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A Drosophila gene that contains both a paired box and a homeobox and has extensive
sequence homology to the mouse Pax-6 (Small eye) gene was isolated and mapped to
chromosome IV in a region close to the eyeless locus. Two spontaneous mutations, ey?
and ey®, contain transposable element insertions into the cloned gene and affect gene
expression, particularly in the eye primordia. This indicates that the cloned gene encodes
ey. The finding that ey of Drosophila, Small eye of the mouse, and human Aniridia are
encoded by homologous genes suggests that eye morphogenesis is under similar genetic
control in both vertebrates and insects, in spite of the large differences in eye morphology

and mode of development.

A small multigene family of paired box—
containing genes (Pax genes) was first identi-
fied in Drosophila and subsequently found in
vertebrates from zebrafish to humans (I). Pax
genes encode sequence-specific DNA-binding
transcription factors that play an important
role in embryonic development, particularly
in the nervous system. Pax proteins are char-
acterized by a 130—amino acid paired domain,
which functions as a sequence-specific DNA-
binding domain. In addition, some Pax pro-
teins contain a second DNA-binding domain,
a homeodomain, which in some cases is trun-
cated, or a specific octapeptide (or both).
These multiple combinations of protein do-
mains illustrate evolutionary tinkering at the
molecular level (2). In contrast to Hox genes,
which in mammals are arranged in four re-
peated homologous clusters, the Pax genes are
dispersed and are present in single copies.
Mutants are known for at least three of the
nine known Pax genes in mammals. Pax-1 is
mutated in undulated mice (3); Pax-3 is affect-
ed in Splotch mice (4), which corresponds to
Waardenburg'’s syndrome in humans; and the
Small eye mutations in mice (5) and rats (6)
and the Aniridia mutation in humans (7)
affect the Pax-6 gene. The degree of evolu-
tionary conservation among Pax genes is
higher than it is for Hox genes. For exam-
ple, the coding regions of the Pax-6 genes
of mice and zebrafish (8) are 80% identical
in their nucleotides and 97% identical in
their amino acids (8). A single amino acid
difference is found in the respective paired
boxes, and the two homeodomains are
identical. There is also a strong conserva-
tion of splice sites, which indicates that
the two genes are homologous.

We have isolated the Drosophila homolog

Department of Cell Biology, Biozentrum, University of
Basel, Klingelbergstrasse 70, CH-4056 Basel, Switzer-
land.

*The first two authors contributed equally to this work.
tPresent address: Hohenheim University, Stuttgart,
Germany.

$To whom correspondence should be addressed.

of Pax-6, which shows 94% amino acid
sequence identity to Pax-6 of humans, mice,
and quail (9) and 93% identity to zebrafish
in the paired domain. The homeodomains of
Pax-6 show 90% sequence identity between
Drosophila and vertebrates. Loss-of-function
mutations in Pax-6 primarily affect eye de-
velopment. A reduction in eye size and the
absence of the iris are observed in heterozy-
gous carriers of the human Aniridia syn-
drome, and the eyes are reduced in hetero-
zygous Small eye mutant mice and rats,
whereas homozygous mutant embryos lack
eyes completely and die. We found that the
Pax-6 homolog of Drosophila is encoded by
the eyeless (ey) gene, which is also involved
in eye morphogenesis. These findings indi-
cate that not dnly the amino acid sequences
have been conserved in evolution but also
the function of the gene in the developmen-
tal pathway leading to eye morphogenesis.
Because Pax-6 is involved in the genetic
control of eye morphogenesis in both mam-
mals and insects, the traditional view (10)
that the vertebrate eye and the compound
eye of insects evolved independently has to
be reconsidered.

The Drosophila homolog of Pax-6 was
isolated from an expression library in a
screen in which an oligonucleotide corre-
sponding to a homeodomain binding site
was used as a probe (I1). One clone,
8321, was isolated that bound the oligo-
nucleotide probe particularly strongly. Se-
quence data revealed that the clone con-
tained both a paired box and a homeobox,
and a computer search through the Euro-
pean Molecular Biology Laboratory data-
base indicated that the clone had homol-
ogy to mouse Pax-6 and human Aniridia
sequences. In situ hybridization of 8321
phage DNA to giant polytene chromo-
somes gave two signals, one located at 102D
on chromosome IV and another located at
67B on chromosome II. A 1.1-kb Eco RI
fragment containing the paired box and
homeobox sequences hybridized only to
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102D, a region close to the ey locus.

In order to isolate more complete com-
plementary DNA (cDNA) clones, a A gt10
library prepared from 3- to 12-hour Drosoph-
ila embryos (12) was screened by plaque
hybridization at high stringency with the
1.1-kb Eco RI fragment from phage 8321.
The longest cDNA clone isolated, E10, had
an insert of 2.8 kb. The complete nucleotide
sequence (13) and the deduced amino acid
sequence of E10 are shown (Fig. 1). The E10
cDNA insert is 2850 base pairs (bp) long,
and the open reading frame starts at position
89 and terminates at position 2603, which
suggests that it encodes a protein of 838
amino acids with a predicted molecular
weight of 82,490 daltons and an isoelectric
point (pI) of 7.9. All three reading frames
upstream of the ATG"codon at position 89
are closed. The sequence preceeding this
ATG, CAACTATG, corresponds to the
consensus translation initiation sequence
C-AAAC-AATG for Drosophila (14), ex-
cept that an additional T residue is inserted
in front of the ATG as it is in the zebrafish
Pax-6 (8) and in the Drosophila paired genes
(15). This suggests that the ATG at position
89 represents the initiation codon. A termi-
nation codon TGA is found at position 839,
followed by a putative polyadenylation sig-
nal (AATAAA) and a 17-nucleotide poly-
adenylate [poly(A)] tract (Fig. 1). Near the
NH,-terminus of the deduced protein se-
quence, a 130-amino acid paired domain
was found, which in terms of its amino acids
is 94% identical to the paired domains of
Pax-6 in mice, humans, and quail and 93%
identical to that of zebrafish (Fig. 2). Amino
acids differing from those found in verte-
brates are indicated (Figs. 1 and 2). Two of
these substitutions are in positions that so far
had been found to be invariant. Position 14,
occupied by .asparagine in all previously
known paired boxes, is replaced by glycine,
whereas the invariant proline at position 78
is replaced by alanine. Twenty-four out of 28
amino acids characteristic of Pax-6 in verte-
brates are also found in Drosophila.

The paired box is separated from a
paired-type homeobox by a linker region
that is considerably larger in Drosophila
than in vertebrates. Nevertheless, there is
also scattered sequence homology in the
linker region (Fig. 1). The homeodomains
of Drosophila and of vertebrate Pax-6 ho-
mologs differ at only 6 out of 60 positions
(Fig. 2): four in « helix I, one in a helix II,
and one in the turn of the helix-turn-helix
motif (aspartate — glycine). A characteris-
tic feature of the homeodomains of the
paired class is an extended homology of 18
amino acids at the NH,-terminus (). How-
ever, in the Pax-6 homologs, this extended
homology is confined to six amino acids
immediately preceding the homeodomain.
These six amino acids, LILKRK in Drosoph-
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ila and LQLKRK in vertebrates (16), are
completely conserved in at least 11 pro-
teins, including the Pax-6 homologs of hu-
mans, mice, rats, quail, and zebrafish and
also in the Drosophila genes paired (15),
gooseberry, gooseberry-neuro (17), and arista-
less (18). The three basic residues in this
sequence suggest that it may possibly repre-
sent a nuclear targeting signal. With the
exception of aristaless, which contains a
homeodomain only, all these proteins have
a paired domain. At the COOH-terminus,
another seven amino acids immediately ad-
jacent to the homeodomain (KLRNQRR)
(16) are completely conserved in all pres-
ently known Pax-6 homologs. The 47 ami-
no acids located COOH-terminally of the
homeodomain show 45% sequence identity
between mice and Drosophila. The COOH-
terminal region includes 368 amino acids
and is more than twice as long as the
corresponding region in vertebrates. It is
rich in alanine (11%) and glycine (8%), in
serine (20%) and threonine (6%), and also
in proline (11%). Another region of limit-
ed homology is found between amino acids
629 and 660, in which 35% identity is
found between the Drosophila gene and
mouse Pax-6. These sequence data indicate
that the cloned Drosophila gene is homolo-
gous to the Pax-6 gene in vertebrates.

The sequence of a larval transcript iso-
lated from an imaginal disk cDNA library
(19) is represented in the upper part of Fig.
1. The 5' sequence of the larval cDNA
differs from that of the embryonic transcript
because it contains a different first exon
that is spliced directly to exon 3, which
contains the paired box. The proteins en-
coded by the two types of transcripts differ
only with respect to the NH,-terminal se-
quences up to the first amino acid in the
paired domain.

The genomic organization of the locus
was determined by the isolation and analy-
sis of a number of overlapping clones from
genomic libraries of Drosophila melanogaster
with the 1.1-kb Eco RI fragment of phage
8321 and a 1.4-kb Eco RI fragment of the
c¢DNA clone E10 as probes (20). The tran-
scription unit spans approximately 18 kb
(Fig. 3), but the transcription initiation site
has not been determined. The gene en-
codes two transcripts, which differ with
respect to their first exons, that are spliced
to exon 3, which is shared. The splice
junctions were determined by sequencing
the genomic clones and defining the exon-
intron boundaries. The paired domain is
encoded by three exons. The splice site in
the first codon of the paired box and the
third splice site between codons 116 and
117 are at exactly the same position as
reported for Pax-6 in humans, mice, and
quail, which suggests that the Drosophila
gene is a true homolog of the vertebrate
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Pax-6 gene. The second splice site in the
paired box differs from that in vertebrates,
which has a characteristic position between

cDNA D1

codons 44 and 45. This site serves for
differential splicing, because it can accom-
modate an additional exon of 42 bp in some
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Fig. 1. Nucleotide and deduced amino acid sequences of a larval (D1) and an embryonic (E10)
cDNA clone of the Drosophila Pax-6 homolog, which corresponds to the ey gene (76). The D1
sequences differ from those of E10 with respect to the first exon preceding the paired box. The
paired domain (PRD) and the homeodomain (HD) are boxed in. The stop codons preceding the
putative translation initiation sites are underlined. An arrow indicates the 5’ end of D1. Amino acids
differing from those found in Pax-6 of vertebrates are underlined; identical amino acids outside of
the paired domains and homeodomains are framed in. The splice sites are indicated by
arrowheads. The putative polyadenylation signal is underlined.
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transcripts, which encode a 14—-amino acid
insertion into the paired domain, that are
found in humans, mice, quail, and zebrafish
(5-8). In Drosophila, this site is missing,
and the second splice site in the paired box
is located further downstream in codon 58,
which is the same position as in the Pax
genes 2, 5, and 8 of the mouse. One of the
splice sites in the homeodomain, in codon
19, is also conserved in evolution, whereas
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the second splice site found in Pax-6 of
humans and quail is absent in Drosophila.
By in situ hybridization to polytene
chromosomes, the Drosophila Pax-6 ho-
molog was mapped to position 102D on
chromosome IV, a position close to the ey
locus (Fig. 3B). A number of different ey
mutations have been isolated, some of
which are lethal. The viable hypomorphic
alleles show a characteristic reduction in
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Fig. 2. Comparison of the amino acid sequences between the paired domains (A) and the
homeodomains (B) of Pax-6 homologs of vertebrates and Drosophila (16). The consensus
sequences for all genes of the paired family (33) are compared to human Aniridia, Pax-6 from mice
(mPax-6), rats (rPax-6), quail (qPax-6), zebrafish [pax(zf-a)], and Drosophila ey. Shared amino
acids (characteristic for Pax-6) are boxed in; amino acids differing between Drosophila and

vertebrates are in bold.

Fig. 3. Structural organization of A
the ey locus. (A) Genomic organi-
zation of ey. The restriction map of
the ey locus is shown within the
region covered by the isolated ge- .
nomic phages. The two different iy

ey (blastopia)
ey?[(doc) ,
— — —

~

S SEE E EE E E E

types of cDNAs are shown below XB H

this map. Noncoding regions are

indicated by white boxes, coding cONA E10
regions by black boxes. The exon-
intron structure was determined
by sequencing of the correspond-
ing genomic regions. The posi-
tions of two transposon insertions
causing mutations in the ey gene
(ey? and ey®) were determined by
DNA sequence analysis (23) and
are indicated by triangles. B, Bam
HI; E, Eco RI; H, Hind IlI; S, Sal I;
Xb, Xba I; X, Xho I. (B) In situ
hybridization of a 1.1-kb Eco RI
cDNA fragment from phage 8321
to polytene salivary gland chromo-

cDNA D1

somes of ey* larvae (34). A single band of hybridization is detected at section 102D close to the ey

locus on chromosome IV. (C) In situ hybridization of a doc transposable element (22) probe (pDoc)
to polytene chromosomes of ey? larvae (34). Bands of hybridization are detected at 102D and 101F
on chromosome IV, in the chromocenter (ch), and at several additional sites on other chromosomes.
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the size of the compound eyes, which in
some individuals may be missing completely
(21). To find out whether Drosophila Pax-6
corresponds to ey, we analyzed the available
ey mutants by whole-genome Southern
(DNA) blots. DNA from the two sponta-
neous alleles ey? and eyR showed an alter-
ation in the pattern of restriction fragments
that hybridize to the corresponding wild-
type probe. In both mutants, different re-
striction fragments hybridized to the 1.7-kb
Sal I fragment of ey* (Fig. 4). This suggests
that these two mutations are caused by
insertions of transposable elements near the
5’ end of the cloned gene (Fig. 3), a
common phenomenon in spontaneous Dro-
sophila mutants. The size and restriction
pattern of the insertion in ey? resembled the
doc transposable element (22), which we
confirmed by cloning a hybrid phage carry-
ing this region from a genomic ey’ library
(23) and determining the DNA sequences
around the point of insertion. The presence
of a doc element in ey? at 102D has also
been confirmed by in situ hybridization
(Fig. 3C). A corresponding phage was iso-
lated from an ey® genomic library and
analyzed (23). The partial DNA sequence
obtained from this phage allowed us to
identify the inserted element as blastopia, a
retrotransposon identified recently by its
spatially restricted expression in the pro-
spective head region of the blastoderm-
stage embryo (24).

To find out whether the two insertions
affect the expression of the cloned gene,
whole-mount in situ hybridizations to em-
bryos and larvae of wild-type, ey?, and ey®
homozygous mutants were carried out.
Transcripts were detected in a bilaterally
symmetrical pattern in the brain and in
every segment of the ventral nervous system
for ey* embryos at the germ-band stage
(Fig. 5, A and B). Anterior to the brain,
transcripts accumulated in the primordia of
the eye imaginal discs (Fig. 5B) (25). This
site of expression was not detected in ey?
mutants (Fig. 5C). Later in embryogenesis,
the transcripts became confined to the
brain and the primordia of the eye disks. In
the eye-antennal disks of third instar wild-
type larvae, a band of expression at the
anterior edge of the eye disk was detected
(Fig. 5D), whereas hardly any transcripts
were detectable in ey? (Fig. 5E) and ey®
(Fig. 5F) eye disks (26). The lack of expres-
sion in the eye primordia of the ey? and ey®
mutants indicates that the transposon inser-
tions affect the expression of the cloned
gene and that the Drosophila Pax-6 homolog
is indeed the ey gene. Our preliminary
analysis of the distribution of ey transcripts
showed that the expression was confined to
the eye imaginal disks and was not detect-
able in leg or wing disks. The transcripts
accumulated in the cells at the anterior
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margin of the eye disk and extended poste-
riorly to the morphogenetic furrow and to a
few rows of cells beyond the furrow. The
ey* transcripts also accumulated in parts of
the brain and the ventral ganglion, as well
as in the salivary glands. The finding that
both of the insertions of transposable ele-
ments in ey’ and eyR, which affect gene
expression in the eye primordia, occurred
within 75 bp suggested to us that the
transposable elements might disrupt an eye-
specific gene regulatory element. There-
fore, the sequences flanking the points of
insertion were inserted into an enhancer
detection vector containing a minimal pro-
moter and the gene encoding the lacZ
reporter. Transgenic flies carrying this con-
struct selectively express B-galactosidase in
the eye primordia (27). This finding sup-
ports the conclusion that the eyeless phe-
notype in ey? and ey® mutants is caused by
the insertion of transposons into genomic

Fig. 4. Genomic Southern
blots of ey*, ey, and ey® Eco Al
DNA. (A) DNA was isolat- @ = =
ed from mutant and wild- :

type (wt) strains, digested :
with the restriction en-
zymes indicated, run on a
gel, blotted, and hybrid-
ized with the genomic 1.7-
kb Sal | fragment (fragment
10 in Fig. 4B). Fragments
are numbered for simplici-
ty and are schematically
shown in Fig. 4B. Some
fragment sizes or marker
lengths are indicated on
the left. (B) Schematic

A  weylefimeyleyfntey’ey B
Hind It Sal |

e s

-

regulatory elements required for expression
in the eye primordia.

The pattern of expression of the mouse
Pax-6 gene has been studied extensively in
the embryo (5). It is first expressed in the
forebrain and the hindbrain, followed by
expression in the neural tube along the
entire anteroposterior axis. At day 8.5 after
conception, expression is first detected in
the optic sulcus, followed by expression in
the optic cup and the neural retina. The
overlying ectoderm, which subsequently
gives rise to the lens and later the cornea,
also expresses Pax-6, which suggests that
Pax-6 is involved in eye induction. The
nasal epithelium and Rathke’s pouch show
expression 1 and 2 days later in embryogen-
esis, respectively. This pattern of expres-
sion resembles the one found in Drosophila:
The ey™* transcripts are detected first in the
central nervous system, in the brain, and
the ventral nerve cord. The first signs of
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drawings of wild-type and mutant DNA. Fragments detected in the genomic Southern blot (A) are
numbered. The 1.7-kb Sal | fragment used as a probe is indicated in bold and the transposable
elements with their orientation and insertion points are shown underneath.

Fig. 5. Expression of ey tran-
scripts in embryos and eye imag-
inal disks. In situ hybridization of
ey* cDNA to RNA transcripts in
embryos and larvae (30). (A and
(B) Expression pattern in ey* em-
bryos. (C) Expression in ey? em-
bryo. Note the absence of label-
ing of the optic primordia (arrows)
in ey (D) Wild-type (ey*) eye-
antennal disk. The anterior portion
of the eye disk is labeled. In the
ey? mutant disk (E) and the ey®
mutant disk (F) hardly any label-
ing is detected. Abbreviations: b,
brain; vns, ventral nervous sys-
tem; o, optic primordia; e, eye
imaginal disk; and a, antennal
disk.
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expression in the developing eyes are found
in the embryonic anlagen of the eye imag-
inal disks. During larval stages, the anteri-
ormost part of the eye disk expresses ey*
transcripts. This is compatible with an early
determinative role of the gene in eye mor-
phogenesis, because the differentiation of
the ommatidia proceeds in a posterior to
anterior direction, as reflected by the grad-
ual movement of the morphogenetic furrow
in the anterior direction (28). The cells
immediately anterior to the furrow are still
undifferentiated and express the eyes-absent
(eya) gene (29). Because ey is also expressed
anteriorly to eya, ey seems to control an
even earlier step in eye differentiation than
eya. These observations suggest the hypoth-
esis that ey is a master control gene that
initiates the eye morphogenetic pathway
and is shared between vertebrates and in-
vertebrates. We are pursuing this hypothe-
sis further by examining more primitive
metazoa with primitive eyes. By polymerase
chain reaction (PCR) amplification we
have detected DNA sequences similar to
those of Pax-6 in flatworms (Dugesia tigrina)
(30) and in nemerteans (31), which are
among the most primitive metazoa with
eyes (28). If the corresponding genes in
flatworms and nemerteans are also involved
in eye morphogenesis, the concept that the
eyes of invertebrates have evolved com-
pletely independently from the vertebrate
eye has to be reexamined. Also, the hy-
pothesis that the eye of cephalopods has
evolved by convergence with the vertebrate
eye (10) is challenged by our recent finding
(by means of PCR amplification) of Pax-6—
related sequences in the squid Loligo vulgaris
(32). These findings may throw some new
light on the fascinating problems of eye
evolution.
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Blockage of NF-kB Signaling by Selective Ablation
of an mRNA Target by 2-5A Antisense Chimeras

Avudaiappan Maran, Ratan K. Maitra, Aseem Kumar,
Beihua Dong, Wei Xiao, Guiying Li, Bryan R. G. Williams,
Paul F. Torrence, Robert H. Silverman*

Activation of 2-5A~dependent ribonuclease by 5’-phosphorylated, 2',5'-linked oligoade-
nylates, known as 2-5A, is one pathway of interferon action. Unaided uptake into HeLa cells
of 2-5A linked to an antisense oligonucleotide resulted in the selective ablation of mes-
senger RNA for the double-stranded RNA (dsRNA)-dependent protein kinase PKR. Sim-
ilarly, purified, recombinant human 2-5A—-dependent ribonuclease was induced to selec-
tively cleave PKR messenger RNA. Cells depleted of PKR activity were unresponsive to
activation of nuclear factor-kB (NF-«kB) by the dsRNA poly(l):poly(C), which provides
direct evidence that PKR is a transducer for the dsRNA signaling of NF-«B.

Natural defense mechanisms can be allies
in the quest for therapeutic approaches to
disease. One such defense, the 2-5A system
(1), mediates certain effects of interferons,
such as the inhibition of encephalomyo-
carditis virus replication (2). Key compo-
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nents of this system include 2-5A, short
oligoadenylates with 2’,5’'-phosphodiester
bonds; 2-5A synthetases that generate 2-5A
from adenosine triphosphate (ATP) in re-
sponse to dsRNA; and the effector of the
system, the 2-5A—dependent ribonuclease
(RNase) (3, 4). This RNase, which is
ubiquitous in the cells of mammalian, rep-
tilian, and avian species (5), cleaves single-
stranded RNA in response to 2-5A, with
moderate specificity after UpNp sequences
(6). Thus, this host defense mechanism is
the basis for a strategy for the selective
destruction of specific mRNA targets.
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