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served Pax6 intronic sequences with potential for
Pax-6 is essential for eye development and for tissue- involvement in control of alternative splicing in this

specific gene expression within the eye. Splicing of an ‘‘master gene’’ for eye development.
alternative exon (5a) leads to variant DNA binding
specificity in Pax6. Here we show that in the mature

MATERIALS AND METHODSbovine eye the relative abundance of the alternative
Pax6-5a mRNA varies markedly, particularly between

RNA from eye tissues. Bovine eyes were obtained from a local
the lens and iris. Additional alternative splicing prod- slaughterhouse. Lens, retina, iris (plus ciliary body) and cornea were
ucts were identified which may lead to ‘‘domain swap- dissected. Pigmented material was removed from lens and cornea.
ping’’ or truncation of Pax6 proteins. Comparison of Reverse transcription-polymerase chain reaction (RT-PCR). For
amphibian (Xenopus) and mammalian (bovine) Pax-6 RT-PCR (15), 200ng total RNA was reverse transcribed using Super-
genes revealed highly conserved intronic sequences script 1 (Life Sciences, Gaithersburg, MD) and amplified in a reaction
flanking exon 5a, including potential lariat sites which using 0.2mM dNTP, 1mM primers and 5U Taq DNA polymerase (Boe-

hringer Mannheim, Indianapolis, IN) in 10mM Tris-HCl, 50mM KCl,may have a role in the mechanism of alternative splic-
2mM MgCl2, pH 8.3. Following preliminary 5min incubation at 957ing. q 1997 Academic Press
to denature DNA, amplification used 30 cycles of 1min 947, 1min 557,
1min 727. Initially, primers flanking the PD, were designed from
human and mouse cDNA sequences (11, 16): (5*) ATGCAGAACAGT-
CACAGCGGAGTGAA; (3 *) GCTAGCCAGGTTGCGAAGAACTCT-
GTT and used to amplify bovine lens RNA. For comparison of differ-Pax6 has a key role early in the cascade of events
ent eye tissues, a second pair of primers were designed from theleading to differentiation of the eye in both vertebrates
determined bovine sequence: (5*) CAGCTCGGTGGTGTCTTTGTC;and invertebrates (1-4). It also has specific effects in
(3 *) AACTCTGTTTATTGATGACAG.

different eye tissues. Haplo-insufficiency of Pax6 in hu- Products were visualized on agarose gels. Nucleotide sequences of
man aniridia generally produces more serious effects PCR products were determined by direct sequencing (17) and by

subcloning (pCRII system, Invitrogen, San Diego CA) followed byin iris than in other eye tissues (5). Pax6 is also impli-
sequencing (Sequenase, USB, Cleveland OH).cated in expression of several crystallin genes in lens

Sequence comparison and molecular graphics. Sequences were(6, 7) and is essential for lens-specific expression of
analyzed using the GCG package (18) and the ALIGN program (Sci-guinea pig z-crystallin (8). However, Pax6 gene expres-
entific and Educational Software, Durham, NC). Protein structuression itself is not lens or even eye specific (9-11). were examined using Quanta (Molecular Simulations Inc) with coor-

Pax6 genes in vertebrates contain a characteristic dinates from the crystallographic structure of the paired PD (19),
alternative exon (called 5a in mammals) which, when communicated by Dr. Carl Pabo.

Pax6 PD coding sequences from the present study and from Gen-spliced into mRNA, produces a variant paired domain
Bank were aligned using PILEUP (18) and a cladogram was drawn(PD) with altered DNA recognition (12). Previously we
using Neighbor-joining in MEGA (Molecular Evolutionary Geneticsobserved that the relative abundance of canonical Pax6 Analysis) version 1.01 (20). Distance calculations used simple nucleo-

mRNA and the alternative Pax6-5a form differs mark- tide differences with 1000 bootstrap replications.
edly between mature mouse brain and lens (8) such Partial genomic cloning of the Xenopus and bovine genes for Pax6.
that lens shows a marked preference for canonical Pax6 Xenopus genomic DNA (gift of Dr. T. Sargent) was from the ‘‘homozy-
while brain shows similar levels of Pax6 and Pax6-5a gous’’ HD1 line derived by gynogenesis (21). Following a PCR protocol

similar to that used for mRNA except for an annealing temperature(8). It has also been reported that ratios of Pax6 splice
of 607C, 1mg DNA was amplified using degenerate primers designedforms vary with development in embryonic chick retina
from Drosophila and human Pax6 PD sequences (2, 16): (5*) GTC-(13). Here we have examined alternative splice forms ACAGTGGAGTAAATCAGCTGGGTGG(CT)GT(CT)T; (3 *) AGT-

of Pax6 mRNA in mature bovine eye and used phyloge- AATCT(AG)TC(CT)CG(AG)ATTTCCCAAGCAAA. Five cloned PCR
products were fully sequenced. Primers from the bovine Pax6 cDNAnetic footprinting (14) to identify evolutionarily con-
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One of these (type 4) corresponds to a form previously
found in quail retina (23) in which most of exon 6 is
deleted (‘‘60’’) through use of an alternative splice do-
nor site (6*) in exon 6 which splices to the acceptor site
of exon 7. Type 3 (fig 2a) contains the same 6’ donor
site, but also includes the alternative exon 5a, giving
a ‘‘5a//60’’ pattern. A fifth type cloned from the same
size band as type 4 uses a second novel splice donor
site (69), 20 bases further downstream, also spliced to
the common exon 7 acceptor site.

Predicted protein structures. The sequence of the
PD is highly conserved throughout vertebrates and in-
vertebrates (24), allowing the crystallographic struc-
ture of the PD from paired, the family archetype from
Drosophila (19), to serve as a model for bovine Pax6.FIG. 1. Alternative splicing of Pax6 mRNA in adult bovine eye.
The PD consists of two subdomains (19), here called N-Representative RT-PCR amplification of RNA from eye tissues. Pres-

ence or absence of exonic sequences in the PD region are indicated domain and C-domain. Both have similar arrange-
by 5a/, 5a0, 6/, and 60, where ‘‘60’’ indicates partial absence of ments of three a-helices (N1-3 and C1-3) (fig 2b). In
exon 6. the crystallographic structure only the N-domain binds

the DNA fragment used for co-crystallization, with N3
playing a major part in DNA recognition. No structure

sequence: (5*) GATCGTAGAGCTAGCTCACA ; (3*) GGGCACTCC- is presently available for the product of the alternative
CGCTTATACTG, were similarly used to amplify the equivalent exon 5a exon.
5-exon 6 region of the bovine Pax6 gene. A single product was ob-

The result of the 6* alternative splice is a deletion,tained and was completely sequenced on both strands by direct se-
removing most of N3, the connecting peptide betweenquencing (22).
N- and C-domains and helices C1 and C2. Most of helix
C3 would be retained in frame, as illustrated in fig 3a.RESULTS
It is likely that the N-domain would fold normally, with
the substitution of part of helix C3 for N3. This wouldAlternative splicing of Pax6 mRNA. PCR primers
resemble ‘‘domain swapping’’ (25) in which a structuralfor the Pax6 PD coding sequence were used to amplify
element normally folding in one context swaps for simi-RNA from bovine lens, retina, iris and cornea (fig 1).
lar interactions with another domain or subunit. In-Although this is not a quantitative method between
deed, comparison of the ‘‘swapped’’ regions of N3 andtissues, it allows comparison of relative abundance of
C3 show several conserved amino acid positions (figmRNA splice forms within each tissue. In different
3c), corresponding to specific packing contacts in thepreparations, consistently high yields of PD RT-PCR
N-domain. The 6* splice would thus reduce the PD toproducts were obtained from iris and lens with moder-
a single DNA binding domain structurally similar toate levels in retina and low levels in trimmed cornea.
the N-domain but altered in sequence in the DNA-bind-Four major product sizes observed in lens were isolated
ing N3 helix. The homeodomain (HD) and the activatorand sequenced, revealing the presence of five distinct
PST region of Pax6 (26) would remain intact.products of alternative splicing (fig 2a). Other eye tis-

The 69 splice causes a deletion after 3 turns of helixsues contained similar PCR products, but with dis-
N3, but since it splices to exon 7 out of frame, threetinctly different relative abundance. Most notably, lens
new residues, CHQ, would be included before reachingshowed a clear preference for the canonical form of
a premature stop codon. This would be enough to com-Pax6 mRNA over Pax6-5a, just as was previously ob-
plete a modified version of N3 (fig 3b), but the proteinserved for mouse lens and lens-derived cells (8) while,
would resemble an isolated N-domain lacking all down-in contrast, iris yielded much higher levels of the Pax6-
stream sequences. While it could retain DNA binding5a form (fig 1). Retina was generally similar to lens,
activity, just as in the crystal structure (19), it wouldwhile cornea yielded low but detectable levels of both
probably lack transactivation activity and might evenPax6 and Pax6-5a.
be inhibitory. Future experiments to express this re-Additional minor splice forms. In addition to the combinant domain should allow the determination ofmajor Pax6 and Pax6-5a mRNA species, other shorter any binding activity.RT-PCR products corresponding to the PD coding re-

gion were also detected in eye tissues, most noticeably Phylogenetic footprinting of intron sequences. Se-
quences involved in alternative splicing events in thein lens (fig 1). Cloning and sequencing revealed that

these bands contained three additional alternative PD regions were examined by phylogenetic footprinting
(14, 27, 28). Part of the Pax6 gene from exons 5 to 6splice forms of Pax6 mRNA (fig 2a).
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FIG. 2. (a) Partial sequences of five alternative splice forms of bovine Pax6 mRNA. Exons 5 and 6 are boxed, and 5a and 7 are unboxed.
Conceptual translation is shown in italics. The frame-shifted protein sequence for type 5 is shown below. Alternative splice donor sites in
exon 6 are shown by * and 9 and sequences using these splices are labelled 6* and 69. Identities are shown by colons (:) and deletions by
hyphens (-). GenBank accession No. U73855. (b) Schematic of protein products of the five variant Pax6 mRNA sequences. Boxes illustrate
a-helices N1-3 and C1-3. Approximate correspondence with exons is shown by arrows.
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FIG. 3. The structural consequences of alternative splicing in the Pax6 PD. A ribbon trace superimposed on Ca positions of the PD is
shown. (a) The 6* splice deletes most of N3, C1, and C2. Regions deleted through this splice are shown in yellow. Part of helix C3 (blue)
could substitute for most of helix N3 (yellow). (b) The 69 splice causes a deletion of sequences from exon 6 and a frame shift of helix C3
(blue). (c) Alignment of sequences predicted for the N3 helix region. Top line shows the sequence of N3 compared with the variants produced
by alternative splices 6* and 69. Residues from helix C3 or from a shifted reading frame are shown in italics. Boxed residues are identical
between N3 and C3.

was cloned from a mammal (Bos taurus) and from an
amphibian (Xenopus laevis) and compared.

The Xenopus genomic sequence was derived from
HD1, a gynogenetic line identical at all loci (21). A
single consensus sequence was assembled from multi-
ple PCR clones and exon sequences were found to be
highly conserved with those of other species. Within
intron 5, the cloned region contained the alternative
exon 5a, diagnostic for Pax6 of vertebrates. After this
sequence was determined, two Pax6 cDNA sequences
from Xenopus were deposited in Genbank (accession
numbers U64513 and U67887). One of these (U67887)
matches the genomic sequence exactly for the regions
they have in common. Phylogenetic comparisons for PD
nucleotide sequences show that both Xenopus se-
quences cluster together and are similarly related to
Pax6 sequences of other species (fig 4), suggesting that
they represent pseudo-alleles. Interestingly, although

FIG. 4. Phylogenetic comparison of Pax6 sequences. Pax6 PDmouse (11) and fish (29) 5a protein sequences are iden-
nucleotide sequences for several species were compared with thosetical (THADAKVQVLDNEN), that predicted for Xeno- for bovine and Xenopus genes using MEGA 1.01 (20). Xenopus A is

pus 5a differs at 4 out of 14 positions (sHADAKVpV- from the present sequence (GenBank No. U73621), and Xenopus B
is from GenBank entry No. U64513. Bootstrap values are indicated.LDsqN). All changes result from single base substitu-
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FIG. 5. Sequence comparison of Pax6 genes from bovine and Xenopus genomes in the exon 5 -exon 6 region. (Top) Dot matrix comparison
of bovine (Bov) and Xenopus (Xen) intron 5 sequences. Diagonal line shows conserved sequences. Positions of exons in the bovine sequence
are indicated. Plot was generated using DOTPLOT (18) (window size 21, stringency 14). (Bottom) Alignment of conserved regions. Exons
and potential consensus lariat sites are indicated. The highly conserved intron sequence adjacent to exon 5a is highlighted. Positions of
alternative splices 6* and 69 are shown. GenBank Accession Nos. U73622 and U73621.

tions while other silent positions are identical, giving In the Xenopus gene, the 6* alternative splice site is
conserved, but at the 69 site, GT is changed to AT (figthe appearance of selected evolution for changes in

amino acid sequence. This might be the result of spe- 5), suggesting that this alternative splice may not occur
in frog.cialization in pseudo-alleles of this tetraploid species.

The partial bovine sequence is very similar to both Remarkably, the sequence immediately upstream of
5a and including the lariat site for the alternativerodent and human Pax6 sequences, but actually lies

closer to human in phylogenetic analysis (fig 4). Unlike splice is identical between frog and mammal at 38/
39 positions; indeed this non-coding sequence is moreother mammals and fish, the predicted bovine protein

sequence contains a single amino acid change (THA- highly conserved than the exons. The short intron 5a/
6 is also almost 70% identical between the two speciesDAKVQVLDqN) in the 5a insert.

In both bovine and Xenopus genes (fig 5), there is and again shows identity at a potential lariat site.
Such high sequence identity suggests that an im-a longer distance between exons 5 and 5a (475bp in

Xenopus, 794bp in bovine) than between exons 5a and portant secondary structure or sequence recognition
site is under selective protection. In terms of RNA sec-6 (90bp in Xenopus, 93bp in bovine). Exonic sequences

are well conserved while, as expected, there is essen- ondary structure, there is a potential RNA stem of 11bp
(ATTTTTGT(AG)TT/GATGCAAAAGT) between thetially no similarity throughout most of the intronic se-

quence (confirmed by dot matrix analysis, not shown). conserved intron and part of 5a itself. A combination
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of sequence and structure recognition is a possibility, described in which splicing of the Pax6-5a form is
greatly enhanced (12). This mutation is associated withas is binding by an antisense RNA. Whatever the recog-

nition mechanism, masking or enhancement of the 5a a relative sparing of iris and more noticeable effects in
lens. This is consistent with the preference for Pax6-lariat site would be a straightforward way of influenc-

ing alternative splice site selection. However, at pres- 5a seen in adult bovine iris. The retina is also relatively
spared in this form of aniridia. The reason for this isent, the functional significance of these conserved se-

quences is not known. unknown, but it might be explained if retinal targets
for Pax6 are less dependent on activation by PD bind-
ing. Interestingly, it has been suggested that the con-DISCUSSION
served ‘‘P3’’ site common to the promoters of many ret-
ina genes is a binding site for dimers of Pax6 HDPax6, a member of a family of paired box genes (24),

has been described as a ‘‘master gene’’ in eye develop- (rather than PD) (7) and a truncated form of Pax6
(33kDa) lacking the PD region has been observed inment since mutations in Pax6 abolish or disrupt eye

development in mammals and flies (1, 2) while the quail retina (23).
Functionally important elements in gene promotershighly conserved Pax6 of mouse can induce ectopic eye

formation in Drosophila (4). In addition to this high- have been identified by comparing sequences of dis-
tantly related species, a method known as ‘‘phyloge-level role, Pax6 is a transcription factor involved in

regulation of lens-specific genes in vertebrates (6, 7). netic footprinting’’(14, 27, 28). The same approach was
used to compare intron 5 sequences of frog and bovineIn spite of these eye or lens-specific effects, Pax6 ex-

pression itself occurs in several different tissues in eye, Pax6 genes. This showed that sequences immediately
flanking the alternative exon 5a are remarkably wellin CNS and even in pancreas (9, 10).

Previously we showed that Pax6 is essential for ex- conserved. Although we do not yet know whether frog
eye tissues display similar patterns of alternative splic-pression of z-crystallin in transgenic mouse lens and

lens-derived cells (8) and that Pax6 is expressed appro- ing to those of mammals, the striking conservation of
intron sequences through more than 300Myr of evolu-priately for such a role in mature mouse and guinea

pig tissues (8). However, we also found that although tion suggests an important function. Indeed, specific
recognition of the 5* conserved sequences by protein ormouse brain RNA yielded similar levels of RT-PCR

products corresponding to both canonical Pax6 and nucleic acid could mask the lariat site and thereby in-
hibit splicing of 5a. Clearly, control of alternative splic-Pax6-5a mRNA, lens and lens-derived cells gave a

great predominance of canonical Pax6 and very little ing, perhaps varying during and after embryogenesis,
could contribute to the multiple functions of a singlePax6-5a. The protein products of these splicing events

differ in PD structure and DNA binding (12, 30). To ‘‘master’’ gene like Pax6 with distinct roles at different
levels in the molecular hierarchy of eye and CNS devel-determine whether this preference for one form of Pax6

mRNA in mature lens extends to other species and to opment.
look for differences among eye tissues, tissues of the
adult bovine eye were examined. The same bias against ACKNOWLEDGMENTS
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