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ABSTRACT

Pax6 is essential for development of the eye, olfac-
tory system, brain and pancreas. Haploinsuf®ciency
of Pax6 causes abnormal eye development. Two
forms of Pax6 protein, PAX6 and PAX6(5a), differ in
a 14 amino acid insertion encoded by an alterna-
tively spliced exon 5a in the N-terminal DNA-binding
paired domain (PD), and they are simultaneously
expressed. Here, we show that PAX6 and PAX6(5a)
together synergistically activate transcription from
promoters recognized by Pax6 PD and PD5a, but
not by their homeodomain. This synergism pro-
motes activation of transcription by c-Maf and MafA
on the aB-crystallin promoter, and is required for
transcriptional co-activation by RARb/RXRb and
PAX6/PAX6(5a) on the gF-crystallin promoter. To
determine the role of this synergism in haploinsuf®-
ciency, we tested four human missense (G18W,
R26G, G64V and R128C) and one nonsense (R317X)
mutants, with reporters driven by Pax6 PD consen-
sus binding sites and the aB-crystallin promoter.
The simultaneous activity of Pax6 proteins [PAX6,
mutated PAX6, PAX6(5a) and mutated PAX6(5a)]
modeling haploinsuf®ciency yielded results not pre-
dicted by properties of individual PAX6 or PAX6(5a).
Taken together, these results indicate that complex
ocular phenotypes due to Pax6 haploinsuf®ciency
originate, at least partially, from functional inter-
actions between alternatively spliced PAX6 and
PAX6(5a) variants and other factors, e.g. MafA/c-
Maf.

INTRODUCTION

The Pax genes (Pax1±Pax9) share a 128 amino acid
DNA-binding domain called the paired domain (PD), and
represent a family of evolutionary conserved genes. They
play critical roles acting as speci®c DNA-binding tran-
scription factors in pattern formation, cellular proliferation,
differentiation, migration and apoptosis in mammalian

development, and are required for tissue maintenance in
adults (1±3). Pax proteins mostly act as transcriptional
activators. Mutations in Pax genes produce a number of
human and mouse developmental disorders, and studies of
these mutants have provided critical information about the
formation of tissues and organs. The most widely studied
member of the Pax family, Pax6, is a multifunctional
protein playing essential yet diverse roles in the organo-
genesis of the brain, visual and olfactory systems, as well
as peptide hormone gene expression in the pancreas (3±7).

Two independent DNA-binding globular helix±turn±helix
subdomains, PAI and RED, form the `pai-red' domain, PD
(8). The crystal structure of Pax6 PD in complex with
DNA provides a model to understand the function of
individual structural motifs comprising the PD (9).
Alternative splicing within the PD was observed with
Pax3, Pax6, Pax7 and Pax8 (10). Alternatively spliced Pax
proteins possess different biochemical properties (10±13).
Pax6 gene encodes predominantly two forms of Pax6
protein, Pax6 and Pax6(5a) (10,11,14±16). Pax6 contains a
canonical PD comprised of 128 amino acid residues. In
contrast, Pax6(5a) contains a 14 amino acid insertion
within the PAI subdomain (see Fig. 1A). Much of the
earlier molecular studies focused on Pax6 since it
contained the canonical PD, and appeared to be more
abundant than Pax6(5a) (14±16). Subsequent studies of
ocular tissues and cells have found that transcripts
encoding Pax6 and Pax6(5a) are equally abundant in the
human adult lens epithelium, cornea and monkey retina
(17) and in bovine iris (18), raising the possibility that
Pax6 and Pax6(5a) transcripts are regulated in a tissue-
and temporal-speci®c manner. A gene targeting study of
exon 5a revealed speci®c roles of Pax6(5a) in ocular and
pancreatic development, although the phenotypes were not
analyzed at the molecular level (19).

Pax3, 4, 6 and 7 also contain an internal, paired-type
homeodomain (HD). This HD can bind DNA in a form of
homodimers using a symmetric binding site with two
inverted ATTA motifs separated by three nucleotides (20).
The Pax HD not only plays a role in DNA recognition but
also provides surface for interactions with speci®c tran-
scription factors including TFIID, retinoblastoma protein,
and a number of HD-containing proteins co-expressed with
Pax6 (21±23).
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In contrast to a single mammalian Pax6 gene, four Pax6-
homologous genes, eyeless (ey), twin of eyeless (toy), eye gone

(eyg) and twin of eyegone (toe), are present in the Drosophila
genome (24±27). These genes play key roles in eye

Figure 1. Transcriptional synergism between PAX6 and PAX6(5a) using synthetic promoters. (A) Schematic representation of PAX6 PD and HD and
subdivision of PD into PAI and RED subdomains. An oligopeptide of 14 amino acid residues encoded by exon 5a disrupts the DNA-binding property of
PD5a. (B) Transactivation potential of PAX6 and PAX6(5a) at a ratio of 8:1 resulted in robust synergistic interactions from P6CON- and 5aCON- but not
from HDCON-driven reporters described in Materials and Methods. The results are shown for CHO-K1 cells as means 6 SD (n = 6). (C) Transcriptional
synergism and its dependence on PAX6 (200 ng) to PAX6(5a) ratios of 16:1, 8:1, 4:1, 2:1 and 1:1. The experimental conditions are described above.
(D) Western immunoblotting of CHO-K1 cells transiently transfected with both HA-PAX6 and FLAG-PAX6(5a) cDNAs. TBP was detected with an anti-TBP
antiserum and used as a loading control. NTC indicates extracts from non-transfected cells.
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speci®cation and growth together with a number of distinct
functions in the development of the central nervous system.
They are capable of inducing ectopic eye formation in
abnormal body positions (26). Pax6 is structurally similar to
toy and ey proteins, as they contain the canonical PDs (27). In
contrast, eyg is a protein with an N-terminally truncated PD
(24). The effect of this shortening should be similar to the
inactivation of DNA-binding activity of the PAI(5a) sub-
domain in Pax6(5a). Indeed, Pax6(5a) can replace eyg in a
Drosophila eye growth assay, con®rming this hypothesis (25).
It has been also shown that ey and eyg act synergistically in
the induction of ectopic eyes (24) which raises the possibility
that their mammalian homologs, Pax6 and Pax6(5a), also
function together.

In humans, heterozygous mutations in PAX6 cause a diverse
spectrum of ocular abnormalities (6,28) and subtle changes in
the olfactory system and brain (29). Nonsense mutations
generating truncated Pax6 proteins typically result in aniridia.
The hallmark of aniridia is iris hypoplasia, often combined with
cataracts, glaucoma, nystagmus and foveal and optic nerve
hypoplasia (30,31). In contrast, missense mutations generating
single amino acid substitutions cause, in about 50% of cases,
less severe phenotypes, e.g. foveal hypoplasia, Peters' anom-
aly, congenital cataracts and autosomal dominant keratitis (see
3,32 for reviews). A rare case of a human PAX6 compound
homozygote resulted in anophthalmia and severe brain defects
lethal after birth (28). Based on the above phenotypes, it has
been proposed that a PAX6 gene dosage effect is responsible
for phenotypes associated with mutations in the one allele of
PAX6 (6,32). Nevertheless, molecular details of the haploin-
suf®ciency were probed only super®cially. Earlier studies have
focused on the possibility that truncated PAX6 proteins might
act as dominant negative repressors of the wild-type PAX6
(33,34). Studies of individual human PAX6 and PAX6(5a)
mutants revealed that some mutants retain activity in a number
of functional assays (35,36).

Here, we tested possible co-activation mechanisms by
PAX6 and PAX6(5a) since both proteins are co-expressed
in vivo (10,14±18), and because of a functional synergism
between Drosophila ey and eyg (24). This revealed a
remarkable functional synergism between the alternatively
spliced products of the PAX6 gene. Next, we tested the
potential role of this synergism in gene regulation of crystallin
promoters. Crystallins are regulated by Pax6 in combination
with other DNA-binding transcription factors, namely mem-
bers of the large Maf family and retinoic acid-activated
nuclear receptors RARb and RXRb (5). The synergism
between Pax6 and Pax6(5a) can have a signi®cant impact
under haploinsuf®cient conditions when mutated forms of
these proteins are present. Thus, we examined the mechanism
of PAX6 gene dosage effect by testing simultaneously four
PAX6 proteins, i.e. wild-type PAX6, mutated PAX6, wild-
type PAX6(5a) and mutated PAX6(5a), recapitulating the
Pax6 protein composition in heterozygous cells.

MATERIALS AND METHODS

Materials

Oligonucleotides were purchased from Invitrogen (Frederick,
MD), and mouse monoclonal antibody against Pax6 from

Developmental Biology Hybridoma Bank (Iowa City, IA).
Antibodies against Pax2/5/8 (sc-7747), Pax3/7 (sc-7748) and
TBP (sc-273) were from Santa Cruz Biotechnologies (Santa
Cruz, CA). Anti-Flag M2 and anti-HA monoclonal antibodies
were from Sigma and Roche Applied Science, respectively.
293T (an adenovirus-transformed human embryonic kidney
epithelial) cells were obtained from ATCC (Manassas, VA),
rabbit N/N1003A (non-transformed lens epithelial) cells were
provided by Dr J. Reddan (Oakland University, Oakland, MI)
and CHO-K1 (Chinese hamster ovary cell line) was provided
by Dr Jonathan Backer (Department of Molecular
Pharmacology).

Reporter genes

Mouse aB- and gF-crystallin gene promoters contained
fragments ±162 to +45 and ±226 to +41, respectively, in
pGL3 (Promega, Madison, WI), and were generated from
parental plasmids described elsewhere (37,38). Six, four and
four copies of PAX6 PD, PD5a (alternatively spliced PD) and
HD consensus binding sites, P6CON, 5aCON and HDCON,
were cloned 5¢ of the E4 TATA minimal promoter in pGL3
(10,11,20,35). The sequences were: P6CON, TTCAGGAAA-
AATTTTCACGCTTGAGTTCACAGCTCGAGT; 5aCON,
AAATCTGAACATGCTCAGTGAATGTTCATTGACTCT-
CGAGGTC and HDCON (P3 site), TCGAGGGCATC-
AGGATGCTAATCTGATTAGCATCCGATCGGG (Pax6-
binding sites are underlined). Four copies of LSR1 were
generated by inserting two copies of an oligonucleotide
ctagTGTTTCTCTTTTCTTAGCTCAGTGAGTACCGGGT-
ATGTGTCGTGTTTCTCTTTTCTTAGCTCAGTGAGTAC-
CGGGTATGTGTC (nucleotides used for subcloning are
shown in lowercase letters), between SpeI and EcoRV, and
NheI and SmaI sites in E4 TATA minimal promoter described
above.

Expression plasmids and site-directed mutagenesis of
DNA

Expression plasmids for PAX6 and PAX6(5a) and their
mutants (G18W, R26G, G64V, R128C and R317X) were
made in the CMV-based vector, pKW10 (20), using the
Quick-change mutagenesis kit (Stratagene, La Jolla, CA) as
described elsewhere (36). Flag-tagged wild-type and mutated
PAX6 and PAX6(5a) cDNAs were generated in a vector
p3xFLAG-CMV ±10 (Sigma, St Louis, MO). HA-tagged
PAX6 was generated using vector pHM6 (Roche,
Indianapolis, IN). Transcription factors in pKW10 were
obtained from Drs M. Busslinger (Pax2, Pax3 and Pax5),
M. Duncan (Otx2) and O. Sundin (Optx2/Six6), respectively.
Lhx2, MafA, MafB, c-Maf and Six3a cDNA were obtained
from Drs J. Botas, A. Sharma, K. Yoshida and Z. Kozmik,
respectively, and subcloned into pKW10. Pitx3 cDNA in
pcDNA3 was obtained from Dr E. Semina. Six3b and Msx2
cDNAs were prepared using RT±PCR and mouse lens and
embryonic mRNAs (E11.5) and subcloned into pKW10.
Expression vectors encoding RARb and RXRb were
described earlier (39).

Cell cultures, transfections and dual luciferase assays

All cells were grown in DMEM with 10% fetal bovine serum
supplemented with 20 mg/ml gentamicin, in a 5% CO2

incubator at 37°C. CHO-K1, 293T and N/N1003A cells were
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seeded at a density of 40±50% con¯uency in six-well plates
the day before transfection. The medium was changed 2±3 h
before the cells were transfected by the calcium phosphate co-
precipitation procedure. At 60±80% con¯uency, cells were
transfected with 5 mg of ®re¯y luciferase reporter DNA and
differing concentrations of expression vectors encoding
PAX6/PAX6 mutants or PAX6(5a)/PAX6(5a) mutants,
empty vector pKW10 or both. An internal control plasmid,
pCMV Renilla luciferase (Promega), was included in all
transfections. Experiments including retinoic acid (all-trans
retinoic acid, Sigma) were performed as described earlier (39).
In addition, some experiments were conducted in the presence
of pSV40 and pTK Renilla luciferase (Promega) to control for
possible indirect effects during transfections. The cells were
kept in medium with 10% serum for 48 h post transfection.
Cells were passively lysed and luciferase activity was
measured at room temperature using a dual luciferase reporter
assay kit (Promega, Madison, WI). Fire¯y luciferase activities
were normalized relative to Renilla luciferase activity. Each
experiment was conducted in triplicate and repeated at least
twice.

Expression of Pax proteins in cultured cell lines and
western blotting

Nuclear extracts from cultured aTN4-1 lens cells (40) and
mouse melanoma B16 cells (Geneka, Montreal, Canada) were
used as positive controls for Pax6 and Pax3, respectively. Pax2
was expressed in 293T cells using a plasmid as described
above. Protein concentrations were determined using the Bio-
Rad Coomassie Blue protein assay (Bio-Rad Laboratories,
Hercules, CA), and 50 mg of protein was loaded on each lane
of a 10% discontinuous SDS±PAGE gel (Bio-Rad). The
protein was transferred to nitrocellulose and incubated with
1:2000 dilution of primary serum. Bound antibodies were
detected with 1:2000 HRP linked anti-mouse IgG as described
earlier (41). Pax2/5/8 (or Pax3/7) antibodies were used at
dilutions 1:1000.

RESULTS

Mammalian PAX6 and PAX6(5a) act synergistically to
activate gene expression

To test the possibility that mammalian PAX6 and PAX6(5a)
(Fig. 1A), like Drosophila ey and eyg (24), are actual partners
for gene regulation, we performed a series of cotransfections
using both PAX6 and PAX6(5a) at ratios relevant to
endogenous ratios of these proteins judged from quantitative
studies at the mRNA and protein levels (10,14±18). Ratios for
PAX6/PAX6(5a) of ~8:1 were found in mouse embryo (10),
lens cultured cells (16,18) and 6-week-old mouse lens (42).
The experiments were performed with P6CON, 5aCON and
HDCON reporters, as described in Materials and Methods,
containing consensus binding sites of PAX6 PD, PD5a and
HD in CHO-K1 cells. These cells were used because they do
not express endogenous Pax6, Pax2/5/8 and Pax3/7 (data not
shown). The results of a series of cotransfections are shown in
Figure 1B. PAX6 activated transcription from P6CON, while
PAX6(5a) had barely any positive effect. However, the
combination of PAX6 and PAX6(5a) expression generated
robust activation, often exceeding the multiplied effects of

individual Pax6 proteins. For example, at a PAX6/PAX6(5a)
ratio of 8:1, the activation of transcription using the
P6CON-driven reporter was 18.7-fold compared to 7.3- and
1.0-fold changes with PAX6 and PAX6(5a), respectively. A
similar result was observed with the 5aCON reporter (Fig. 1B).
In contrast, no signi®cant enhancement of reporter gene
activation in the presence of both PAX6 and PAX6(5a),
compared to PAX6 or PAX6(5a) alone, was seen with
HDCON sites (Fig. 1B). Similar results were obtained in
293T and P19 cells (data not shown), indicating that the
synergistic effects were not restricted to a single cell line.

To gain further insight into this synergism, we probed
different ratios of PAX6 to PAX6(5a), 16:1, 8:1, 4:1, 2:1 and
1:1. The results, shown in Figure 1C, showed that maximum
activation was observed at ratios 8:1 and 1:1 of PAX6 to
PAX6(5a) for both P6CON- and 5aCON-driven promoters. To
demonstrate the expression of alternatively spliced forms of
Pax6 proteins in transfected cells, we employed HA-tagged
PAX6 and Flag-tagged PAX6(5a) cDNAs because a 5a-
peptide speci®c antibody was not available. The results (see
Fig. 1D) showed that PAX6 and PAX6(5a) proteins were both
expressed in a dose-speci®c manner in the transfected cells.

Co-expression of PAX6 and PAX6(5a) and aB- and
gF-crystallin gene regulation

To demonstrate a potential role of the PAX6 and PAX6(5a)
complex in transcriptional control of natural Pax6-target
genes, we used the mouse aB- and gF-crystallin promoters
shown earlier to respond to Pax6 (37,39,43). The mouse aB-
crystallin promoter contains both Pax6- and Maf-binding sites,
T-MARE/aCE2 in the lens-speci®c enhancer region, LSR1
(Fig. 2A) (5,38). Mouse gF-crystallin promoters contains a
single Pax6/Pax6(5a) binding site next to the retinoic acid
responsive element (RARE) (37) (Fig. 5A). Targeted deletion
of c-Maf in mouse showed reduced expression of both the aB-
and gF-crystallins in the embryonic transgenic lenses (44,45),
and the remaining expression is thought to be due to the
expression of other members of the Maf family of transcrip-
tion factors, namely MafA, in the lens (46±49).

Thus, we conducted cotransfection experiments involving
various combinations of PAX6, PAX6(5a), c-Maf and MafA
to assess their regulatory roles on the mouse aB-crystallin
promoter (Fig. 2). The experiments were performed in both
non-lens (293T) and lens (N/N1003A) cells as the presence of
Pax6 proteins in lens cultured cells could in¯uence the
activation levels of individual transcription factors and their
combinations as well (40). In addition, experiments were
performed in 293T cells to show that the potential synergism is
not limited to a speci®c cell line. In lens cells, the basal aB-
crystallin promoter activity was 20-times higher relative to the
293T cells when normalized against the promoter-less pGL3
in agreement with earlier studies (38). Cotransfection with
PAX6 resulted in weak activations, 2.5- and 3.7-fold, in both
cell types in agreement with earlier data (43). In contrast,
cotransfection with PAX6(5a) gave a weak repression in non-
lens cells and no effect in lens cells (Fig. 2B). Cotransfections
with MafA or c-Maf resulted in appreciable activations
ranging from 10.2- to 18.1-activation demonstrating, for the
®rst time, that aB-crystallin promoter contains at least one
functional T-MARE site. The highest activation in this group,
18.1-fold, was observed with c-Maf in lens cells indicating
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that endogenous Pax6 (40) in combination with transfected
c-Maf was a more potent activator than with MafA. Next, four
possible combinations of two Pax6 variants and two Mafs
were tested. In non-lens cells, two combinations, i.e. PAX6/
MafA and PAX6(5a)/MafA, resulted in transcriptional syner-
gisms. The other combinations, PAX6/c-Maf and PAX6(5a)/
c-Maf showed marginal effects. In contrast, in lens cells all
four combinations resulted in reduced activation compared to
the activation levels obtained with MafA and c-Maf alone. The
simplest explanation for the results in lens cell would be that

ectopic expression of either Pax6 or Pax6(5a) combined with
the endogenous Pax6 proteins disrupts their `optimal' ratio as
suggested from data shown in Figure 1C.

Thus, based on the synergistic results from Figure 1B and C,
we investigated transactivations in the presence of PAX6/
PAX6(5a) and MafA/c-Maf, also co-expressed in lens cells
(46,49). In non-lens cells, PAX6/PAX6(5a) and MafA/c-Maf
complexes elicited only 1.4- and 2.2-fold activations, respect-
ively (Fig. 2B). However, a robust activation of 74.7-fold was
mediated by PAX6/PAX6(5a) together with MafA/c-Maf.

Figure 2. Functional synergism between PAX6 and PAX6(5a) and mouse aB-crystallin promoter. (A) Schematic representation of a Pax6-binding site
partially overlapping with an aCE2/T-MARE binding site in the lens-speci®c enhancer region (LSR1) of the mouse aB-crystallin promoter (38,43).
(B) Mouse aB-crystallin promoter (±162/+45) was cotransfected with cDNAs encoding PAX6 (200 ng), PAX6(5a) (25 ng), c-Maf (80 ng) and MafA (80 ng)
alone or in indicated combinations. Results in 293T cells (solid boxes), and in N/N1003A lens (striped boxes) cells. The results are shown as means 6 SD
(n = 9). The data were normalized to the activity of the reporter plasmids cotransfected with corresponding amounts of empty vector, pKW10. Group of
transfections using one (S), two (D), three (T) and four (Q) cDNAs are indicated by horizontal brackets. The experiments highlighting functional signi®cance
of Pax6/PAX6(5a) complex are boxed.
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Addition of PAX6/PAX6(5a) increased the promoter activity
mediated by MafA/c-Maf by a factor of 34-fold. Omission of
either PAX6(5a) or PAX6 from the experiment resulted in
about half of the activity observed with both PAX6/PAX6(5a).
From these data we conclude that maximal aB-crystallin
promoter activity requires the presence of both PAX6 and
PAX6(5a), in combination with MafA and c-Maf.

In lens cells, the PAX6/PAX6(5a) complex weakly acti-
vated the promoter by a factor of 1.9 (Fig. 2B, lower panel).
However, the MafA/c-Maf complex activated the promoter
9.5-fold, likely using the endogenous Pax6 proteins (40).
Quantitatively, the 5- and 6.6-fold increase between the
presence and absence of MafA/c-Maf (9.5/1.9) and addition of
MafA/c-Maf to PAX6/PAX6(5a) (12.6/1.9) in lens cells
indicate functional interactions between Pax6 and large Maf
proteins; however, they do not directly prove synergism
observed in non-lens cultured cells. In addition to the effects
of endogenous proteins expressed in cultured lens cells, the
lack of synergism in lens cells could be caused by the
quantities of activators and/or interactions between distal
LSR1 and proximal LSR2 of the mouse aB-crystallin
promoter (43).

To further clarify the possibility that different amounts and
ratios of Pax6 proteins tested in 293T cells lacking the

endogenous Pax6 proteins could result in the variabilities
observed in lens cells, we tested different concentrations and
ratios of PAX6 to PAX6(5a). Herein, we tested ratios 16:1,
8:1, 4:1 and 1:1, and 50, 100 and 200 ng of PAX6 with 6.25,
12.5 and 25 ng of PAX6(5a), respectively, with the mouse aB-
crystallin promoter and ®xed amounts of MafA/c-Maf, as
shown in Figure 3. The results revealed Pax6 dose-dependent
transcriptional synergism with MafA/c-Maf with the highest
stimulation generated by 200/25 ng (8:1) of PAX6/PAX6(5a).

To test whether LSR1 alone (see Fig. 2A) contains cis-
elements capable of promoting synergistic interactions
between Pax6 and large Maf proteins, we generated a reporter
plasmid containing four copies of LSR1 in combination with a
heterologous, E4 TATA, `minimal' promoter, and used this
plasmid in a series of transfection tests. As the aB-crystallin is
highly expressed in lens epithelium exhibiting high levels of
expression of Pax6 and MafB, we tested these proteins
together. The results revealed synergism between Pax6/
Pax6(5a) and MafB on the LSR1-driven reporter both in
non-lens (see Fig. 4A) and lens (see Fig. 4B) cultured cells.
Furthermore, aB-crystallin expression in vivo is regulated by
Pax6 (42) and c-Maf (44,45). Cotransfection of Pax6/Pax6(5a)
with c-Maf using the LSR1-driven reporter also showed
synergism between these proteins in lens cells (see Fig. 4C).

Figure 3. Functional synergism between PAX6 and PAX6(5a) at different ratios and mouse aB-crystallin promoter in 293T cells. The amounts of PAX6 and
PAX6(5a) cDNA expression plasmids are shown. The experiment was conducted and evaluated as described in the legend to Figure 2B. The highest acti-
vation of the promoter was found at a ratio of 8:1.
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Collectively, the above transfection studies support the idea
that optimal function of the aB-crystallin promoter requires
synergism between PAX6, PAX6(5a) and large Maf proteins.

Next, we tested promoter regulation of the mouse gF-
crystallin promoter. It has been shown earlier that a speci®c
mutagenesis of the Pax6/Pax6(5a) binding site reduced
promoter activity in transfected primary lens cells, however,
cotransfections with either Pax6 or Pax6(5a) resulted in 50 and
88% repression of the promoter in lens and non-lens cells,
respectively (37). The Pax6-binding site adjacent to a RARE,
shown in Figure 5A, is required for the function of the RARE
(37). Nevertheless, a potential synergism between Pax6 and
proteins interacting with RARE was not found earlier (37).
Our data con®rmed repression of the gF-crystallin promoter by
both PAX6 and PAX6(5a) in CHO-K1 and N/N1003A cells
(Fig. 5B). The results showing 50% inhibition agreed for lens
cells (37). The quantitative difference between the present
data (40% inhibition) and results in chicken primary
®broblasts (88% inhibition) were likely caused by use of
different cell types. Next, we showed that either PAX6/
PAX6(5a) or RARb/RXRb alone in the presence of retinoic
acid did not signi®cantly activate the mouse gF-crystallin
promoter (Fig. 5B). In contrast, a notable synergism between
these proteins was found when cDNAs encoding PAX6/
PAX6(5a) and RARb/RXRb were simultaneously cotrans-
fected into both lens and non-lens cells in the presence but not
in the absence of retinoic acid (Fig. 5B). Taken together, the
functional data using two crystallin promoters indicate that
PAX6 and PAX6(5a) together are required for optimal
function of other crystallin regulatory factors, speci®cally
MafA/c-Maf and RARb/RXRb with the mouse aB- and gF-
crystallin promoters, respectively.

PAX6 haploinsuf®ciency and gene regulation

Previous studies on the mechanism of PAX6 haploinsuf®-
ciency have analyzed individual mutants and compared these
to wild-type PAX6, or a speci®c mutant was cotransfected
with wild-type PAX6, excluding de facto the role of PAX6(5a)
(34,35,50±52) and the effect of the transcriptional synergism
identi®ed here. However, haploinsuf®cient cells in vivo sim-
ultaneously express the wild-type and mutated PAX6 and
PAX6(5a) proteins (see Fig. 6A), and mutual interaction of the
four proteins originating from the normal and mutant allele
may be critical for the net effect.

To test effects of individual mutations, we used a
representative panel of ®ve naturally occurring PAX6 and
PAX6(5a) mutants (36). The mutation G18W is located in the
b-turn motif close to the N-terminal end of the PD, the
mutation R26G is located within the PAI subdomain, the
mutation G64V is located in the linker between PAI and RED
subdomains, and the mutation R128C is located in the RED
subdomain. These missense mutations substitute critical
amino acid residues involved in the three-dimensional struc-
ture of Pax6 PD (9) and functionally affect their transactiva-
tion properties (36). The nonsense mutation R317X results in
premature termination of the C-terminal activation domain in
Pax6 and has been shown to signi®cantly reduce PAX6
transactivation of P6CON-, 5aCON- and HDCON-driven
promoters (34,36). In order to recapitulate the in vivo envir-
onment of Pax6-haploinsuf®cient cells (see Fig. 6A), we
tested transactivations by four Pax6 proteins [i.e. PAX6,
PAX6(5a) and their mutated counterparts] in individual
assays. Parallel experiments were performed to assess their
properties in the absence of either PAX6 or PAX6(5a).

Figure 4. Functional synergism between Pax6 and large Maf proteins. (A) LSR1-driven promoter was cotransfected with cDNAs encoding PAX6, PAX6(5a)
and MafB in 293T cells. (B) LSR1-driven promoter was cotransfected with cDNAs encoding PAX6, PAX6(5a) and MafB in N/N1003A lens cells. (C) LSR1-
driven promoter was cotransfected with cDNAs encoding PAX6, PAX6(5a) and c-Maf in N/N1003A lens cells. PAX6 (200 ng), PAX6(5a) (25 ng) and 80 ng
of the large Maf were tested as indicated. The results were calculated as described in Figure 2B legend.
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Herein, we used P6CON-driven reporters and tested
transactivation of individual wild-type and mutated PAX6
and PAX6(5a) proteins, followed by analysis of simultaneous
presence of PAX6 or PAX6(5a) together with each mutant.
The cells were cotransfected with 200 ng of individual PAX6
or each PAX6 mutant (Fig. 6B), 25 ng of PAX6(5a) or each
PAX6(5a) mutant (Fig. 6D). The results for the PAX6 series
are shown in Figure 6B. Mutants G18W and R317X in PAX6
had clearly reduced activities. Mutants R26G and G64V had

activities comparable with PAX6. In contrast, mutant R128C
elicited more than 3-fold activation compared to wild-type
PAX6. These results (Fig. 6B) established reference points for
comparisons with the reactions in which wild-type and
mutated proteins were mixed together. Next, cotransfections
of 100 ng of PAX6 together with 100 ng of each mutant were
compared to the activation by 200 ng of PAX6. The data,
shown in Figure 6C, resulted in a variety of effects. Although
the mutant G18W weakly transactivated alone, a mixture of

Figure 5. Functional synergism between PAX6 and PAX6(5a) and mouse gF-crystallin regulatory proteins. (A) Schematic representation of a Pax6-binding
site partially overlapping with a RARE-binding site in the lens-speci®c enhancer region of the mouse gF-crystallin promoter (5,37). A unique Pax-6 binding
site can be recognized by both Pax6 and Pax6(5a) interacting in opposite directions (37). (B) Mouse gF-crystallin promoter (±226 to +41) was cotransfected
with cDNAs encoding PAX6 (200 ng), PAX6(5a) (25 ng), RARb (80 ng) and RXRb (80 ng) alone or in indicated combinations. Results obtained in CHO-K1
(upper panel) and lens N/N1003A (lower panel) are displayed. Experiments conducted in the presence of retinoic acid (solid and striped boxes). The results
obtained in the absence of retinoic acid are shown by gray boxes. The results are shown as means 6 SD (n = 9). The data were normalized to the activity of
the reporter plasmids cotransfected with corresponding amounts of empty vector, pKW10. The experiments highlighting functional signi®cance of the Pax6/
PAX6(5a) complex are boxed.
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Figure 6. Functional studies of PAX6 mutants alone or pairwise PAX6/mutant, and PAX6(5a)/mutant using P6CON reporter in CHO-K1 cells.
(A) Diagrammatic representation of protein composition in wild-type (WT), Pax6 heterozygous (+/±) and homozygous (±/±) cells. (B) Transactivation by
PAX6 and its four missense (G18W, R26G, G64V and R128C) and one nonsense (R317X) mutants. The experiment was performed with 200 ng of individual
Pax6 cDNA. (C) Transactivation by 100 ng of PAX6 combined with 100 ng of individual mutant. (D) Transactivation by PAX6(5a) and its four missense
(G18W, R26G, G64V and R128C) and one nonsense (R317X) mutants. The experiment was performed with 25 ng of individual PAX6(5a) cDNA in
CHO-K1 cells. (E) Transactivation by 12.5 ng of PAX6(5a) combined with 12.5 ng of individual mutant. The original phenotypes and references for human
mutations are: G18W, cataract (64); R26G, Peters' anomaly (65); G64V, cataract and foveal hypoplasia (67); R128C, foveal hypoplasia (66); and R317X,
aniridia and cataract (64). The G18W mutation is located in the b-turn motif (b) close to the N-terminal end of the PD, the mutation R26G is located within
the PAI subdomain (PAI), the mutation G64V is located in the linker (L) between PAI and RED subdomains and the mutation R128C is located in the RED
subdomain (RED). The nonsense mutation R317X results in premature termination of the C-terminal activation domain (AD) in Pax6.
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PAX6/PAX6(G18W) gave a result similar to that obtained
with 200 ng of PAX6 only. Mutants R26G and G64V tested
together with PAX6 (Fig. 6C) also did not follow the results
obtained in the absence of PAX6 (Fig. 6B). However, mutants
R128C and R317X showed correlative properties between
these two assays (Fig. 6, compare B and C). Similar
experiments comparing mutants in PAX6(5a) are shown in
Figure 6D and E. Each mutation tested had different properties
when probed alone (Fig. 6D) or in the presence of wild-type
PAX6(5a) (Fig. 6E).

Finally, to test the conditions recapitulating Pax6 protein
content in haploinsuf®cient cells, we tested 200 ng of PAX6
and 25 ng PAX6(5a), or 100 ng of each PAX6 and the speci®c
mutant together with 12.5 ng of each PAX6(5a) and the
speci®c mutant. The results are shown in Figure 7. The
reference reaction which includes 200 ng of PAX6 together
with 25 ng of PAX6(5a) cDNAs resulted in an 18-fold
activation (Fig. 7A). Reactions testing mutants G18W and
R26G resulted in fold changes statistically similar to the
control experiment. In contrast, reactions testing mutants
G64V and R128C gave about a 33% increase compared to the
wild-type conditions. However, nonsense mutant R317X gave
only 16% activation compared to the wild-type Pax6 proteins.
Therefore, the results mimicking Pax6 haploinsuf®ciency
showed retention of the activities of each missense mutant,
which could not be predicted from their properties tested in the
absence of the PAX6(5a) variant (compare Fig. 7A with
results in Fig. 6B and C). The data raise the intriguing
possibility that the mutated PAX6(5a) proteins, although
harboring the same mutations as PAX6, might `rescue' the
de®ciency in PAX6, at least under the conditions tested here.

To further examine Pax6 haploinsuf®ciency, we tested a
natural mouse aB-crystallin promoter. This promoter was
selected for two reasons. Our earlier study found reduced
expression of the aB-crystallin gene in Pax6 heterozygous
lenses containing null mutation, i.e. 50% gene dosage (42),
showing that the aB-crystallin is an in vivo Pax6-dosage
sensitive gene. In addition, the present data (see Figs 2 and 3)
established a functional synergism with c-Maf/MafA, allow-
ing one to test these mutants in the presence of other speci®c
DNA-binding transcription factors. First, we tested Pax6
haploinsuf®ciency in the absence of c-Maf/MafA as shown in
Figure 7B. The results showed reduced activation of the aB-
crystallin promoter with all mutants (Fig. 7B). The simplest
interpretation of the data would be that both DNA-binding and
transcriptional activities of these diverse Pax6 mutants evenly
reduced the promoter activity mediated by the normal Pax6
proteins. Next, we tested this promoter using conditions
recapitulating Pax6 haploinsuf®ciency in the presence of
MafA/c-Maf. Cotransfections of PAX6/PAX6(5a)/c-Maf/
MafA yielded ~75-fold relative transactivation (Fig. 7C).
Two mutants, G18W and R26G, resulted in statistically
signi®cant reductions of overall transcriptional activities of
the aB-crystallin promoter. In contrast, mutants G64V and
R128C gave moderate transcriptional enhancements of 47 and
63%, respectively. Surprisingly, missense mutant R317C
yielded 82% of activity compared to the wild-type control,
although it retained only 18% of activity tested with P6CON
(Fig. 6C). Hence, our data raised the possibility that Maf
proteins can signi®cantly `rescue' R317X truncated Pax6
proteins, but not Pax6 missense mutants G18W and R26G, on

the aB-crystallin promoter. Finally, we show that all Pax6
mutants accumulate in transfected cells to similar levels
(Fig. 8).

DISCUSSION

The present study had two goals: (i) to test possible synergism
between PAX6 and PAX6(5a), alternatively spliced products
of the same gene; and (ii) to determine activity of Pax6
proteins at experimental conditions that recapitulate PAX6
haploinsuf®ciency in vivo. An understanding of these issues is
critical for elucidation of the molecular mechanism of PAX6
as a transcription factor, for a better understanding of the role
of Pax6 during development, and for understanding the
molecular mechanism of the gene-dosage effect in human
and mouse developmental abnormalities. A signi®cant pro-
portion of genes encoding transcription factors (e.g. FOXC1,
PAX2, PAX3, PAX6, PITX2, PITX3, SIX6 and TBX1) are
dosage-sensitive (3,32,53±56). In addition, some of them, e.g.
PAX2, PAX3 and PAX6, are expressed in multiple isoforms
(10±14), and the different isoforms may be employed together
in speci®c gene regulation.

PAX6 and PAX6(5a) functionally interact to promote
transcription of crystallin genes

A recent report has shown that two Drosophila Pax genes,
eyeless and eye gone, act cooperatively to induce compound
eye development (24). Eyeless is a Drosophila homolog of
Pax6. Although eye gone does not have a vertebrate homolog,
its encoded protein appears to be structurally/functionally
analogous to Pax6(5a), as it contains only a partial PAI
subdomain (24,25).

Here, we show that human PAX6 and PAX6(5a) synergis-
tically stimulate transcription from both natural and synthetic
promoters. Synthetic promoters were initially tested in the cell
lines that did not express endogenous Pax6 proteins.
Importantly, the synergism was observed only for Pax6-
binding sites using the PD and PD5a DNA-binding domains,
but not the HD-binding sites. This ®nding, together with
concentration-dependent effects, showing two peaks with a
P6CON-driven promoter (see Fig. 1C) and a single peak with
aB-crystallin promoter (see Fig. 3), and cDNA concentration-
dependent expression of Pax6 variants detected by westerns
(see Fig. 1D) argues against non-speci®c and indirect effects.
Furthermore, the key transfections were repeated and normal-
ized with SV40- and tk-driven Renilla luciferase, con®rming
the results normalized using the CMV-driven luciferase.
Finally, studies of natural crystallin promoters (Figs 2±5 and
7) revealed a potential for the synergism in vivo (see below).

Here, we have found that synergism between PAX6 and
PAX6(5a) is required for the strong activation of the mouse
aB-crystallin promoter (Figs 2 and 3) in non-lens cells in
combination with members of the large Maf family of
transcription factors co-expressed in vivo in the lens with
Pax6 (46±49), and known to regulate the endogenous aB-
crystallin (42,44,45). Although the individual MafA and c-
Maf proteins activated the aB-crystallin promoter (12.5- and
10.1-fold), their simultaneous presence in the absence of Pax6
proteins in 293T cells resulted in only 2.2-fold activation. This
contrasted with robust activity (74.7-fold activation) of this
promoter in the presence of PAX6, PAX6(5a), MafA and
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Figure 7. Haploinsuf®ciency of PAX6 mutants G18W, R26G, G64V, R128C and R317X. (A) Combined transactivation potential of PAX6, PAX6(5a) and
their mutants with P6CON reporter. P6CON reporters were cotransfected with 100 ng of PAX6 and 12.5 ng of PAX6(5a), and 200 ng of PAX6 and 25 ng of
PAX6(5a). The 200/25 experiment represents the wild-type situation as shown in Figure 6A. The 100/12.5 experiment represents a null mutation in one Pax6
allele. A mixture of four cDNAs mimicking Pax6 haploinsuf®ciency as illustrated in Figure 6A, i.e. 100 ng of PAX6, 100 ng of mutated PAX6, 12.5 ng of
PAX6(5a) and 12.5 ng of mutated PAX6(5a) were tested. Compare results with Figure 6. (B) Haploinsuf®ciency of Pax6 on the mouse aB-crystallin promoter
in the presence of PAX6/PAX6(5a) in 293T cells. Compare results with (C). (C) Haploinsuf®ciency of Pax6 on the mouse aB-crystallin promoter in the
presence of PAX6, PAX6(5a), c-Maf and MafA. Mouse aB-crystallin promoters were cotransfected with a mixture of four cDNAs mimicking Pax6
haploinsuf®ciency [100 ng of each PAX6 and mutated PAX6, and 12.5 ng of each PAX6(5a) and mutated PAX6(5a)] and 80 ng of each c-Maf and MafA in
293T cells. The results are shown as means 6 SD (n = 6). Mutants are described in the text and legend to Figure 6.
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c-Maf. The likely mechanism for this activation involves
recruitment of transcriptional co-activators p300/CBP by Pax6
and/or large Maf proteins reported earlier (57,58). In addition,
physical interactions between Pax6 and c-Maf or MafA on the
rat glucagon promoter have already been documented (59).
Simultaneous transcriptional co-activation of the aB-crystal-
lin gene by Pax6 and large Maf proteins correlates well with
strong expression of aB-crystallin in lens epithelium (60), and
in secondary lens ®bers, that parallels the expression of these
transcription factors in lens (44,45,61).

The present data on the mouse gF-crystallin promoter
provide the answer to why an intact Pax6/Pax6(5a) binding
site is required for retinoic acid-mediated activation of this
promoter (37). The synergism is found only if PAX6,
PAX6(5a) and RARb/RXRb are simultaneously tested in the
experiment (Fig. 5). Synergistic interactions between Pax6,
large Maf proteins, retinoic acid-activated nuclear receptors
and Sox proteins are essential for the understanding of tissue-
speci®c and extremely high expression of crystallin genes in
the lens (5). None of these genes are tissue-speci®c, however,
their unique combination in lens provides the optimal
activation conditions.

Molecular mechanism of synergism between PAX6 and
PAX6(5a)

The identi®cation of synergism between PAX6 and PAX6(5a)
in this report opens research avenues to understand its
molecular mechanism. A direct physical interaction between
PAX6 and PAX6(5a) has not been con®rmed in the nuclear
extracts using immunoprecipitations of FLAG- and HA-
tagged co-expressed Pax6 proteins (data not shown). In
addition, no ternary complexes between PAX6/PAX6(5a) and
P6CON oligonucleotide used as a speci®c probe were detected
in gel shift assays using the full-length recombinant Pax6
proteins (data not shown). These negative results are consist-
ent with the reporter assays using the HDCON (see Fig. 1B)
driven by a `natural' PAX6 dimeric binding site (20). Thus, it

is likely that on promoters where PAX6 directly interacts with
DNA (e.g. P6CON and aB-crystallin promoter; 39,43),
PAX6(5a) does not enter the assembling transcriptional
machinery as a direct partner of PAX6, nor forms a
stochiometric complex with PAX6 indirectly via another
protein. Fractionation of crude lens nuclear extracts revealed
the presence of Pax6 proteins in a large number of fractions,
indicating that Pax6 associates with a number of other proteins
(A.Cvekl, unpublished data). To address the speci®city of the
PAX6 interaction with PAX6(5a), we tested a number of HD-
containing transcription factors co-expressed with Pax6 in
mammalian embryonic eye and brain including Lhx2, Optx2/
Six6, Six3a, Six3b, Msx2, Otx2, Pax2 and Pax3 (4,5,23) using
P6CON-reporter and none of them could functionally
synergize with PAX6. In contrast, two HD proteins, Msx2
and Otx2, actually reduced PAX6 activity (data not shown).
Nevertheless, synergistic effects between PAX6 and
PAX6(5a) agree well with the initial prediction that the
Pax6 proteins are potent activators of transcription (20). When
a C-terminal domain of Pax6 was tested with a GAL4 DNA-
binding subdomain, the protein had 25% of the activity of
GAL4 VP16, indicating the potency of the isolated Pax6
activation domain (20). However, transcriptional studies
using Pax6 alone rarely exceeded 8-fold activation
(23,33,35,40,43,62).

Haploinsuf®ciency of PAX6

Structural and functional studies of Pax6 mutants are essential
for our understanding of human ocular, brain and olfactory
abnormalities in Pax6 heterozygotes (3,32). These defects are
thought to originate from aberrant expression of direct Pax6-
target genes. However, only a fraction of these target genes
may be compromised in the presence of missense PAX6
mutations as phenotypes associated with these mutations are,
in about half of cases, moderate compared to the panocular
aniridia (6). Employment of four Pax6 proteins simultan-
eously expressed in Pax6 heterozygous cells have shown here,
for the ®rst time, that the `net effect' of Pax6 mutations cannot
be predicted from the property of speci®c mutations tested
only in the context of PAX6 (35,50±52,63). In addition, our
recent DNA-binding studies of G18W, R26G, G64V and
R128C mutants using gel shift assays revealed that these
mutants possess a broad ability to interact with P6CON,
5aCON and HDCON binding sites (36), though the mutants
clearly had either impaired or improved transactivation
properties using the same binding sites (36). Thus, to examine
the function of these mutants, one has to employ a physio-
logically relevant target gene and probe its regulation
considering other regulatory proteins. Since aB-crystallin
gene mRNA is reduced in Pax6 heterozygous (42) and c-Maf
homozygous (45,46) lenses, it is the right dosage-sensitive
gene to be tested with the mutants. Here, we have shown that
the aB-crystallin promoter is particularly sensitive to mutants
G18W and R26G, but not to G64V or R128C (Fig. 7B).
Indeed, G18W and R26G may only affect in vivo the
embryonic lens and cornea (64,65), where aB-crystallin is
strongly expressed (60). In contrast, mutant R128C caused a
speci®c retinal defect, a foveal hypoplasia (66). Further
progress in understanding of abnormal ocular development in
Pax6 heterozygous eyes and Pax6 homozygous ocular
precursor tissues will depend on the identi®cation and

Figure 8. Western immunoblotting of PAX6 and PAX6(5a) mutants
expressed in transiently transfected CHO-K1 cells. (A) The proteins were
expressed as Flag-PAX6 with PAX6(5a) and probed with Flag M2 antibody
for PAX6 series, or (B) as PAX6 with Flag-PAX6(5a) and probed with the
same antibody to reveal PAX6(5a). TBP was detected with an anti-TBP
antiserum and used as a loading control.
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functional characterization of Pax6 target genes followed by
probing these genes with Pax6 missense mutants at haploin-
suf®cient conditions.
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