He], C57BL/6El) were
obtained from breeding colonies maintained by the Depart-
ment of Animal Resources at Neuherberg.

Morphology and histology: Wild type, heterozygous 132/ +
and homozygous 132/132 mutants were weighed, and both
eyes were classified for the degree of eye opacity and eye weight
at P35 as previously described (FAVOR et al. 2001), with the

addition of two eye classes to accommodate the minor eye
phenotype expressed by heterozygous 132/ + mice (minor iris
irregularities with no lens opacity) and the extreme phenotype
expressed by homozygous 132/132 mice (extreme micro-
phthalmia with lens/corneal opacity and iris abnormality).
Homozygous wild-type, heterozygous 132/+, and homozy-
gous 132/132 embryos were produced from intercrosses of
132/+ heterozygotes. Compound heterozygotes were pro-
duced in crosses of homozygous 132/132 mutants with
heterozygous carriers of various Pax6 mutations. The recov-
ered compound heterozygotes were fertility tested by out-
crossing to homozygous wild-type and homozygous 132/132
mutant partners. Compound heterozygote embryos and
animals at weaning were identified as expressing extreme
microphthalmia. Embryos were collected and processed for
histology, and histological sectioning, staining, and photogra-
phy were all conducted as previously described (FAVOR et al.
2001, 2007).

Sequencing, DNA binding assay, and glucagon-promoter
assay: RNA and genomic DNA were extracted from the heads
and bodies, respectively, of homozygous wild-type and homo-
zygous 132/132 mutant E15 embryos. Preparation and se-
quencing procedures were as previously described (FAvor
et al. 2001). Two primer pairs were used to generate over-
lapping amplification products across the Pax6 cDNA. These
amplification products were used as substrates to sequence the
Pax6 transcript. The sequencing results using cDNA as sub-
strate were confirmed by sequencing the mutation site with
genomic DNA as substrate in the initial embryos analyzed as
well as from additional heterozygous and homozygous mu-
tants. The primer pair used to amplify and to sequence the
mutation site from genomic DNA was 5" ACCCATTATCCAG
ATGTGTTTGCC and 5" GGAATGTGACTAGGAGTGTTGC
TG. Numbering of the transcript and the translation products
corresponds to EMSMUSG00000027168/ENUMUST000001
11087 (Ensembl, release 48).

The electrophoretic mobility-shift assay to ascertain home-
odomain binding to the P3 DNA target was conducted as
previously described (FAVOR et al. 2001). Briefly, subclones of
the wild-type, Pax6™*, and the 132 mutant Pax6 cDNAs,
coding for the entire homeodomain with six additional amino
acids upstream and four amino acids downstream (Pax6
amino acids 218-288), were inserted between the Pstl and
the HindIlI restriction sites of the pQE-41 vector (QIAGEN,
Valencia, CA). The pQE expression constructs were trans-
formed into Escherichia coli strain M15 [pREP4]. Expression of
the homeodomains in exponentially growing bacterial cul-
tures was induced with 0.1 mm isopropyl thiogalactoside for
2 hr at 30°. Bacterial pellets were lysed, crude extracts were
electrophoresed in 10% SDS-PAGE, and proteins visualized by
staining with Coomassie brilliant blue. Crude extracts from
the transformed bacteria were incubated with 15 fmol of the
target oligonucleotide, which was 3’ end labeled with digox-
ygenin-11-ddUTP as recommended by the supplier (Roche
Diagnostics, Mannheim, Germany). The single-strand oligo-
nucleotide target sequence (with the P3 homeodomain
binding site underlined) was 5'TCGAGGGCATCAGGATG
CTAATTGAATTAGCATCCGATCGGGS', to which the Pax6
homeodomain binds via cooperative dimerization (WILSON
et al. 1993; CzZERNY and BUsSSLINGER 1995). The rabbit anti-
Pax6-homeodomain antiserum used to control for the speci-
ficity of the homeodomain-DNA complex was serum 13
(CARRIERE ef al. 1993).

To assess transcriptional activation by the Pax6 wild-type,
Pax6™", and 132 mutant gene products we carried out
glucagon-promoter assays (R1Tz-LASER et al. 1999; PLANQUE
et al. 2001). Pax6 is expressed in the pancreas and is required
for a-cell development and expression of glucagon (ST-ONGE
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et al. 1997). Transcriptional activation of glucagon by Pax6 is
mediated by the interaction of Pax6 with two AT-rich sequen-
ces, designated G1 and G3, of the glucagon gene (RrTz-LASER
et al. 1999). The glucagon-promoter assay was carried out
according to the previously described procedures (RiTz-LASER
et al. 1999; PLANQUE et al. 2001). The fulllength wild-type,
Pax6™ mutant, and 132 mutant Pax6 canonical transcripts
(isoforms not containing the exon 5a) were amplified with the
primer set 5' AGCTCCAGCATGCAGAACAGTCAC and 5’
ACTGCTGTGTCCACATAGTCATTGGC using the Titan RT-
PCR system (Roche Diagnostics, Mannheim, Germany). The
amplification products were isolated by electrophoretic sepa-
ration in 1% agarose gels and extracted with the MiniElute kit
(QIAGEN). The blunt-end PCR products were modified to
sticky-end 3" A overhangs with the QIAGEN PCR Cloning®"* kit
(QIAGEN) and ligated into the QIAGEN pDrive Cloning
Vector orientated to the T7 promoter (QIAGEN). Trans-
formed E. coli strain M15[pREP4] colonies were isolated,
cultured, and plasmid DNA extracted for sequencing to
identify clones containing the full-length transcript sequences
correctly orientated to the T7 promoter. The Kpnl-HindIII
restriction fragment of each clone containing the entire Pax6
coding sequence was inserted into the pVNC vector. Pax6 was
therefore expressed under the control of the CMV promoter.
BHK-21 cells were co-transfected with DNA from a CAT
reporter gene construct driven by the —138 glucagon pro-
moter bearing the G1 Pax6-binding element, a Pax6 expres-
sion vector containing the full-length open reading frame of
the mouse wild-type, Pax6™" mutant, or the Pax6">?""™*
mutant cDNA sequence, and the pcDNA3-LacZ vector (for
normalization of the CAT assay). The —138 glucagon pro-
moter is a 196-bp sequence from the proximal region of the
glucagon gene. The G1 sequence containing two 7-bp AT-rich
sequences (underlined) within the —138 promoter was 5’
CCCCATTATTTACAGATGAGAAATTTATATTGT (Rrtz-LASER
et al. 1999). The CAT assays were performed as previously
described (Praza et al. 1999).

RESULTS

Breeding, eye morphology, and mapping: In an
attempt to increase the accuracy of our initial linkage
studies (FAVOR el al. 1997) we noted that the mutation
was not linked to Chr 8. We undertook another
genomewide mapping study and localized the 132
mutation to Chr 2 with the following locus order
(frequencies of crossovers between adjacent loci are
given in parentheses): D2Mit249(1/71)-132-(1/71)-
D2Mit102-(2/71)-D2Mit258-(13/71)-Agouti. On the ba-
sis of the chromosomal region and the eye phenotype
we considered Pax6 to be a candidate gene for mutation
analysis. Sequencing analyses confirmed the 132 muta-
tion to be a nucleotide substitution (c.T1099A) within
the coding region of the Pax6 gene. The base-pair
substitution results in an amino acid substitution
(Phe2721le) within the third helix of the homeodo-
main. We have assigned the mutation the allele symbol
Pax6">""™, which has been approved by the Mouse
Genetic Nomenclature Committee (accession no. MGI:
1856585). Heterozygous Pax6'’*'" mutant embryos
expressed microphthalmia, anterior pyramidal opacity,
adhesion of the lens to the cornea, and a reduced

TABLE 1

Characterization of eye phenotypes in P35 Pax6”>"**
mutant mice

Eye class (%)’

Minor iris Extreme
Genotype® 0 abnormalities 25 50 75 100 microphthalmia

+/+ 118
+/— 38 190 28 4
—/— 32

“+/+ were wild-type strain C3H mice; +/— mice were pro-
duced in the cross —/— X +/+; —/— mice were from the
cross —/— X —/—.

"Classes 0, 25, 50, 75, and 100% denote lens/corneal opac-
ities affecting 0, 25, 50, 75 or 100% of the eye, respectively.

anterior chamber (Figure 3D). Homozygous Pax6">""

mutant embryos expressed extreme microphthalmia
with more extreme lens and corneal defects than
observed in heterozygotes (Figure 3H).

We confirmed that the Pax6"”>'*¥* mutation is homo-
zygous viable and that heterozygous and homozygous
mutants are fully fertile with no significant differences
(Fs145 = 1.33, P=0.26) in average litter size among the
various crosses (+/— X +/+,5.77+0.32, n=57;+/— X
+/—,4.76 £0.52, n=25;—-/— X +/+,5.80 £ 0.56, n=
20; —/— X —/—,5.83 = 0.30, n=47). The frequency of
presumed heterozygous carriers was less than expected
on the basis of a phenotypic classification of offspring
(data not shown). We carefully characterized the eye
phenotypes in P35 animals of known genotype. In
heterozygous Pax6">'"* mutants there was a high
frequency of eyes with no observable defects or with
only minor iris irregularities, which fall outside the
range of eye phenotypes previously associated (FAvVOR
et al. 2001) with heterozygous Pax6 mutants (Table 1),
and eye size was slightly reduced (+/+, 18.90 mg =
0.07, n = 116; +/—, 16.68 mg * 0.05, n = 259). This
observation explains the distortion in the ratio of
presumed wild-type and heterozygous mutant carriers
when classified phenotypically according to our pre-
vious classification criteria for Pax6 mutants (FAVOR
et al. 2001). All homozygous Pax6'’*'" mutants ex-
pressed extreme microphthalmia with lens/corneal
opacity and iris abnormality (Table 1) and eye weight
was extremely reduced (—/—, 2.88 mg = 0.12, n = 32).
Bodyweight (+/+,19.49g +0.24, n=58; +/—,17.94 ¢
+ 018, n = 128; —/—, 17.96 g = 0.29, n = 16) of
heterozygous and homozygous Pax6”>""* mutants was
less than the body weight of homozygous wild types (+/
+ vs. +/—, t=4.94, Pyouilea = 1.73 X 107°, d.f. = 184;
+/+ vs. —/—, t = 3.20, Pyouitea = 0.002, d.f. = 72).
Since mutant Pax6”*"** mice were associated with a
significant reduction in body size, eye weights were
normalized for body weight (Table 2). As compared to
wild type, the normalized eye weight of heterozygous
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TABLE 2

Normalized eye weight in P35 Pax6"”>""** mutant mice

Normalized eye weight”

Genotype N  Mean SEM  Minimum  Maximum
+/+ 116 9.76  0.07 8.4 11.8
+/= 265 944  0.09 59 22.1
—/— 32 1.61  0.07 1.1 2.7

“Genotype origins as in Table 1.
’Normalized eye weight = [(eye weight (mg)/body weight
(g)) X 10].

Pax6”*""™ mutants was moderately but significantly
reduced (¢ = 2.30, Pyotailea = 0.02, d.f. = 369). The
normalized eye weight of homozygous Pax6"*"** mu-
tants was extremely reduced (¢=58.37, Py ailea = 4.27 X
107'%, d.f. = 146).

DNA-binding and glucagon-promoter activation
associated with the Pax6””'*¥* gene product: Given
the functional significance of the third helix of the
homeodomain (HANES and BRENT 1989; TREISMAN ¢t al.
1989; WILSON et al. 1993; GEHRING el al. 1994; QIAN et al.
1994; BRUUN et al. 2005), we characterized the binding
activity of the Pax6”*"** mutant homeodomain to the
P3 target sequence and the glucagon-promoter activa-
tion of the Pax6">'"¥* gene product. Results indicated
loss of binding activity of the Pax6”*""™* mutant
homeodomain to the P3 DNA binding target (Figure
1). The glucagon-promoter activation by the mutant
Pax6"*""™ was slightly higher than wild-type Pax6
(transformations with 100 ng DNA: wild type, 7.19 *
0.19, n = 2; Pax6">'"* 10.87 = 0.31, n = 2, t = 14.31,
Piyo-taitea < 0.05; transformations with 300 ng DNA: wild
type, 8.49 = 0.64, n=2; Pax6"”>""*, 11.74 + 0.23, n= 2,
1=6.75, Pyyorailea < 0.05) (Figure 2). In these assays we
included a previously described Pax6 hypomorph mu-
tation, Pax6™", also due to an amino acid substitution
within the third helix of the homeodomain (Ser273-
Pro). We observed that the binding activity of the
Pax6™" mutant homeodomain to the P3 target se-
quence was ablated (Figure 1) and there was greatly
reduced glucagon-promoter activation by the mutant
Pax6™ (transformations with 100 ng DNA: wild type,
7.19 £ 0.19, n=2; Pax6™",2.15 + 0.12, n=2, t=31.75,
Piyo-taitea < 0.05; transformations with 300 ng DNA: wild
type, 8.49 * 0.64, n = 2; Pax6™*,3.29 £ 0.44, n=2, t =
9.47, Pyotaitlea < 0.05) (Figure 2). Cotransfection of
cells with mutant Pax6™ and wild-type Pax6 indicated
that the mutant Pax6™* did not interfere with the
normal promoter activation of the wild-type Pax6. Taken
together, these results indicate that the Pax6'”*'"* and
Pax6™ missense mutations in the third helix of the
homeodomain both affect the binding activities of the
mutant homeodomains. However, whereas the gluca-
gon-promoter activity of the Pax6"”>"" gene product
was increased, the activity of the Pax6™ gene product

FiGure 1.—Binding activity of the wild-type, Pax6™", and
Pax6">""™ Pax6-homeodomains to the P3 DNA target se-
quence. Whole cell extracts from the transformed E. coli
strain M15[pREP4] were incubated with 15 fmol of the digox-
ygenin-labeled P3 target oligonucleotide. Binding specificity
was demonstrated by competition of the labeled P3 target
oligonucleotide with an excess of unlabeled P3 target oligo-
nucleotide and a supershift assay with the Pax6 homeodo-
main-specific antibody. (Lane 1) P3 oligonucleotide alone;
(Iane 2) P3 oligonucleotide with 50 ng wild-type Pax6 homeo-
domain; (lane 3) P3 oligonucleotide with 50 ng wild-type Pax6
homeodomain and 3.3 pmol unmarked P3 oligonucleotide;
(lane 4) P3 oligonucleotide with 50 ng wild-type Pax6 homeo-
domain and 2 pl of the Pax6 homeodomain-specific anti-
serum; (lane 5) P3 oligonucleotide with 50 ng mutant
Pax6™" homeodomain; (lane 6) P3 oligonucleotide with
50 ng mutant Pax6"?"* homeodomain. The positions of
the free oligonucleotide (O), the monomeric (M), and di-
meric (D) DNA-protein complexes, and the shifted antibody
DNA-protein complex (S) are marked.

was greatly reduced. Since the reporter gene employed
for this assay was driven by the Gl Pax6 paired and
homeodomain binding site (PLANQUE et al. 2001) our
results suggest that dysfunction due to the Pax6'?>'"
missense mutation is confined to the homeodomain
and allowed transcriptional activation by the intact
paired domain, while the Pax6™* homeodomain mis-
sense mutation also affects the binding activity of the
gene product to paired domain targets.

Compound heterozygotes: We next attempted to
produce compound Pax6 heterozygotes with Pax6">'"™
and two previously described Pax6 hypomorph alleles
(Pax6™" and Pax6™"), which are more severely affected
than carriers of the Pax6’**™* mutation (FAVOR et al.
2001) or with the previously described null alleles Pax6*>™,
Pax6*™", and Pax6™" (FAVOR et al. 2001; HILL et al. 1991)
(Table 3). All compound heterozygote combinations
expressed extreme microphthalmia and were viable,
and the compound heterozygotes Pax6™"/Pax6'>*"",
Pax6™en /Pax6’ 32—I4N1ru’ Pax6™Nen /Pax6”2”4N“‘, and Pax6®Ne /
Pax6"*"*" were fertile. The compound heterozygote
Pax6™"/Pax6"*""™ was not fertility tested.

In previous characterizations of our extensive Pax6
allelic series we have concluded that most alleles (Pax6*,
Pax6®, Pax6®™", Pax6’™", Pax6°>", Pax6*™*, Pax6° ",
Pax6', and Pax6°*) resultin premature truncation of
the Pax6 translation product (HiLL et al. 1991; LyoN
et al. 2000; FAVOR et al. 2001). The hypomorph alleles
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FiGURE 2.—Glucagon-promoter activation by wild-type,
Pax6™" and Pax6">""™" gene products. A CAT assay was em-
ployed to measure the glucagon-promoter activity of the
wild-type or mutant Pax6 in BHK-21 cotransfected cells.
CAT activities were normalized to B-galactosidase activity ob-
tained from cotransfection with the LacZ expression vector.
Fold activation represents the observed normalized CAT activ-
ities relative to the normalized CAT activity in cells cotrans-
fected with the empty expression plasmid DNA. (Lane 1)
cells transfected with 100 ng empty plasmid DNA; (lanes 2
and 3) cells transfected with 100 ng (lane 2) or 300 ng (lane
3) wild-type Pax6 plasmid DNA constructs; (lanes 4 and 5)
cells transfected with 100 ng (lane 4) or 300 ng (lane 5) mu-
tant Pax6™ plasmid DNA constructs; (lanes 6-9) cells co-
transfected with plasmid DNA from wild-type Pax6 and
mutant Pax6™ constructs: (lane 6) 100 ng DNA from wild-
type Pax6 and 100 ng from mutant Pax6™; (lane 7) 100
ng DNA from wild-type Pax6 and 300 ng from mutant Pax6™;
(lane 8) 300 ng DNA from wild-type Pax6 and 100 ng from
mutant Pax6™"; (lane 9) 300 ng DNA from wild-type Pax6
and 300 ng from mutant Pax6”™; (lanes 10 and 11) cells trans-
fected with 100 ng (lane 10) or 300 ng (lane 11) DNA from
mutant Pax6"7>" plasmid constructs; (lanes 12-15) cells co-
transfected with plasmid DNA from wild-type Pax6 and mu-
tant Pax6””""™ constructs: (lane 12) 100 ng DNA from
wild-type Pax6 and 100 ng from mutant Pax6”*"" (lane
13) 100 ng DNA from wild-type Pax6 and 300 ng from mutant
Pax6”>""™ (lane 14) 300 ng DNA from wild-type Pax6 and
100 ng from mutant Pax6”>""; (lane 15) 300 ng DNA from
wild-type Pax6 and 300 ng from mutant Pax6"”*'"*. Columns
represent mean * SD fold activation from two determinations.

Pax6™" and Pax6™" express delayed perinatal lethality
when compared with homozygous Pax6 null mutations
(FAVOR et al. 2001), and thus they must have less Pax6
activity than the Pax6””""™ mutation, which is homo-
zygous viable and fertile. The phenotype expressed by
homozygous mutant Pax6'7>'*¥ mice was more severe
than that of heterozygous Pax6 null mutants, and
therefore Pax6””'"* homozygous mutants must ex-
press <50% Pax6 activity. Since the compound hetero-
zygotes of Pax6”*'"™ carried over Pax6 null alleles are
viable and fertile, a single copy of the Pax6">'**
mutation carried over a null allele must have more
activity than two copies of Pax6™* or Pax6”™ carried by
the respective homozygotes. On the basis of these
results we could predict the order of Pax6 activity in
wild-type and mutant Pax6 genotypes as follows: Pax6
+/+ =100% > Pax6”>'"™N/+ > Pax6’™"/+ = 50% >
Pax6132-14Neu/Pax6132-14]Veu > Pax64‘N’e'u/Pax6132»14f\/'pu ~ Pax67fv?'u./
Pax6132-14Neu > de631\’eu/de6132-14N'eu > Pax671\’eu/de671Veu >

Pax6™"/ Pax6™" = 0%. We constructed these genotypes
and assessed the degree of eye development in E15
embryos when the expected Pax6 activity in the embryos
ranged from 100% normal to 0% (Figure 3). Results
indicated that the degree of eye development is pro-
gressively affected as the expected Pax6 activity is
reduced. Considering the degree of eye development,
the various genotypes assessed can be grouped into
three distinct classes. In the first class, embryos have a
higher predicted Pax6 activity [Pax6 +/+ (A and B),
Pax6”*"*™e/+ (G and D), Pax6™*/+ (E and F), and
Pax6"#"" / Pax6*'*N (G and H)| and the basic eye
plan developed with a definite cornea, lens, and retina.
However, as the predicted level of Pax6 activity was
reduced there was a progressive reduction in eye size
and the degree of anterior segment abnormalities
increased (thickened cornea, failure of the lens to
detach from the cornea, degree of development of the
anterior chamber between the cornea and lens). The
second class [Pax6™"/ Pax6">*'* (I and ]) and Pax6™"/
Pax6”** (K and L)] consists of embryos with less
predicted Pax6 activity than that in the first class. A
rudimentary eye developed consisting of a retina and a
distinct optic pit. However, there was no apparent
invagination of the surface ectoderm into the optic
cup nor was there development of lenticular tissue. The
third class consists of embryos with the least predicted
Pax6 activity [Pax6™/ Pax6">*'** (M and N), Pax6™"/
Pax6™" (O and P), and Pax6™"/ Pax6™" (Q and R)]. In
all three genotypes within this class the tissue observed
had no apparent resemblance to a rudimentary eye. The
progression of eye development in the genotype within
this class with the higher predicted activity [Pax6™"/
Pax6"#"" (M and N)| was more extensive with more
tissue derived from the optic vesicle in the vicinity of the
surface ectoderm and an apparent rudimentary optic
pit. By comparison, there was minimal progression of
eye development in the genotype with zero Pax6 activity
[Pax6™/ Pax6™" (Q and R)]. The tissue derived from
the optic vesicle (arrowheads) was observed to be dis-
tant from the surface ectoderm and there was no evi-
dence of the formation of a rudimentary optic pit. The
Pax6™"/ Pax6™" genotype (O and P) with predicted Pax6
activity between the other two genotypes in this class ex-
pressed an intermediate progression in eye development.

DISCUSSION

In this study we have characterized a Pax6 missense
hypomorph mutant allele and, utilizing our extensive
Pax6 mutant allelic series, constructed genotypes such
that the predicted Pax6 activity varied between 100 and
0%. We show that the extent of eye development was
directly related to the levels of Pax6 activity. The
genotypes may be grouped into three distinct classes
that define apparent thresholds in the relationship
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TABLE 3

Recovery and fertility testing of Pax6 compound heterozygotes

Phenotype class (%)

Minor iris anomaly, Extreme

Cross 0 25, 50, 75, or 100 microphthalmia
Pax6™/+ X Pax@'32 1N/ 9 16 11
Pax6™/ Pax6">* 1"t X+ /+ 3 24 —
PaxG™"/ Pax6'3>1"™ X P32 1o/~ _ — 36
Pax6™Ne~/* X Pax63214New—/~ 1 9 9
Pax67]\’ﬂu/Pax6l32—]4Nku X +/+ . 29 —
Pax6™ "/ Pax6>>1#Nee X Py6!?2-1#Neu—/ - _ _ 10
Paxé\'m\'mfﬁ X Pax@'32 ! #New/~ 9 14 5
Pax65 ) Pax6P2 1w X 4/ + 1 11 —
Pax6oNe / Pax6Z 1N X PaaG!32 1 #Nen—/~ _ — 20
Pax62Ne~/+ X Pax!3214New—/~ — 16 8
Pax6®/ Pax672 1™ X+ /+ . 26 —
Pax6?et ) Pax 63> 1#Nee X Py6l32-1#Ne—/ - _ _ 9
Pax6™™ '+ X Pax6P21New/~ _ 9

“Phenotype classes are as in Table 1.

between Pax6 activity and an abruptshiftin the extent of
eye development. The first threshold at which Pax6
activity was <50% demarks a shift from development of
a complete eye in genotypes above the threshold to a
group of genotypes that develops only a rudimentary
eye consisting of a retina and no lenticular tissue. The
second threshold at a very low level of Pax6 activity is
associated with a shift from development of a rudimen-
tary eye in genotypes with higher levels of Pax6 to a
group of genotypes in which eye development termi-
nated very early and the tissues had no resemblances
to a rudimentary eye.

Hypomorph Pax6"*"** allele: We show that hetero-
zygous carriers of the Pax6"’”'"™ mutation express

minor eye abnormalities and homozygous mutants are
viable and fertile. These results extend the mouse Pax6
allelic series to include a hypomorph mutant allele with
alevel of Pax6residual activity sufficient for homozygous
and hemizygous mutants to be viable and fertile. We
have previously described two hypomorph alleles,
Pax6™" and Pax6™", in which homozygous embryos
express more optic tissues than thatseen in homozygous
Pax6 null mutants and there was delayed time of
perinatal death (FAvor et al. 2001). The site of the
Pax67>"™ missense mutation, Phe272Ile, is in the third
helix of the homeodomain and is highly conserved
across all paired-like homeodomain sequences. The
aromatic sidechain is buried within the protein tertiary

Frcure 3.—The extent of eye development in mutant Pax6 genotype constructs with varying levels of predicted Pax6 activity. From
the Paxo6 allelic series we have utilized Pax6 wild type, the Pax6™" null (a frameshift mutation that ablates the linker, homeodomain,
and transactivation domain (FAVOR et al. 2001), the Pax6™* hypomorph (a homeodomain missense mutation that ablates homeo-
domain binding and reduces translation activation at paired domain target sites (FAVOR et al. 2001; this study), the Pax6™" hypo-
morph (a Kozak sequence mutation that greatly reduces translation levels of Pax6 (FAvor et al. 2001) and the Pax6"”>""™*
hypomorph (this study) alleles. The genotypes are arranged from top to bottom in a descending order of predicted Pax6 activity.
The genotypes in A and B (wild type) up to and including M and N (Pax6™"/Pax6"*"**) are viable and fertile. The genotypes in O
and P (Pax6™"/Pax6™") and Q and R (Pax6™"/Pax6>") are lethal. Regions at which there was an abrupt shift in the extent of eye
development are indicated by horizontal lines and identify three groups: class 1, highest levels of Pax6 activity and eye development
was complete; class 2, intermediate levels of Pax6 activity and a rudimentary eye developed; class 3, lowest levels of Pax6 activity and
eye development terminated very early. Head overview (A, G, E, G, I, K, M, O, and Q) and eye (B, D, F, H, J, L, N, P, and R) histology
of E15 wild-type and Pax6 mutant constructs. Eye development is normal in homozygous wild-type (A and B) embryos with 100%
Pax6 activity, showing a well-developed cornea (co), lens (le), retina (ret), and a distinct anterior chamber between the cornea and
the anterior surface of the lens. In heterozygous Pax6"*""¥* embryos (C and D) with Pax6 activity >50% but <100% eye size is slightly
reduced and the separation of the anterior surface of the lens from the cornea is incomplete resulting in a reduced anterior cham-
ber. Heterozygotes of the Pax6™ null mutation (E and F) with 50% Pax6 activity show a further reduction in eye size as compared to
heterozygous Pax6”>'"* mutants, the lens remains attached to the cornea, there is no anterior chamber, and a plug of persistent
epithelial cells remains in the cornea (arrow). Homozygous Pax6">'** mutants (G and H) have <50% Pax6 activity. All major eye tissues
(cornea, lens, and retina) develop. However eye size is reduced and there is a large plug of persistent epithelial cells that remains attached
between the cornea and the lens (arrow). Compound heterozygotes between Pax6”>"** and the hypomorph Pax6™ (I and J) or Pax6™"
(Kand L) mutant alleles have Pax6 activity less than that in homozygous Pax6”>""¥ mutants. Eye development is incomplete. The optic
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— 4 f Genotype Pax6 activity Class

100% 1 =eye plan complete

Pax6 ™Mt <100%, >50% 1

Pax6”"* 50% 1

14Neu/14N;
Pax6 o <50% 1

4Neu/14Neu .
Pax6 <50% 2 = retina present, lens

vesicle did not develop

Pax 6?Neu/1 4Neu <50% 5
3Neu/14Neu
Pax6 <50%, > 0% 3 = very early termination
of eye development
ax6” oS00 3
ax 63Neu/3Neu 0% 3

vesicle makes contact with the surface ectoderm and a retina is formed with characteristic displacements in the dorsal tip region (arrow-
heads). A distinct optic pit is present (arrows). However the lens placode does not invaginate and there are no lenticular tissues. Com-
pound heterozygote Pax6™" /Pax6'>""* embryos (M and N) have less Pax6 activity than that in the Pax6™"/Pax6">""" or Pax6™" /Pax6">>"""
compound heterozygotes and eye development terminates at an earlier stage. The optic vesicle appears to have made contact with the
surface ectoderm but contact has not been maintained, there is no apparent invagination of the optic vesicle to initiate formation of an
optic cup, there is only a rudimentary response of the surface ectoderm to form an optic pit (arrow), and apparently no lenticular tissue
develops from the presumptive lens placode. Pax6 activity in Pax6”™* homozygous mutants (O and P) is less than that in Pax™"/Pax6">>"""
and eye development terminates at a very early stage. There is no invagination of the optic vesicle, a very rudimentary response of the
surface ectoderm (arrows), and no apparent invagination of the presumptive lens placode to form lenticular tissue. Homozygous Pax6™"
mutants (Q and R) have 0% Pax6 activity and although optic vesicle development is initiated it terminates extremely early and the re-
sultant tissue (arrowheads) was displaced and found extremely distant from the surface ectoderm. There was no observed initial invag-
ination of the surface ectoderm. Bar in A represents 400 wm and bar in B represents 100 wm.
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structure in close proximity to a second Phe site from
helix 1 of the homeodomain and may participate in
stabilizing the homeodomain tertiary structure. The
third helix of the homeodomain makes direct contact to
the DNA and our observation that the binding activity of
the mutant Pax6"””'"** homeodomain to the P3 target
DNA sequence is lost is compatible with the conclusion
that the Phe272Ile missense mutation alters the tertiary
structure of the homeodomain and prevents proper
binding to the DNA target.

The glucagon-promoter activity assays of the full-
length Pax6 wild-type and mutant gene products em-
ployed the CAT expression vector driven by the —138
glucagon promoter. This promoter contains the Gl
sequence, which is a target site for binding of the Pax6
paired and homeodomains and the paired domain
alone is sufficient for activation when the homeodo-
main is deleted from the Pax6 gene product (Rrrz-
LASER et al. 1999; PLANQUE et al. 2001). We observed that
the glucagon-promoter activity of the mutant Pax6"*"*
gene product was slightly increased. Thus, the mutated
Phe2721le site in the homeodomain may result in an
increase of the glucagon-promoter activation via the
paired domain in the mutant Pax6 product. In contrast,
the Ser273Pro Pax6™" missense mutation, also within
the third a-helix of the homeodomain, has reduced
glucagon-promoter activation in the CAT reporter gene
construct driven by the —138 glucagon promoter. This
indicates that this mutation, which is predicted to
interrupt the third a-helix structure (FAVOR et al.
2001), also affects the glucagon-promoter activation
via the paired domain. It likely does not affect Pax6
dimerization since it did not affect the wild-type Pax6
glucagon-promoter activation in the Pax6 wild type +
Pax6"™ cotransfection assays. Rather, we interpret these
results to indicate that, within the Pax6™* mutant gene
product, the mutant Pax6 homeodomain interferes with
the paired domain DNA binding activity to the paired
domain target sites.

The third hypomorph mutant allele utilized in this
study, Pax6™", has been shown to be a c.A-3T base-pair
substitution outside the Pax6 ORF in the Kozak sequence
and results in greatly reduced translation product
(FAVOR et al. 2001).

Correlation of Pax6 activity and the extent of eye
development: Previous studies have shown that normal
eye development requires a narrow range of Pax6
activity. Heterozygous null mutations (HiLL et al. 1991)
as well as transgenic mice that overexpress Pax6
(ScHEDL et al. 1996) were associated with abnormal
eye development. The identification of the Pax6">'"
hypomorph mutation, which is homozygous viable and
has a higher level of Pax6 activity than the Pax6™ or
Pax6™ hypomorph alleles, has extended the range of
the mouse Paxo6 allelic series. With the availability of an
extended Pax6 allelic series we were able to construct
wild-type and mutant Pax6 genotypes, which provides

information regarding the extent of eye development
and animal viability for four new levels of predicted Pax6
activity: one genotype (Pax6”>"™/+) with Pax6 activity
between 100 and 50% and three genotypes within the
critical region between 50 and 0% Pax6 activity (Pax6">"/
Pax6P>™New Pax 6PN /Payg™Nen ~u PaxGP 1N /Pax67Ner,
Pax6*""™ /Pax6’™). We observed that as the level of
predicted Pax6 activity was reduced there was a pro-
gressive reduction in the extent of eye development. In
the early stages of eye development two regions in the
head critical for eye development show Pax6 expression:
the early optic vesicle and the surface ectoderm. Studies
in the chick have shown that the regional localization of
the Paxo6-positive cells in the surface ectoderm is in-
dependent of a neighboring Pax6-positive optic vesicle
(L1 et al. 1994). The early optic vesicle is an evagination
of the prospective forebrain and makes contact with the
Pax6-positive region of the surface ectoderm. Upon
contact of the optic vesicle with the surface ectoderm,
the optic vesicle invaginates to form the optic cup,
consisting of the outer layer (presumptive pigmented
retinal layer) and the inner layer (presumptive neural
retina layer). The lens placode, which is the Pax6-
positive surface ectoderm at the region of contact
between the optic vesicle and the surface ectoderm,
invaginates into the optic cup to form the lens vesicle. In
the class of genotypes with the highest level of predicted
Pax6 activity the basic eye plan developed, consisting of
a cornea, lens, and retina. Thus, within this group of
genotypes the levels of Pax6 activity were sufficient for
the optic vesicle to make proper contact with the Pax6-
positive surface ectoderm and the lens placode was
competent to invaginate and form a lens.

The second group of mutant genotypes had an
intermediate level of predicted Pax6 activity. The optic
vesicle evaginated toward and maintained contact with
the surface ectoderm. A retina developed but the
presumptive lens placode of the surface ectoderm did
not invaginate and form the lens vesicle. Conditional
inactivation of Pax6 in a stage- and cell-specific manner
has shown that at later stages the developmental
competency of eye tissues depends upon the endoge-
nous Pax6 activity of the cells from which the tissues are
derived. Inactivation of a single copy of Pax6in the distal
optic cup allows proper development of the lens and
cornea but developmental abnormalities of the iris were
observed. Similarly, inactivation of a single copy of Pax6
in the lens placode resulted in abnormal lens and
cornea development. Retina development was normal
and there were only mild noncell-autonomous iris
abnormalities (DAVIS-SILBERMAN ef al. 2005). Microsur-
gical removal of the Pax6-positive neural plate and thus
ablation of optic vesicle development in the chick
resulted in Pax6-positive surface ectoderm cells but lens
development was blocked (L1 et al. 1994). Inactivation
of Pax6 in the early optic vesicle of the chick resulted
in death of the optic vesicle cells and blocked lens
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development from the Pax6-positive surface epithelium
(CANTO-SOLER and ADLER 2006). Thus, the maintenance
of Pax6 expression in the surface ectoderm is not de-
pendent upon optic vesicle contact, but when optic
vesicle contact to the surface ectoderm is prevented lens
development is blocked. Complete inactivation of Pax6
in the lens placode blocked lens development. Multiple,
fully differentiated retinae were observed within the
optic cup indicating that the presence of a lens was not
required for the development of the retina (ASHERY-
PaDpAN et al. 2000). Our observations for the second class
of genotypes with intermediate levels of Pax6 activity are
compatible with the hypothesis that the levels of Pax6
activity in the optic vesicle and the surface ectoderm were
sufficient for retina development but were insufficient
for development of the lens vesicle.

In the class of mutant genotypes with the lowest levels
of predicted Pax6 activity, the levels of Pax6 activity were
insufficient for proper eye development beyond a very
early stage. Although there was an initiation of optic
vesicle development, it terminated very prematurely
and the resultant tissue had no resemblance to a
rudimentary eye.

Taken together, these results indicate that the level of
Pax6 activity is less critical for the progression of optic
vesicle evagination and retina development than it is for
the invagination of the lens placode to develop into the
lens vesicle. Characterization of the Pax6* null muta-
tion (HoGAN et al. 1986) demonstrated that in homozy-
gous mutant embryos evagination of the optic vesicle
was initiated but contact with the surface ectoderm was
lost at a very early stage. Studies utilizing Pax6 /= <
Pax6*’* chimera have shown that upon contact of the
optic vesicle to the surface ectoderm Pax6 activity
deduced from the fraction of Pax6™'* and Pax6~/~ cells
in both the optic vesicle and the surface ectoderm is
critical for the maintenance of this contact and for the
induction of a lens placode (COLLINSON et al. 2000).
Thus, lens development requires maintenance of the
contact of the optic vesicle with the surface ectoderm
and proper lens development is dependent upon Pax6
activity in both structures.

Although we have assigned abstract relative Pax6
activity levels to the Pax6 mutant alleles on the basis of
viability of mutant genotypes, the actual situation is
more complex due to the spectrum of genes targeted
for activation by the different isoforms of the mutant
alleles. Despite our simplistic notion of predicted Pax6
activity, it was very convincing to observe that the extent
of eye development completely followed our a priori
prediction of Pax6 activity.

Mouse and human Pax6 allele databases: PAX6/ Pax6
functions as a transcription factor via DNA binding of'its
binding domains to different target genes and muta-
tions affecting different specific regions of the Pax6
gene product may result in different aberrant pheno-
types (TANG et al. 1997; SINGH et al. 2000; HAUBST et al.

2004). There is an extensive human PAX6 allelic vari-
ant database (http://pax6.hgu.mrc.ac.uk) last updated
September 27, 2007, with 408 entries. Most PAX6 mu-
tations result in premature termination of the trans-
lation product and there were 61 missense mutations:
43 in the paired domain, one in the linker region, 5 in
the homeodomain, 12 in the P/S/Tregion, 4 at the Met
start codon, and 15 at the stop codon. Genotype—
phenotype correlations have shown that mutations
resulting in premature termination of the translation
of the PAX6 gene product are mostly associated with
aniridia, while missense mutations are often associ-
ated with nonaniridia phenotypes (AzuMA et al. 1996,
1998, 1999; Azuma and YAMADA 1998; TZOULAKI el al.
2005). The mouse mutant-allele database (http://
www.informatics.jax.org) contains 32 entries. Twenty-
four mutant alleles were recovered in phenotype
screens and eight entries represent mutant knockout
or conditional knockout constructs. Of the 24 mutant
alleles recovered in phenotype-based screens, most
result in premature truncation of the translation prod-
uct or deletions of the Pax6 gene. Two Pax6 alleles are
missense mutations in the paired domain, Pax6"* and
Pax6"’ (THAUNG el al. 2002) and four missense
mutations have been identified in the homeodomain,
Pax6™" (FAVOR et al. 2001), Pax6"*" (THAUNG ei al.
2002), Pax6"”" (RossaNT 2003), and Pax6"*"*N* (this
study). It is interesting to note that all missense muta-
tions in the mouse in the homeodomain are at amino
acid sites within the third helix of the homeodomain.
General conclusions: An extensive allelic series is
useful for genetic, molecular, and development analyses
of gene function. Detailed in vivo analyses are usually
possible only in model laboratory organisms. This study
has extended the mouse allelic series of the Pax6 gene to
include a homozygous and hemizygous viable and fertile
hypomorph allele. In our genotype—phenotype studies
to correlate levels of Pax6 activity with the degree of
aberrant development, we have focused on the eye. Obvi-
ously, similar studies with other organs in which Pax6
plays an important role in development would be inter-
esting. For example, the mechanisms leading to lethal-
ity of Pax6 mutant neonates is still not known. The best
candidates are neurologic or metabolic dysfunctions
due to the brain and the pancreas developmental defects.
Here, analyses of brain or pancreas development in the
Pax6 mutant genotype constructs could be informative.
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