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Clearly, isolation of those protein factors involve din
Our previous studies on the transcriptional regulation regulating the early events of cell-type-specifc expres-

of rod opsin gene expression had defined a strikingly sion of opsin would further expand our understaning
conserved element, Ret 1/PCEI, present in the upstream of photoreceptor differentiation. One method to achieve
regulatory regions of opsin and other photoreceptor- this goal involves the study of varying lengths of up-specific genes. This element interacts with a 40 kDa, de- stream promoter regulatory sequences of the rod opsinvelopmentally regulated, retina-specific protein. In this

gene in transgenic animals. This approach narrowsstudy we report the cloning of the novel retina-specific
down those regions involve din DNA-protein interac-homeodomain protein Erx. Erx contains a homeodomain
tions essential for the restriction of opsin expression tothat is 79% homologous to that of Drosophila empty spi-
photoreceptors. One study showed that 500 bp up-racles. This 40 kDa protein can interact with the Ret 1
stream of the mouse opsin gene are sufficient to driveelement in electrophoretic mobility shift assays. Muta-
lacZ reporter gene expression in photoreceptors oftion of key residues in Ret 1 eliminates all Erx binding.
transgenic mice, albeit with inappropriate temporalTransient transfection of Y79 retinobalstoma cells with
and spatial expression (5). A shorter 230 bp mouse op-Erx leads to significant transcriptional activation of a
sin promoter is sufficient to reproduce retinal degener-reporter gene via Ret 1 elements. We conclude that Erx

is the Ret 1 binding activity. This is the first example of ation in vivo by targeting the expression of the SV40
a Q50 homeodomain protein expressed in retinal photo- T antigen exclusively to photoreceptors (6). Similar re-
receptors. q 1998 Academic Press sults can be obtained with a stretch of 200bp of bovine

Key Words: homeodomain; retina; photoreceptor; opsin promoter, which is sufficient to drive photorecep-
transcription factor. tor-specific lacZ expression, although not uniformly

across the retina (7). These studies demonstrate that
the promoter sequences which regulate photoreceptor-
specific expression of opsin are functionally conserved

The rat rhodopsin gene qualifies as a good model for from mice to humans. It is not surprising then that
studies of cell type-specific differentiation pathways for alignment of all cloned upstream sequences of rod opsin
several reasons. First, rod opsin, a member of the su- genes from several species reveals this proximal 200bp
perfamily of G-protein coupled seven transmembrane region to be the most strikingly conserved at the se-
spanning receptors, is found exclusively in one cell type quence level.
in the retina, rod photoreceptors (1,2). Second, rod pho- Experimental analysis using this 200 bp region from
toreceptors are one of the final cell types to differentiate the bovine and rat opsin proximal promoters has allowed
in the postnatal retina and opsin is one of the first for the characterization of several protein-binding DNA
genes expressed by these cells. This makes photorecep- elements involved in interactions with retinal proteins
tors an accessible cell type for study and opsin a well (8). Previous experiments in our laboratory localized one
defined marker early in their differentiation. Third, of the tissue-specific sequences to a 27bp binding site at
previous studies show that this onset of opsin expres- position 0125 to 0110 of the rat opsin promoter, which
sion occurs by means of transcriptional activation (3,4). we termed Ret 1. DNAse I footprinting analysis of this

region revealed protection only with adult retinal nu-
clear protein extrats, and gel retardation assays con-1 Address correspondence to Dr. Colin J. Barnstable, Department firmed the presence of protein binding in a temporalof Ophthalmology and Visual Science, Yale University School of Med-
pattern overlapping that of opsin upregulation (9).icine, 330 Cedar Street, P.O. Box 208061, New Haven, CT 06520-

8061. Fax: (203) 785-7401. E-mail: colin.barnstable@yale.edu. Within this Ret1 binding site, a series of residues has
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into the EcoRI site of the pcDNA3 vector using standard methods.been conserved across vertebrate and invertebrate spe-
The lacZ vector (Ret 1)x4-hsp68-lacZpa used was prepared as pre-cies for opsin-like genes (10; 11) as well as for several
viously described (21).photoreceptor-specific genes, including S-antigen/ar-

restin (12; 13), guanylate cyclase-E (14), gamma-trans-
RESULTSducin (15), the beta subunit of cGMP-phosphodiesterase

(16), hydroxyindole-O-methyltransferase (17), and inter-
Isolation of DNA-Binding Factors That Interactstitial retinol-binding protein (IRBP: 18,19). This consen-

with the Ret 1 Elementsus sequence, CAATTAG, is able to compete for binding
to the Ret 1 site in gel shift assay while point mutations In order to identify factors which may regulate opsin
of specific bases abolishes in vitro Ret 1 binding activity expression we used four copies of the Ret 1 element in
(9). Southwestern analysis reveals that the Ret 1 binding the yeast one-hybrid system. After screening ú3 1 106

protein is a 40 kDa protein whose expression is upregu- clones of an adult rat retina library, we isolated several
lated by FGF (20). In a recent report we presented evi- colonies which demonstrated specific binding to the Ret
dence that RET1 is both necessary and sufficient to drive 1 element multimer. These colonies carried plasmids
the photoreceptor-specific expression of a reporter gene which encode for novel proteins as well as previously
in vivo (21). Interestingly, the conserved sequence pres- identified factors. The results of this screen will be de-
ent in this element shares homology with the consensus scribed elsewhere. A series of clones encoded tran-
binding site for a subclass of homeodomain-containing scripts of different lengths for the same novel protein.
proteins (9). The longest transcript consisted of 1.2 kb and contained

In order to determine whether the rat rod opsin gene both a short poly-A/ tail as well as the most 5* end
is a downstream target of homeodomain proteins in of any of the transcripts isolated. WE expected this
photoreceptors, we used the rod opsin promoter in an transcript to encode the full-length protein since we
assay for isolating members of this class of transcrip- have the poly-A/ sequence in its extreme 3 * end and
tion factors. In this study we describe the characteriza- a Kozak sequence adjacent to the most upstream ATG
tion of a novel retina-specific transcription factor we in its 5* end. After comparing the nucleotide sequence
have named Erx (empty-spiracles-related retinal ho- to the NCBI database, we identified this transcript as
meobox). We demonstrate that Erx is a novel member homologous to the divergent Drosophila homeobox
of the empty spiracles subfamily of homeodomain tran- gene empty spiracles (ems; 23). Sequence comparison
scription factors. Its cDNA encodes a protein of 40 kDa within the translated homeodomain reveals 78% simi-
which can interact specifically with the Ret 1 element. larity with empty spiracles and 72% with the mamalian
It is exclusively present in the developing retina during homologues Emx1 and Emx2 (Figure 1). We therefore
stages of opsin expression and localizes to differenti- named this transcript Erx, for empty spiracles-related
ated photoreceptor cells in the adult. We therefore con- retinal homeobox. The amino acid sequence demon-
clude that Erx represents a likely candidate gene for strates the presence of a glutamine at residue 50 of the
encoding the Ret1 binding activity. homeodomain (Q50), amino acid 9 of the recognition

helix, helix 3/4. This is characteristic of the Anten-
MATERIALS AND METHODS napaedia subclass of homeodomain proteins and differ-

entiates it from others which contain a Lysine (bicoid/
Yeast one-hybrid screen. Our screen was performed as per manu- orthodenticle/sine oculis), cysteine (LIM-homeodomain

facturer’s instructions (Clontech) using an adult rat retina cDNA proteins), or serine (Oct proteins). A retinal human
library (1.5 1 106 independent clones) in pGAD10 vector (Clontech).

EST homologue was already present in the databse at
RT-PCR and EMSA. Both RT-PCR and electrophoretic mobility the time of cloning (Accession #: H92142).

shift assays (EMSA) were performed as previously described (21).
For the BAT-1 experiments, oligonucleotides were synthesized corre-
sponding to the region 062 to 081 of the rat opsin promoter. The

Erx Is a Retina-Specific Transcript Presentbinding buffer used for BAT-1 EMSA was previously described (8).
in Adult PhotoreceptorsIn vitro translation. We prepared full length capped sense tran-

scripts for Erx by using standard methods provided in the MaxiScript In our previous studies, we had identified regions ofKit (Ambion). These transcripts were run in formaldehyde gels to
Ret 1 binding activity in vivo by placing four copies ofverify their size and integrity. In vitro translation was performed

using a rabbit reticulocyte lysate as per manufacturer’s instructions this element in front of a lacZ reporter gene (21). We
(Promega). detected expression in adult retinal photoreceptors and

pineal gland, both known sites of rhodopsin expressionTransient transfection. Y79 retinoblastoma cells were plated the
day before transfection at 21105 per 60 mm petri dish. Transfection in mice (24). This was consistent with biochemical data
was performed by the calcium phosphate method as previously de- which had defined the Ret 1 binding activity as a ret-
scribed (22). Two days after transfection cells were fixed for 5 minutes ina-specific, developmentally regulated complex (9).at room temperature in 4% paraformaldehyde. Assays for b-galactos-

We determined the tissue distribution pattern of Erxidase activity were performed as previously described (21). The full-
est length Erx clone was digested as an EcoRI fragment and cloned expression by performing RT-PCR reactions on cDNA
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FIG. 1. Alignment of Erx homeodomain with other members of the empty spiracles subfamily. Boxed residues represent homologous
sequences. Arrowheads point at invariant residues conserved in all homeodomains. An asterisk demarcates the glutamine present at position
9 of helix 3/4, the recognition helix. Human Erx was obtained from translation of EST#H92142. r, rat; m, mouse; h, human.

from different adult tissues. Erx was only identified in confirm that Erx behaves in vitro in a manner identical
to that of the Ret 1 binding protein of retina.the adult mouse retina (Figure 2A). It was not present

in adult human RPE, ciliary body, cerebellum, cerebral
Erx Can Upregulate Transcription via Ret 1 Elementscortex, spleen, lung, heart, kidney, or liver.

in Transient TransfectionTo determine if Erx expression is dependent on the
presence of photoreceptors in the adult retina, we per- To define the ability of Erx to investigate gene ex-formed RT-PCR on cDNA from 6 month old C3H mice. pression via Ret 1 elements, we used a previously de-This strain carries a mutation in the rd gene which scribed vector (21) in transient transfection assays ofcauses complete degeneration of rod photoreceptor cells Y79 retinoblastoma cells. We were unable to detect anyby 6 months of age (25). No specific Erx product was lacZ/ cells after a transient transfection of the hsp68-detected, while actin, a marker for successful reverse lacZpA vector alone (Figure 4). When we transientlytranscription was detected (Figure 2B). We conclude transfected four copies of the Ret 1 element in frontthat Erx is exclusively expressed by photoreceprtor of the lacZ gene, a small number of lacZ/ cells werecells in the retina. observed. However, co-transfection of the (Ret 1) x4-

hsp68-lacZpA and an Erx expression vectors yields aErx Encodes for a 40 kDa Sequence-Specific significant six-fold increase in the number of lacZ/
DNA-Binding Protein that Interacts cells (Figure 4; põ0.002; student’s t-test). This demon-
with the Ret 1 Element strates that Erx can activate transcription via Ret 1

elements. However, transient transfection of Erx intoThe molecular weight of Erx was determined by in
Y79 cells does not lead to ectopic expression of the en-vitro translating capped in vitro transcripts of the
dogenous rod opsin gene (data not shown).1.2kb rat cDNA clone. Analysis of reticulocyte lysate

samples by SDS-PAGE reveals a slowest migrating
band of approximately 40 kDa (Figure 3A). Other mi-
nor forms of lower molecular weight are present, proba-
bly due to multiple starts of translation. This molecular
weight is very similar to that of the predicted Ret1
protein (9). We thus conclude that the Erx transcripts
encodes a protein of 40 kDa.

The ability of this in vitro translated protein to inter-
act with the Ret1 element was tested using electropho-
retic mobility shift assays. Incubation of adult retinal
extracts with oligonucleotides of the Ret 1 element
leads to formation of a retina-specific complex. A single
complex of similar migration is observed with in vitro
translated Erx. This complex can be eliminated by in-
cubation of a mutated Ret 1 oligonucleotide with Erx
or adult retina protein extract (Figure 3B). These mu-
tations have been shown to disrupt Ret 1 element activ-

FIG. 2. A. Retina-specific pattern of Erx expression in adultity both in vitro (9) and in vivo (21). To verify its binding
mouse tissues by RT-PCR. R, retina; C, cerebellum; H, heart, K,specificity, we incubated Erx protein with an oligo for
kidney; L, liver; S, spleen; X, cerebral cortex, B, brainstem. B. Ab-the BAT-1 element, which forms a complex distinct sence of Erx transcripts inú6 months old C3H retinas as determined

from Ret 1 in adult retinal extracts. No complex was by RT-PCR. Minus/plus signs indicate absence/presence of cDNA
respectively. G3PD, glyceraldehyde 3-phosphate dehydrogenase.detected with Erx and BAT-1 (Figure 3B). Our data

177

AID BBRC 9261 / 695d$$$262 08-20-98 19:37:33 bbrcg AP: BBRC



Vol. 250, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

present in postnatal retina (Martinez and Barnstable,
unpublished results) and is maintained in mature pho-
toreceptors, consistent with a role in formation and
maintenance of rods. In addition, this protein behaves
biochemically in a manner identical to the Ret 1 bind-
ing activity. We conclude therefore that we have identi-
fied the gene which encodes for the Ret 1 binding pro-
tein and classified it as a member of the empty spira-
cles-related subfamily of homeodomain transcription
factors (28).

Homeodomain proteins are characterized by the
presence of a 60 aa helix-turn-helix protein motif, the
homeodomain, which interacts with DNA in a se-
quence-specific manner through specific contacts
within a highly invariant signature recognition helix
(29). Initially discovered in Drosophila, their role in
pattern formation and cell fate determination has been
conserved across phyla (30, 31). The number of de-
scribed members of the homeodomain superfamily has
exploded in recent years (32), with each new example
further affirming their central role in organismal devel-
opment (33). In the eye, the individual players and

FIG. 3. A. In vitro translation of Erx coding sequence. Arrow transcriptional networks in which homeodomain fac-
points to largest polypeptide with a molecular weight of 40 kDa. EF1 tors fall are starting to become clear (34, 35, 36). How-
RNA was used as a positive control for translation. B. Electrophoretic ever, despite the fact that several classes of homeodo-
mobility shift assay of Erx binding activity. Adult CD-1 retinal pro-

main subfamilies have been shown to have a role intein extracts (10 mg/lane) incubated with radiolabeled oligonucleo-
eye development, very few examples exist of the targettides for either Ret 1, MRet 1, or rBAT-1 elements were used in the

three lanes on the left. In vitro translated Erx protein was used in genes they recognize in individual cell types. Our data
the three lanes to the right. Minus/plus signs indicate absence/pres- demonstrates that the rod opsin gene is a target of
ence of protein respectively. homeodomain proteins through interactions with the

Ret 1 element.
Ret1/PCEI elements are not only present in the pro-

DISCUSSION moters of opsin genes from vertebrate species but in
all Drosophila opsin gene regulatory regions as well
(13, 37). In Drosophila, Pax-6 may have a role in opsinOur initial studies on the transcriptional regulation

of the rat rod opsin promoter yielded several retina-
specific binding activities within the proximal 200 bp
upstream of the start of transcription. These included
the Ret 2 element (26), BAT-1 element (27), and the
Ret 1 element (9). Our present study has used the yeast
one-hybrid system to identify proteins which can inter-
act with the Ret 1 element, a 27 base pair sequence
present in the proximal promoter of the rod opsin gene
(9). To determine if we had indeed isolated a candidate
transcript for the Ret 1 binding activity several charac-
teristics had to be confirmed. These have been pre-
viously described in our laboratory and include: 1, the
Ret 1 complex is retina-specific (9); 2, the binding activ-
ity is present in a single polypeptide of 40 kDa from
late embryonic to adult stages in the developing retina
(20); 3, it interacts specifically with the Ret 1 element
and this interaction can be disrupted by mutations of
specific bases in its consensus sequence; and 4, its posi-
tive regulatory activity is present in adult retinal pho-

FIG. 4. Transient transfection of Y79 retinoblastoma cells. Sig-toreceptors (21). In this study we have characterized nificance (põ0.002, student’s t-test) is represented by asterisks,
Erx, a novel retina-specific member of the family of phsp, hsp68-lacZp A vector; Ret 1, (Ret 1) x4-hsp68-lacZpA vector;

Erx, full coding sequence in pcDNA3 expression vector.homeodomain-containing proteins. Erx expression is
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expression via binding to these sites (38). It can bind bility that other factors are missing or that strong nega-
tive regulation occurs via selective binding of a repres-to Ret 1 elements located upstream of the Rh1 opsin

gene, the closest homologue to vertebrate rod opsin of sor to the opsin promoter. This chain of interactions
could synergize in the proximal promoter and lead toall the Drosophila opsins. This appears consistent with

evidence demonstrating that Pax-6 can induce ectopic the cell-type specific, synchronous activation of photo-
receptor genes in the postnatal retina.eyes, and therefore appears to be a master regulator

of eye development (39). However the role of this tran- It is clear from our findings that several tissue-spe-
cific binding activities come together in the opsin en-scription factor in vertebrate eye development appears

to be different (40, 41, 42). There are some lines of hancer/promoter to activate photoreceptor-specific ex-
pression of this gene. We anticipate that many moreevidence which suggest a role for Pax-6 in photorecep-

tor development. Additional copes of the Pax-6 gene can DNA-binding factors as well as cofactors, both tissue-
speciifc and not, will add to the complex interactionslead to poorly differentiated or the complete absence of

photoreceptors (43). In lower invertebrates, Pax-6 is that must be required for the cell-type specific expres-
sion of the rod opsin gene in photoreceptors. An under-expressed in photoreceptive sensory organs (44). How-

ever, while ectopic Pax-6 expression in Xenopus leads standing of these regulatory mechanisms of expression,
both temporal and tissue-specific, will be necessary forto ectopic lens formation (45), Hirsch and Harris con-

cluded that Pax-6 alone may not have a role in inducing identifying possible targets to heritable retinal degen-
erative diseases and for find-tuned genetic therapeuticectopic eyes or in photoreceptor development (46). Ex-

pression patterns in the developing retina do not local- approaches.
ize Pax-6 to photoreceptors at any stage in development
(47, 48). What is clear is that both Erx and Pax-6 share ACKNOWLEDGMENTS
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common theme in gene regulation that there will be
two elements within the proximal promoter of photore-
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