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Abstract. Genes related to the Drosophila eyes absent gene were
identified in vertebrates (mouse and human), mollusks (squid), and
nematodes (C. elegans). Proteins encoded by these genes consist
of conserved C-terminal and variable N-terminal domains. In the
conserved 271-amino acid C-terminal region, Drosophila and ver-
tebrate proteins are 65-67% identical. A vertebrate homolog of
eyes absent, designated Fya2, was mapped to Chromosome (Chr)
2 in the mouse and to Chr 20q13.1 in human. Eya2 shows a
dynamic pattern of expression during development. In the mouse,
expression of Eya2 was first detected in 8.5-day embryos in the
region of head ectoderm fated to become the forebrain. At later
stages of development, Eya2 is expressed in the olfactory placode
and in a variety of neural crest derivatives. In the eye, expression
of Eya2 was first detected after formation of the lens vesicle. At
day 17.5, the highest level of Eya2 mRNA was observed in pri-
mary lens fibers. Low levels of Eya2 expression was detected in
retina, sclera, and cornea. By postnatal day 10, Eya2 was ex-
pressed in secondary lens fibers, cornea, and retina. Although Eya2
is expressed relatively late in eye development, it belongs to the
growing list of factors that may be essential for eye development
across metazoan phyla. Like members of the Pax-6 gene family,
eyes absent gene family members were probably first involved in
functions not related to vision, with recruitment for visual system
formation and function occurring later.

Introduction

Most metazoan phyla include species with the ability to detect the
difference between light and dark and make behavioral responses
to this information. In many cases, these light-detecting systems
are composed of only a simple eye spot. A more elaborate optical
system can be found in only six of the major animal phyla; how-
ever, they constitute about 96% of the known metazoan species
(Land and Fernald 1992). While the eyes in these phyla often have
drastically different structures (Land 1988), it has long been
known that vision in divergent phyla was mediated by conforma-
tional changes in proteins related to opsin (see Yarfitz and Hurley
1994 for review). More recently, it was discovered that animals
from a wide variety of phyla express orthologs of the Pax-6/
eyeless gene during the development of their light-sensing organs,
brain, and other sensory structures (Walther and Gruss 1991; Quir-
ing et al. 1994; Loosli et al. 1996; Czerny and Busslinger 1995)
and that mutations in the Pax-6 gene disrupt the development of
these organs (Quiring et al. 1994; Hill et al. 1991; Hanson and van
Heyningen 1995; Glaser et al., 1994). Moreover, targeted expres-
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Data deposition: The sequences reported in this paper have been deposited
in the GenBank data base with the accession numbers U71207 and
U71208, and the map portion for mouse eya2 has been submitted to the
Mouse Genome Database, accession number MGD CREX-695.

sion of Drosophila eyeless (ey) and mouse and squid Pax-6 in
different imaginal disk primordia of Drosophila results in ectopic
compound eyes (Halder et al., 1995b; Tomarev et al. 1997). These
observations have led to the proposal that Pax-6-related genes are
necessary for eye formation throughout the animal kingdom and
that the molecular mechanisms responsible for early eye develop-
ment may be similar in different systematic groups (Quiring et al.
1994; Halder et al. 1995a, 1995b).

It has been estimated that as many as 2500 genes may be
essential for Drosophila eye morphogenesis (Halder et al., 1995a).
Some genes acting downstream of Pax-6 in the developing eye
may also be homologous in different systematic groups, and sev-
eral candidate genes were identified. Sine oculis/Six3 (Cheyette et
al. 1994; Oliver et al., 1995a), prospero/Prox 1 (Doe et al. 1991;
Tomarev et al. 1996) and decapentaplegic/BMP-7 (Heberlein et al.
1993; Dudley et al. 1995) are examples of such genes. The ex-
pression of none of these genes is eye-specific. The eyes absent
(eya) mutation of Drosophila causes increased apoptosis of pre-
cursor cells anterior to the morphogenetic furrow of the eye por-
tion of the eye-antennal imaginal disk. This results in a decrease in
the overall number of cells available to differentiate into omma-
tidia, but does not specifically deplete any particular cell type
(Bonini et al. 1993). The mutation causing the eya phenotype
resides in a regulatory element necessary to direct the expression
of a novel nuclear protein to cells anterior to the morphogenetic
furrow (Bonini et al. 1993; Leiserson et al. 1994). A complete
disruption of the eya (the clift phenotype) results in early embry-
onic lethality, possibly due to defects in head development (Bonini
et al. 1993; Nusslein-Vollard et al. 1984). Since expression studies
of eya indicated that it acts downstream of ey and upstream of sine
oculis (s0) in the eye-antennal imaginal disc (Cheyette et al. 1994;
Bonini et al., 1993, 1995), we proposed that relatives of eya play-
ing a role in eye and head development would be found in other
metazoan phyla. We have subsequently identified cognates of eya
in mice, humans, nematodes, and cephalopods and determined the
expression pattern of the mouse eya homolog, Eya2, during em-
bryonic development. The expression pattern of EyaZ is consistent
with its possible role in vertebrate sensory systems and head de-
velopment.

Materials and methods

Cloning of the ¢cDNAs for human and mouse Eya2. The peptide
sequence for Drosophila eya (18) was used to search the expressed se-
quence tag (EST) database subset of Genbank. Clones exhibiting signifi-
cant similarity to eya (GenBank accession numbers T80220, R72695,
R20007, R76303) were purchased from Research Genetics (Huntsville,
Ala.) and double-strand sequenced with Sequenase (Amersham, Cleveland,
Ohio). The complete cDNA sequence was obtained by 5’ rapid amplifica-
tion of cDNA ends (RACE) PCR of Marathon RACE Ready 19-23 fetal
week human brain ¢cDNA purchased from Clontech (Palo Alto, Calif.)
following the manufacturer’s instructions with gene-specific primers 3370
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(GSP 1, 5-TGAGGTGCTGAAGCTGGAGCCATA-3’, positions 357-
380 in the final sequence) and 3371 (GSP2, 5'-TGAGAATCCACTCTG-
GCCAG-3', positions 334-356 in the final sequence). The resulting PCR
product was cloned and sequenced. A contiguous DNA fragment contain-
ing the entire open reading frame (ORF) for human Eya2 was obtained by
PCR from Marathon RACE Ready 19-23 fetal week human brain cDNA,
cloned into a plasmid vector and resequenced.

The cDNA insert of human R20007 clone was radiolabeled with
[**P]dCTP by random priming and used to screen 50,000 plaques of a
AEXlox 10.5 days post coitum (d.p.c) mouse embryo cDNA library (No-
vagen, Madison, Wis.). Two positive clones were converted to pEXlox (+)
plasmids by the manufacturer’s instructions and sequenced with the Fidel-
ity DNA sequencing kit (Oncor, Gaithersburg, Md.). Additional sequences
were obtained by PCR of 11-day mouse embryonic Marathon RACE ready
¢DNA (Clontech) (3’ primer 2864, 5'-ATTGACACAGTTGGGTCGAGA-
3, positions 1364-1384 of the mouse Eya2 cDNA sequence and a 5’
primer 3073, 5'-CAGCTTGAACCATTCCCCTGGCCAGAGTG; nucleo-
tides 411-440 of the human eyes Eya2 cDNA sequence). This PCR product
was cloned and sequenced. The remainder of the open reading frame was
isolated by 5'RACE PCR of 11-day mouse embryonic Marathon RACE
Ready cDNA (Clontech) with mouse Eya2 gene-specific primer 3356 (5'-
TCGGTCCGTAGCTCAGGAACCC-3', positions 398-419 in the mouse
sequence). This PCR product was cloned and sequenced with Fidelity. The
complete ORF was then obtained by PCR from 11-day embryonic mouse
Marathon Race Ready cDNA, cloned and resequenced.

Identification of an eya family member in cephalopods and nem-
atodes. Embryonic squid (Loligo opalescens) were collected at the Hop-
kins Marine Station (Stanford University, Pacific Grove, Calif.), and total
RNA was prepared with RNazol (Teltest, Friendswood, Tex.).
Poly(A)'RNA was prepared, annealed with random primers, and used for
cDNA synthesis. This cDNA was used as a template for PCR with degen-
erate oligonucleotides derived from the sequence of human Eya2 and Dro-
sophila eya with the addition of HindIIl sites (underlined) (5’'-primer,
5'-TGGTAAGCTTGAGCG(A/T)GTGTT(C/TXG/C)T(G/C)TGGGA(C/
TYHC/T)T(G/C)GA(C/T)GA-3', positions 804-832 in the human Eya2
¢DNA; 3'-primer, 5'-ACCTAAGCTTGGTA(A/G)CGGAA(G/T)GC(C/
T)AA/GYC/T)TT(C/TYC(G/TYCATCCA-3', positions 1128-1155) using
the following PCR conditions: 94°C 2 min, followed by 30 cycles of 94°C
1 min, 55°C 1.5 min, 72°C 1 min. The PCR product was digested with
HindIll, cloned into pBlueScript (Stratagene), and sequenced.

The peptide sequence of human Eya2 was used to search the C. elegans
genomic database with the Sanger Center Blast server (Oxford University,
Oxford, UK). Genomic cosmid C49A1, localized to the X Chr of C. el-
egans, was identified. The deduced amino acid sequence of the C. elegans
eya-related protein was then used to search the C. elegans EST database by
use of the Sanger Center Blast server. EST yk166¢6.3 isolated from a N2
embryonic C. elegans cDNA library and EST yk74a9.5 were identified and
their sequence was obtained from ACeDB (A C. elegans Data Base,
USDA, Beltsville Md., USA). These nucleotide sequences were used to
deduce a partial amino acid sequence for a C. elegans eya-related family
member (see Fig. 1).

Determination of the chromosomal localization of human and
mouse Eya2 genes. Specific PCR primers were designed for human
Eya2 (5'-primer: 5'-CCCAACTGTGTCAATGTGCTGGT-3’, positions
1317-1339 and 3'-primer: 5'-CTGTCTTGGTTGCACTGTAGATGT-3’,
positions 1414-1437) and were used to screen the Ceph B mega YAC
library (service of Research Genetics).

For mapping of mouse Eya2, interspecific backcross progeny were
generated by mating (C57BL/6J x M. spretus) F, females and C57BL/6]
males as described (Copeland and Jenkins 1991). In total, 205 F, mice were
used to map the Eya2 locus (see text for details). DNA isolation, restriction
enzyme digestion, agarose gel electrophoresis, Southern blot transfer, and
hybridization were performed essentially as described (Jenkins et al. 1982).
All blots were prepared with Hybond-N+ nylon membrane (Amersham).
The probe, a 900-bp EcoRI/HindIIl fragment of the mouse Eya2 cDNA
(positions 1273-2179 in the final cDNA sequence), was labeled with
[>?P]dCTP and a nick translation labeling kit (Boehringer Mannheim);
washing was done to a final stringency of 0.8 x SSCP, 0.1% SDS, 65°C.
A major fragment of 2.4 kb was detected in Pvull-digested C57BL/6J
DNA, and a major fragment of 3.4 kb was detected in Pvull-digested M.
spretus DNA. The presence or absence of the 3.4-kb Pvull M. spretus-
specific fragment was followed in backcross mice.
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Fig. 1. Sequence alignment of mouse and human Eya2 with the C-
terminus of Drosophila eya and the partial amino acid sequences available
for the squid and C. elegans family members. (* indicates sequence iden-
tity; . . . indicates gap inserted to generate an optimal alignment).

A description of the probes and RFLPs for the loci linked to Eya2
including Src and Nfatl has been reported previously (Siracusa et al. 1989;
Luo et al. 1996). Recombination distances were calculated as described
(Green 1981) with the computer program SPRETUS MADNESS. Gene
order was determined by minimizing the number of recombination events
required to explain the allele distribution patterns.

Northern and Southern blot hybridization analysis. Total RNA was
prepared from 10.5- and 13.5-d.p.c. embryos (date of vaginal plug, 0.5
d.p.c.) and newborn mouse tissues using Razol (TelTest, Friendswood,
Texas), and Northern blots prepared as described (Duncan et al. 1995).
These blots, as well as an adult mouse multiple tissue Northern blot (Clon-
tech), were hybridized to the same random-primed ¢cDNA probe used for
chromosomal localization (see above) as previously described (Duncan et
al. 1995). The total mRNA blot was normalized by post-hybridization
staining of the membrane for ribosomal RNA with methylene blue as
described (Herrin and Schmidt 1988). The expression pattern of human
Eya?2 in adult tissues was determined by hybridizing the insert from EST
34807 to a Clontech MTN blot as above.

In situ hybridization analysis of Eya2 expression during mouse
embryonic development. Transcription templates were prepared from
the mouse Eya2 ¢cDNA by PCR of cDNA clones with primers containing
T3 RNA polymerase promoters. The antisense template was prepared with
primer 5'-GGAGCAATTAACCCTCACTAAAGGCCGTCCG-
CACTGCTATAGATACT-3' (positions 1684-1662) and 5'-AAGAGAG-
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ACCTGGCTGCAGCTGCGCGCCGA-3' (positions 1273-1302), while
the sense template was prepared with primers 5'-GGAGCAATTAAC-
CCTCACTAAAGGAAGAGAGACCTGGCTGCAGCTGCG-
CGCCGA-3' (positions 123-1302) and 5'-CCGTCCGCACTGCTATA-
GATACT-3’ (positions 1684—-1662). The T3 RNA polymerase promoter is
underlined. The PCR products were gel purified and used to generate
digoxigenin-labeled riboprobes with the Ampliscribe T3 transcription kit
(Epicentre Technologies, Madison, Wis., Kaplan et al. 1996).

Embryos (FVB/N or B6EiC3H) were obtained from superovulated fe-
males. Noon of the plug day was considered O.5 d.p.c. and the day of birth
was considered 1 day post natal (d.p.n.).Whole-mount in situ hybridization
was performed according to Wilkinson (1993). Cryostat sections of older
embryos (17.5 d.p.c.) and 10 d.p.n. lenses were treated and hybridized with
the same probes as described (Hodgkinson et al. 1993).

Results

Identification of eya family members in vertebrates, mollusks and
nematodes. A cDNA encoding the coding region of a human ho-
molog of Drosophila eya was identified by a search of the EST
database and subsequent analysis of 5° RACE clones (see Mate-
rials and methods). This cDNA is 2327 bp long (excluding the
poly(A) tail), has an ORF of 1614 nucleotides (Fig. 1), and is 64%
identical to Drosophila eya in a conserved region of 813 nucleo-
tides encoding 271 C-terminal amino acids. The deduced amino
acid sequences in this region are 79% similar and 65% identical
between the human and Drosophila proteins. While this paper was
under review, the sequence of three eyes absent homologs was
published (Xu et al. 1997), and the cDNA characterized here cor-
responds to Eya2.

The cDNA for the murine homolog of Eya2 (see Materials and
methods) is 2181 bp long (excluding the poly(A) tail), which is
very close to the mRNA size obtained by Northern blot experiment
(see below). The cDNA contains an ORF of 532 amino acids (Fig.
1). There is a stop codon in frame with the first methionine codon
48 nucleotides upstream, indicating that this cDNA contains the
complete coding region. Comparison of the sequences for mouse
and human Eya?2 indicates they are true orthologs. Mapping data
(see below) confirm this conclusion. They are 78% identical at the
nucleotide level and 93% identical at the amino acid level. The
mouse protein is 67% identical and 80% similar to Drosophila eyes
absent over the 271 C-terminal amino acids. During the cloning of
mouse Eya2, an alternate cDNA with a deletion of nucleotides
421-497 was obtained, which would result in a protein with amino
acids 114-142 deleted.

The region most highly conserved between vertebrate Eya2
and Drosophila eya was used to design degenerate oligonucleo-
tides (see Materials and methods), which were used for rt-PCR of
embryonic squid (Loligo opalescens) RNA. The PCR product with
the expected size of 351 bp possessed 68-72% sequence similarity
to human, mouse, and Drosophila eya family members, while the
deduced amino acid sequences demonstrated 74-91 % identities
(Fig. 1). We concluded that the identified partial cDNA corre-
sponds to the squid homolog of the Drosophila eya. The C. el-
egans eya-related protein identified in the C. elegans EST database
is 38% identical and 60% similar over 102 known amino acids.

Sequence comparison between vertebrate and Drosophila eya
family members demonstrated that eya proteins can be divided into
two domains. The C-terminal 271 amino acids of these proteins are
highly conserved between vertebrates and Drosophila, and the
partial sequences available for the squid and C. elegans cognates
overlap this region. The C-terminal region contains one cluster of
basic and one cluster of acidic amino acids that were previously
identified in the Drosophila eya protein (Bonini et al. 1993). An-
other cluster of basic amino acids is not conserved at the sequence
level, but is located at the same position upstream of the conserved
C-terminal domain in both Drosophila and vertebrate proteins. The
N-terminal domains of the Drosophila and vertebrate proteins are
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of very different lengths (495 versus 261-267) and share little to
no amino acid identity. However, the N-terminal domains of both
the vertebrate and Drosophila proteins contain proline, serine,
threonine (PST)-rich regions. Nearly 37% of the amino acids be-
tween positions 40 and 267 in vertebrate Eya2 are PST, and many
of the amino acid changes seen between the mouse and human
proteins are simply conversions among these three amino acids
(See Fig. 1). Positions 349-440 of the Drosophila protein are 45%
PST, while positions 266—440 are 33% PST.

Chromosomal localization of human and mouse Eya2. Screening
of the human CEPH-B YAC library demonstrated that the human
Eya2 is located in YAC 857H11. This 850-kb YAC has been
localized to human Chr 20q13.1 by fluorescent in situ hybridiza-
tion and lies within the 7 mb interval identified for the diabetes-
susceptibility locus (Stoffel et al. 1996).

The mouse chromosomal location of Eya2 was determined by
interspecific backcross analysis with progeny derived from mat-
ings of [(C57BL/6J x Mus spretus) F; x C57TBL/6J] mice. C57TBL/
6J and M. spretus DNAs were digested with several enzymes, and
an informative 3.4-kb Pvull M. spretus Eya2 RFLP (see Materials
and methods) was used to follow the segregation of the Eya2 locus
in backcross mice. The mapping results indicated that Eya2 is
located in the distal region of mouse Chr 2 linked to Src and Nfat.
Although 169 mice were analyzed for every marker and are shown
in the segregation analysis (Fig. 2), up to 187 mice were typed for
some pairs of markers. Each locus was analyzed in pairwise com-
binations for recombination frequencies using the additional data.
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Fig. 2. Eya2 maps to the distal region of mouse Chr 2. Eya2 was placed
on mouse Chr 2 by interspecific backcross analysis. The segregation pat-
terns of Eya2 and flanking genes in 169 backcross animals that were typed
for all loci are shown at the top of the figure. For individual pairs of loci,
more than 169 animals were typed (see text). Each column represents the
chromosome identified in the backcross progeny that was inherited from
the (C57BL/6] x M. spretus) F, parent. The shaded boxes represent the
presence of a C57BL/6] allele, and white boxes represent the presence of
a M. spretus allele. The number of offspring inheriting each type of chro-
mosome is listed at the bottom of each column. A partial Chr 2 linkage map
showing the location of Eya2 in relation to linked genes is shown at the
bottom of the figure. Recombination distances between loci in centimor-
gans are shown to the left of the chromosome, and the positions of loci in
human chromosomes, where known, are shown to the right. References for
the human map positions of loci cited in this study can be obtained from
GDB (Genome Data Base), a computerized database of human linkage
information maintained by The William H. Welch Medical Library of The
Johns Hopkins University (Baltimore, Md.).
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The ratios of the total number of mice exhibiting recombinant
chromosomes to the total number of mice analyzed for each pair of
loci and the most likely gene order are: centromere—Src—10/187—
Eya2-1/172-Nfatl. The recombination frequencies [expressed as
genetic distances in centiMorgans (cM) + the standard error] are—
Src-5.4 = 1.7-Eya2-0.6 = 0.6.

Comparison of the Eya2 position with a composite mouse link-
age map for Chr 2 indicates that this gene is located close to the
cataract mutation Lop-4, which has been mapped to position 96.0
(West and Fisher 1986). Human Chr 20q13.1 and the distal portion
of mouse Chr 2 have been previously shown to be syntenic chro-
mosomal segments, confirming that human and mouse EyaZ2 are
orthologous genes (DeBry and Seldin 1996).

Expression pattern of Eya2 in vertebrates. The tissue-specific ex-
pression of Eya2 was first determined in mice and humans by
Northern blot hybridization. In both mouse and human, a single
message with a length of about 2300-2400 nt was detected. In
mouse embryos, expression was seen at 10.5 d.p.c. and decreased
significantly by 13.5 d.p.c. In newborn mice, expression was
largely confined to the eye, brain, and lung with little to no ex-
pression in the skin, liver, intestine, and kidney (Fig. 3A). In adult
mice, the highest expression levels were detected in the eye lens
with lower relative levels seen in the lung and brain. Relatively
little eyes Eya2 mRNA was detected in the adult mouse testis,
kidney, muscle, liver, spleen, and heart (Fig. 3B). In adult humans,
the highest expression was detected in muscle, with lesser amounts
found in kidney, placenta, pancreas, brain, and heart Fig. 3C).

In order to localize Eya2 expression at the cellular level, in situ
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Fig. 3. Northern blot hybridization analysis of Eya2. A. Expression of
Eya2 mRNA in newborn and embryonic mice. Ten micrograms of total
RNA was analyzed from the indicated tissues, and the 28S ribosomal RNA
was visualized by post-hybridization staining of the filter to control for
RNA loading and transfer. B. Expression of Eya2 in adult mouse tissues.
The blot was reprobed with actin, and approximately equal amounts of
mRNA were found in each tissue (data not shown). C. Expression of Eya2
in adult human tissues. The blot was reprobed with actin, and approxi-
mately equal amounts of mRNA were found in each tissue (data not
shown).

M.K. Duncan et al.: Eyes absent in several phyla

hybridization analysis was performed with the mouse Eya2 gene.
At 11.5 d.p.c., the expression of Eya2 mRNA is detected at ap-
preciable levels in the nasal pit, nasal processes, cranial ganglia,
and much of the head mesenchyme including the developing man-
dible and maxilla; however, no expression was detected in the
developing eye (data not shown). While no Eya2-specific hybrid-
ization signals were observed during the early events of eye de-
velopment, Northern blot analysis did detect appreciable levels of
Eya2 mRNA in the perinatal eye and adult lens of mice. Thus, we
performed in situ hybridization analysis on tissue sections pre-
pared from 17.5 d.p.c. and 10 d.p.n. mice to determine the cellular
localization of Eya2 expression in the eye. At. 17.5 d.p.c., the
highest levels of Eya2 mRNA in the eye were observed in the
posterior portions of the primary lens fiber cells. Lower levels of
expression were detected in the retina, sclera, and corneal epithe-
lium as well as the cellular portion of the corneal stroma (Fig. 4
A-C). In the brain, hybridization was detected throughout the tel-
encephalon including the hippocampus as well as the diencephalon
(data not shown). The olfactory epithelium, nasal cartilage, and
developing bone of 17.5 d.p.c. embryos did not express Eya2 at
detectable levels (data not shown). By 10 d.p.n., the expression of
Eya2 was maintained in the lens; however, most of the mRNA was
in recently elongated secondary fibers with lower levels observed
in the remainder of the fiber cell mass (Fig. 4D).

Discussion

The present results indicate that homologs of the Drosophila eya
gene are present across metazoan species. We have identified cor-
responding homologs in vertebrate, cephalopod mollusks, and
nematodes. Eya/Eya2 are moderately conserved proteins showing
93% identity between human and mouse. The protein molecule
may be divided into a conserved C-terminal domain and a variable
N-terminal domain (see Fig. 1). A similar situation is observed
when regulatory proteins from different species are compared. For
example, Pax-6 and eyeless gene products show a high percentage
identity in the region of their paired- and homeodomains, and little
similarity in the amino acid sequences in other regions (Quiring et
al. 1994). It was proposed that similar secondary or tertiary folds
may be adequate for conservation of function as opposed to direct
identity in amino acid sequences (Xue and Noll 1996). The N-
terminal domains of eya/Eya2 contain a PST-rich region that is
present in the activator domain of many transcription factors (Wal-
ther and Gruss 1991; Mermod et al. 1989; Theill et al. 1989).
Drosophila eya was demonstrated to be a nuclear protein (Bonini
et al., 1993). We do not know whether Eya?2 is a nuclear protein
although we can assume it to be so if the functions of Drosophila
and vertebrate proteins are conserved.

Many vertebrate regulatory proteins are encoded by gene fami-
lies. They often possess one or more conserved domains, such as
a DNA-binding domain, and show little similarity elsewhere. Fol-
lowing this pattern, there are at least two other eya-related genes in
vertebrates (S.I. Tomarev, unpublished; Xu et al. 1997). The pro-
teins encoded by the other genes also consist of two domains: a
C-terminal domain, which shows high similarity to the C-terminal
domain of Eya2, and an N-terminal domain, which is quite differ-
ent from the N-terminal domain of Eya2. As is common for regu-
latory proteins, alternatively spliced forms of Eya2 were identified:
one which lacks the region coding for amino acids 114~142 in the
variable N-terminal domain and a second one (GenBank accession
number AA002292) that has a different 5'-untranslated region.
The role of these alternatively spliced forms is not clear at present.

Since cells of the Drosophila eye imaginal discs deficient in
eya activity undergo apoptosis instead of differentiating into om-
matidia, and since eya is expressed very early in eye development,
probably after ey but before so (Cheyette et al. 1994; Bonini et al.
1993), expression of Eya2 in the eye was investigated in detail. We
could not detect expression of Eya2 in the eye at or before 11.5
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Fig. 4. In situ hybridization analysis of Eya2 expression in the mouse eye.
A. Brightfield photomicrograph of an eye from a 17.5-d.p.c. mouse embryo
hybridized to an antisense probe for Eya2. Expression (blue/black) was
detected in the cornea, retina, sclera, and the primary fiber cells of the lens.
(100x). B. Brightfield photomicrograph of an eye from a 17.5-d.p.c. mouse
embryo hybridized to a sense probe for Eya2. (100x). C. Differential
interference contrast photomicrograph of the cornea from a 17.5-d.p.c.
mouse embryo hybridized to the antisense strand of Eya2. Note the strong
hybridization signal (blue/black) detected in the corneal epithelium and
cellular aspects of the stroma. No hybridization signal was detected in the

d.p.c. (data not shown; Xu et al. 1997). At this stage of mouse
development, both eye and lens vesicles have already formed, and
lens determination is complete (Grainger 1992; Grindley et al.
1995). On the basis of these results, we can conclude that Eya2 is
probably not involved in the early inductive events of eye devel-
opment. In the mouse, expression of Pax-6 and Six 3 gene is
detected in the region of the future optic vesicle starting from 8.2
d.p.c., much earlier than Eya2 (Walther and Gruss 1991; Oliver et
al. 1995b). Xu and associates (1997) have reported that eya2 ex-
pression commences in the eye between 11.2 and 12.5 d.p.c., while
no expression was detected in the lens as late at 14.5 d.p.c. Al-
though at present we do not know how early the onset of Eya2
expression occurs in the lens, high levels of mRNA were detected
in the lenses of 17.5 d.p.c. mouse embryos. Furthermore, Eya2
RNA is still abundant in the 10 d.p.n. and adult eye lens. The
expression of Eya2 in the primary lens fiber cells of 17.5 d.p.c.
embryos is of particular note, since the nuclei and organelles of
these cells are breaking down to facilitate lens transparency (Ku-
wabara and [maizumi 1974, Vrensen et al. 1991). By 10 d.p.n,,
Eya2 mRNA is detected in secondary lens fibers, which will aiso
lose their organelles during their terminal differentiation. It is note-
worthy that early cell death events occur in the developing retina
(Potts et al. 1982) and dorsal root ganglia (Carr and Simpson
1981), and denucleation of lens fiber cells is reminiscent of apop-
tosis in many respects (Gao et al., 1995). Expression of EyaZ in
these tissues is consistent with a critical role proposed for its
homolog, eya, in the selection between cell differentiation and cell
death (Bonini et al. 1993).

In the mouse, Eya2 was mapped near to the Lop4 mutation.
This mutation leads to nuclear or perinuclear opacities that ex-
tended into the cortex of the lens, but in some cases anterior
cortical or anterior polar cataracts have been observed (West and
Fisher 1986). Eya2 may be considered as a candidate gene for the

corneal endothelium. (400x). D. Differential interference contrast photo-
micrograph of the lens from a 10-d.p.n. mouse hybridized to the antisense
strand of Eya2. Note the strong hybridization signal (blue/black) detected
in the secondary fibers just underlying the lens epithelium. (1000x). Ab-
breviations: a, artifactual signal due to nonspecific probe binding to the
acellular lens capsule; C, lens capsule; CE, corneal epithelium; Co, cornea;
L, lens; LE, lens epithelium; N, corneal endothelium; p, pigmented epi-
thelium; PF, primary lens fibers; R, retina; Sc, sclera; SF, secondary lens
fibers; St, corneal stroma.

Lop4 mutation. In humans, we mapped Eya2 to Chr 20q13.1 by
screening of a human Mega Yac library. Recently, the human
homolog of eya was independently mapped to the same region by
FISH (Banfi et al. 1996). The corneal dystrophy locus (Heon et al.
1995) was proposed to be close to the position of the human eya
homolog (Banfi et al. 1996), but our data indicate that Eya2 is
located outside of the corneal dystrophy region and is found in the
recombination interval containing the diabetes-susceptibility locus
(Stoffel et al. 1996). While Eya2 is expressed in the adult human
pancreas, a recent report has determined that mutations in hepa-
tocyte nuclear factor-4o are responsible for MODY1 (Yamagata et
al. 1996).

The present study demonstrates that eya family members are
expressed in animals belonging to at least four highly divergent
phyla. Since these genes have maintained a high degree of simi-
larity with each other over vast distances of evolutionary time, it is
possible that they play important developmental roles in verte-
brates, mollusks, and nematodes as well as in arthropods. It should
be noted that while vertebrates, mollusks, and arthropods all have
complex eyes {Land 1988), the nematode C. elegans does not
appear to possess photoreceptor cells and has only a weak response
to visible light (Chisholm and Horvitz 1995; Zhang and Emmons
1995). It is possible that an eya-related gene, like Pax-6, was first
involved in head development, and recruitment for visual system
development occurred later.
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