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SUMMARY

The paired type homeodomain geneRax, was previously
identified as a key molecule in early eye formation in mice
and humans. We report the expression patterns of two Rax
family members from chicken,Rax and RaxL, and on the
function of RaxL in photoreceptor development. BothRax
and RaxL are expressed in early retinal progenitor cells,
with Raxbeing expressed at a significantly higher level than
RaxL. At the time that photoreceptors begin to form RaxL
appears at a relatively high level in a subset of cells within
the zone of proliferating progenitor cells. Subsequently, it
is expressed in cells migrating to the photoreceptor layer,
where it is highly expressed during the initial, but not late,
stages of photoreceptor differentiation. To test the function
of RaxL, a putative dominant-negative allele ofRaxL
comprising a fusion of theengrailedrepressor domain and
a region of RaxL (EnRaxLAC) was introduced in vivo into
the early chick eye using a retroviral vector. EnRaxIAC,
but not the dominant negativeRax (EnRaxAC), caused a
significant reduction in expression of early markers of

photoreceptor cells. Examination of the transactivation
activity of RaxL on a reporter construct bearing a
canonical photoreceptor-specific enhancer element showed
that RaxL exhibited significant activation activity, and that
this activity was severely diminished in the presence of
EnRaxLAC. The effect on photoreceptor gene expression in
vivo was specific in that other cell types were unaffected, as
was general proliferation in the retina. The reduction in
numbers of cells expressing photoreceptor markers was
probably due to decreased survival of developing
photoreceptor cells, as there was increased apoptosis
among cells of the retina expressing dominant-negative
RaxL. We propose thatRaxL plays a role in the initiation

of differentiation, and also possibly commitment, of
photoreceptor cells in the chicken retina.
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INTRODUCTION

the appropriate cell types at each developmental time to form

a functional retina with the correct ratio of each cell type
The vertebrate retina is an exquisitely sensitive organ for lightmains an interesting issue. We have begun to understand the
detection and information processing. Vision begins with thenechanisms of how each cell type is generated, including the
reception of various wavelengths of light by the photoreceptgohotoreceptor cells (Cepko et al., 1996; Morrow et al., 1998;
cells that line the back of the retina. Photoreceptor cellkevine et al., 2000).
are highly specialized for the capture of light and for Rods, which comprise the majority of photoreceptors in
phototransduction, the conversion of light into a biochemicatodents and in humans, are the most light-sensitive
signal. Phototransduction takes place in a series gfhotoreceptor cell types. They are susceptible to degeneration,
membranous discs comprising a unique structure: them some cases, because of mutations that effect the
photoreceptor outer segment. The details of this biochemicdievelopment of rods. Studies of human diseases (reviewed by
process have been well studied and provided us with the fir€larke et al.,, 2000) and a comprehensive analysis of genes
appreciation of a complex signal transduction processexpressed in photoreceptor cells (Blackshaw et al., 2001) have
However, the details, and even some of the fundamentakovided us with a source of candidate genes for the study of
aspects of the development of these cells are much lepbotoreceptor development. Cone photoreceptor development
well understood. From lineage analyses, it is known thatemains somewhat more mysterious. Cone photoreceptors are
photoreceptors derive from multipotent retinal progenitor cellsnuch less sensitive to light, but are active in the light intensities
(Turner and Cepko, 1987; Holt et al., 1988; Wetts and Fraseypical of daylight and of our brightly lit night. Cones provide
1988). These progenitor cells generate all six retinal neuronak with high acuity vision, because of their high density in
cell types, and a retinal glial cell type, in a sequential fashioeeveral regions of the retina and the high density of cells that
(reviewed by Altshuler et al., 1991). How the retina generatesompute the information from the photoreceptors and report it
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to the brain. Cone photoreceptors are also susceptible AACAGCCC and GAGAATTCGGACAGCATGGGGGTGTCGTG
degeneration, particularly in the prevalent human disease of the primers and subcloned into pSlaxEn vector to generate
elderly, age related macular degeneration (reviewed by Web@SlaxEnRaxLHD. TheClal DNA fragments of pSlaxEnR&C,
1998). It is thus of great interest to learn how both rods anﬂ?'ax';%'?;(g: a?d PSI'aXErt‘RaE(F']HDh werf siubfggl;)ertltly C|0ne?
cones develop, not only to provide us with a basi¢c"C P retroviral vector (Hughes et al, 0 generate
understanding of retinal development, but also to allow foP RCASENRaAC, pRCASEnRaxiAC and pRCASENRaxLHD, re-

| t of th s i tinal d i d/ igectively. The same fragments were also subcloned into pCS2
replacement or these Celis In retinal degenerations, and/or pression vectors (Rupp et al., 1994; Turner and Weintraub, 1994)

provide us with other points at which to intervene in diseasg, generate pCSEnRA€, pCSEnRaxAC and pCSEnRaxLHD,
processes. respetively. The RaxL expression vectors were generated as follows:
Many types of birds have a need for high-acuity visionthe DNA fragment encoding the N-terminal region of RaxL was PCR
during the day. They typically have cone photoreceptors as thanplified using CGACCATGGAGATGTTCCTCAATAAGTGT and
major photoreceptor cell type. Such is the case with chicken§TGCCCGCCATAGGGGGG as primers; tNed/Afllll fragment of
which have a rod-free, cone-rich central zone, similar to thdhis PCR product together witfllll/ Sadl(blunted) DNA fragment
of humans (Morris, 1982; Bruhn and Cepko, 1996). We havencoding the C-terminal region of RaxL were ligated into the
been investigating the development of rod and conflCA/ECRV site of pSlax2l (Chen et al., 1999) to product

- . . . SlaxcRaxL vector; th&lal fragment andClal/Spé fragment of
photoreceptors in chickens and in mammals. In the chick, V\%SlaxcRaxL were further subcloned into @kl site of pPRCAS(A)

and others have found two Rax. genBa{Rx a.”d RaxIT and theClal/Xba region of pCS2 to generate pRCAS (A) cRaxL
(Ohuchi et al., 1999). ThRaxgene is expressed in all retinal eroviral and pCScRaxL expression vectors, respectively. The Rax
progenitor cells, which is similar to the expression of mous@xpression vector was generated as follows: Bbe/EcaRl DNA
Rax(Furukawa et al., 1997a). By contrast, we foundBetL  fragment encoding Rax ORF was PCR amplified from pKScRax using
is expressed in both retinal progenitor cells and earlfGAGAAGACCCCATGCACCCTCCCGGC and M13 reverse
developing photorecepto®axLhomologs, includingxl and  primers and subcloned intécd/EcoRl locus of pSlax21 to generate
rx2, have been previously reported in zebrafish and medaka. P$laxcRax; theClal DNA fragment of pSlaxcRax was further
zebrafish,rx1 and rx2 are expressed in cone, but not rod,subcloned intoClal site of pCS to generate pCScRax expression
photoreceptors (Chuang et al., 1999). We provide evidence th4ct" Iher"lcazf{agme”t of mous‘f:rx was C'%;? fmto théicd "
chick RaxLis required for the earliest stage(s) of photorecepto cus of pSlax21 to generate pSlaxmCrx. ragment o

d | ¢ : bablv b " t th t SlaxmCrx was further subcloned into pRCAS(A) to construct
evelopment, most probably by acling al th€ slageé GQpcasaymcrx retroviral vector. In situ hybridization probes

commitment to the photoreceptor fate, and/or at the earlieghecific toRax and RaxL were transcribed from pKScRaxspl and
stages of photoreceptor differentiation. We also report thgkscRaxLspl, respectively, which includestsTR, 3 UTR and the
presence of a second Rax geRA&X? in humans that may be homeodomain deleted coding regionsRafxand RaxL,respectively.

the human homolog d?axL Wang, Zack and their colleagues The pKScRaxspl was constructed by ligating &ooRI/BanHlI PCR
have also identified this human gene and have found mutatiofiggments into EcaRl site of pBluescriptKS. These two PCR
in this gene in several individuals with retinal degeneration§agments were amplified from pSKcRax using T7 primer and GCG-

(D. Zack, personal communcation). However, the significanc€ATCCCTCCTCGTCCGACGGCTTCCC primer pair, T3 primer
of these mutations has not yet been established. and AAGGATCCAGCCGCTCCCCGCAGGCG primer pair. The

pKScRaxLspl was constructed in a similar way in that T3 (GCG-
GATCCTTCCTCCTCAGCAGCAGCTGG) and T7 (AAGGATC-

MATERIALS AND METHODS CAACCGGCCGCCCATGACG) were used as two PCR primer sets.

Electroporation
Isolation of chick Rax and RaxL cDNAs Plasmid DNA containing 0.05% of Fast Green was injected into the
The cDNA encoding the homeodomain of chiRixLwas isolated by  right optic vesicle of Hamburger-Hamilton stage 9 to stage 11 chick
RT-PCR from E3 chick eyes using degenerate primers based on tembryos in ovo. Immediately after injection, the embryo was
mouseRax sequence. The full-length chidRax and RaxL cDNAs subjected to electroporation using the Tokiwa CUY-21 square
were further isolated by screening a random-primed chick E6-E8lectroporator with 10 mV for three cycles of 50 mseconds pulse and
retinal library using the cDNA fragment encoding thiaxL 950 mseconds chase.
homeodomain. The full-length chicRax cDNA (pKScRax) was ) S
constructed by ligating'5and 3 partial cDNA clones of pSKcRax N situ hybridization
into theEcaRl site of pBluescriptKS. The plasmid pKScRax containsWhole-mount and section in situ hybridization were performed as
the Rax open reading frame, 175 bp of theuhtranslated region described (Chen and Cepko, 2000). Flat-mount in situ hybridization
(UTR) and 101 bp of the' & TR. The full-lengthRaxLcDNA clone,  was performed as described (Bruhn and Cepko, 1996) with the
pSKcRaxL, containfRaxL ORF, 214 bp of the'fand 256 bp of the following modification. The flat-mounted retinal tissues were

3 UTR. hybridized overnight at 70°C with digoxigenin-labeled RNA probes
) ) of specific cell markers together with the fluorescein-labeled RNA
Plasmid constructions probe of engrailed repressor domain. After hybridization, the retinas

The Bbd/EcoRl and Bsd/EcoRl DNA fragments encoding were washed and blocked as described and incubated overnight at 4°C
oar/paired-tail motif deletion dRaxand RaxLwere PCR amplified with 1:2000 dilution of AP-conjugated anti-digoxigenin antibody
using TGAGAAGACCCCATGCACCCTCCCGGC and GAGAATT- (Roche Diagnostics Coporation) in TBST and 1% heat-inactivated
CCATGGCTCCCAGGGGCTG, and AAGGTCTCAGATGTTCCT- sheep serum. Retinas were washed several times in TBST and further
CAATAAGTG and GAGAATTCCATGGGCTGCATGCCCTG as detected with NBT and BCIP until the desired purple signal
prime pairs, and were subcloned itcd/EcaRl site of pSlaxEn  developed. The developing reaction was stopped by washing three
vector to generate pSlaxEnReX and pSlaxEnRaxAC, respectively.  times with TBST (pH 5.5) and heating at 70°C for 2 hours in the same
TheNcd/EcoRI DNA fragment encoding the homeodomain of RaxL buffer to dissociate anti-digoxigenin Ab. The pictures of the retinas
was PCR amplified using AACCATGGCTGCTGCTGAGGAGG- with the first in situ signal were taken before detecting the second
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signal. To detect the second signal, the heat-inactivated retinas weRetina dissociation and FACS analysis

blocked in TBST and 10% sheep serum for 2 hours and incubatgehpain (100 units/ml) (Worthington Biochenical Corporation) was
overnight at 4°C with 1:2000 dilution of AP-conjugated anti- first activated in Hank’s balanced salt solution (HBSS) containing 10
fluorescein antibody (Roche Diagnostics Corporation) in 1% sheegyn HEPES pH 7.6, 2.5 mM cysteine and 0.5 mM EDTA for 15
serum/TBST. After washing in TBST, the second in situ signal wasninutes at 37°C. Dissected chick retinas were incubated in activated
detecteq with BClP alone until the desired blue color dE\_/eloped. Tr}%pa”’] solution for 40 minutes at 37°C. Retinal pe”ets were genﬂy
developing reaction was stopped in TBST (pH 5.5) and pictures of thgiturated and incubated in 0.1 mg/ml of DNasel/HBSS for 10
retinas with both the first and second in situ signals were taken. T@inutes. The dissociated retinal cells were further washed twice with
further detect the total viral infection, the retinas were fUrthel’HBSS and fixed in 4% paraformakjehyde for 5 minutes at room
subjected to 3C2 mAD staining based on the protocol described in ti€mperature. The protocol for antibody staining on fixed cells is the
Immunostaining section, after treatment at 70°C for 2 hours t@ame as staining tissue sections. The Cyt2-conjugated anti-rabbit
dissociate anti-Fluorescein Ab. lgG and Cyt3-conjugated anti-mouse 1gG (1:500 dilution) (Jackson
Immunoresearch Laboratories) were used for secondary antibodies.

Cell transfection and CAT assays ) _ After two washes with PBS, the cells were suspended in 1%
COS cells were grown in DMEM with 10% fetal calf serum. Five formaldehyde/PBS for FACS analysis.

micrograms of pRET1-CAT reporter (Furukawa et al., 1997yg 1

of pS\B (Clontech), 5ug of pCScRaxL with increasing amounts of TUNEL assay

PCSENRaAC, pCSEnRaxAC or pCSEnRaxLHD, and decreasing viral-infected retinas were fixed in 4% paraformaldehyde/PBS and
amounts of pCS2 to make a total P§ of plasmid DNA were  embpedded in OCT compound (Tissue-Tek) after cryoprotection in
transfected onto 10 cm dishes using Superfect as the transfectignos sucrose solution. Cryosections (@) were subjected to the
reagent according to the manufacture’s protocol (Qiagen). Cells wereyNEL assay using the in situ cell death detection fluorescein kit
harvested for a CAT assay 48 hour post-transfection as describgdoche) according to the manufacture’s protocol. Retinal sections
(Chen et al., 1996). Five to 1 of cell extract without heat treatment were then further stained with 3C2 mAb and Cyt3-conjugated goat
were used for measuring thg-galactosidase activity at room anti-mouse 1gG (1:400 dilution) (Jackson Immunoresearch
temperature in 1 ml of Z buffer (60 mM bPO/40 mM | aporatories) to visualize the viral infected areas.

NaHPQOy/10 mM KCl/AmM MgSQ) containing 1 pl of B-

mercaptoethanol and 0.5 mg/ml of ONPG. The reactions were stop

with 0.5 ml of 1 M NaCOz and OD420 were measured. The OD420 ReSULTS

value, which reflects the transfection efficiency of each extract, was

used to normalize the CAT value from each transfection. Isolation of chick Rax and RaxL cDNAs

The generation of visinin monoclonal antibodies and Full-length chickRaxcDNAs were isolated from a chick E6-
western blot analysis E8 retinal library using a RT-PCR fragment encoding the
Monoclonal antibodies to chick visinin were generated by Mainenomeodomain region of chick Rax. Two distinct Rax cDNAs,
Biotechnology Service Incorporation (S. Bruhn and C. CepkoRaxandRaxL, were isolated. The open reading frame (ORF)
unpublished) using purified chick visinin protein as an antigen (gifof Rax encodes a 316 amino acid protein. TR&xL cDNA

from Dr A. Polans) (Polans et al.,, 1993). One of the visinin MAbsancodes an ORF containing 228 amino acid residues. Sequence
(7G4) was deposited into The Developmental Studies Hybridoma,nmnarison of Rax and RaxL showed that they share 100%
Bank at the University of lowa. For western blot analysis, chick retina mino acid identity in their paired-type homeodomains

were harvested and sonicated in whole cell extract buffer (20 m S ; .
HEPES pH7.6/150 mM NaCl/0.5 mM DTT/0.2 mM EGTA/0.2 mM cattered sequence similarity was also found in the region C-

EDTA/25% glycerol) with proteinase inhibitor cocktail (Roche f€rminal to the homeodomain, including the conserved
Diagnostics Corporation). The cell lysates were collected aftePar/paired-tail motif, which has been found in several paired-
centrifugation for 15 minutes at 4°C and the protein concentration wdype homeobox genes (Furukawa et al., 1997a; Mathers et al.,
determined by Bradford analysis (BioRad protein assay) using bovinE997). Unlike mouse Rax and chick Rax, the chick RaxL
serum albumin as a standard. The retinal extracts containing 25 contains very little sequence that is N-terminal to the
protein were run on a 10% precast SDS-PAGE gels and transferredigmeodomain. Moreover, the highly conserved octapeptide,
a nitrocellulose membrane according to the manufacture’s protocglientified in some of the paired-domain and homeodomain
(Invitrogen). The transferred nitrocellulose membrane was stained wi roteins including mouse Rax and chicken Rax, is missing in

Ponceau S to confirm that an equal amount of protein was loaded . .
transferred in each lane before blocking with 5% nonfat milk in PBS DNIZ‘; During the ::odurbse 8;] Ol;]r. siudlles(,)rl:Ra;(]_antd ITa)ilégg
(0.1% Tween-20 in PBS). Two-thousand-fold dilution of visinin mAb & S Were reported by uchi et al. (Ohuchi et al,, )-

ascites fluid was used as a primary antibody and peroxidase-conjugafE,Be cDNA ofRRaxthat we isolated has roughly 0.15 kb more
goat anti-mouse IgG (1:4000 dilution) (Jackson ImmunoresearcR’ UTR sequence than the publishi@exand some base pair
Laboratory) was used as a secondary antibody. The western blot sigatifferences throughout the cDNA. ORaxL isolate contains

was further detected with ECL reagent (Amersham). roughly 0.2 kb more sequence information in both than8l
. 3 UTRs. The sequences of botex and RaxL have been
Immunostaining submitted to GenBank with the Accession Numbers AF420600

Retinal cryosections (20um) were blocked with 5% sheep gng AF420601, respectively.

serum/0.02% TritonX-100/PBS for 30 minutes at room temperature. Through searches of the human EST and genome databases
The sections were subsequently incubated with visinin mAb (1:10(0)1 second human R4RAX2)gene was found and located on '

dilution of hybridoma culture supernant) for 1 hour. After several h 19. Th di EST |
washes in PBS, the sections were incubated in biotinylated anti-mougé’man chromosome : € corresponding was also

IgG (1:500 dilution) (Vector) for another hour. The Vectastain Acisolated from a human retinoblastoma cell line (I.M.A.G.E.

kit (Vector) and DAB peroxidase substrate kit (Vector) were furtheclone 1D3344166). An amino acid sequence comparison
used for amplifying and detecting the signal according toshowed 93% identity in the homeodomain region between
manufacture’s protocol. RaxL and the human protein (RAX2). Scattered similarity was
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also found outside of the homeodomain. Interestingly, likgFig. 2). TheRax transcript was detected in the majority of
RaxL, the RAX2 exhibited a very short sequence N-terminatetinoblasts at a high level in the E5 retina (Fig. 2A). By EB6,
to the homeodomain, and was lacking the octapeptide (Figwo domains with undetectabiRaxexpression were observed.
1A). Based on these sequence similarities, this gene is probalihne was adjacent to the pigment epithelium, presumably
comprising differentiating photoreceptor cells, and the other

the human homolog dRaxL

The expression patterns of Rax and RaxL in

early chick embryos

The expression patterns Bax and RaxL in early
chick embryos (Hamburger-Hamilton stage ¢
stage 20) were analyzed by whole-mount
situ hybridization. To avoid cross-hybridizat
between Rax and RaxL through their conserve
homeodomain regions, specific RNA probes witt
homeodomain regions deleted were ustak RNA
was detected in the anterior neural folds at ste
(data not shown). By stage Haxwas expressed
the entire forebrain region (Fig. 1B) and hig
concentrated in the optic vesicles and the ve
midline structure, the infundibulum (Fig. 1
arrowhead and arrow, respectively). By stage
when the optic vesicles have formed, Rexsignal
remained strong in the optic vesicles and in
infundibulum, but became weak in the anterior
dorsal forebrain (Fig. 1D,E). By stage 14,

expression ofRaxwas confined to the retina &
ventral diencephalon (Fig. 1F,G arrowhead

arrow, respectively). The retinal and ven
diencephalon expression Bax persisted to stag
20, the oldest stage we have analyzed by w
mount in situ hybridization (Fig. 1H,I, and data
shown).

RaxL was expressed in an overlapping but
identical pattern to that dRax The transcript ¢
RaxLwas first found at stage 9 in the ventral antt
neural tube (data not shown). By stageRdxLwas
highly expressed in the ventral optic vesicles, w
the signals in the anterior forebrain
infundibulum were barely detectable (Fig. 1J,K)
contrast toRax by stage 12RaxL was expresse
strongly in the optic vesicles, very weakly in
infundibulum, and at undetectable levels in
dorsal and anterior forebrain (Fig. 1L,M). By st
14, RaxL was expressed only in the retina anc
infundibulum expression was observed (Fig. 1
compare with Fig. 1G arrow). Interestingly, the e
retinal expression of botRax and RaxL was no
uniform throughout the optic vesicl&kaxL was
expressed in a high ventral to low dorsal grac
transiently from stage 13 to stage 17 (Fig. 1N,P
data not shown). By contraftaxwas expressed
a high level in both dorsal and ventral domains
at a low level in the middle region of the retin:
similar stages (Fig. 1F,H, and data not shown).

The expression patterns of Rax and RaxL in

the developing retina

As bothRaxand RaxL expression was observed
the eyes of early chick embryos, a further det:
analysis of retinal expression was carried ou
retinal sections from embryonic day 5 (E5) to

‘\ cRaxL
hRAX2

cRaxL
hRAX2

cRaxL
hRAX2

cRaxL
hRAX2

cRaxL

Fig. 1. The amino acid sequence alignment of chick RaxL (cRaxL) and human
RAX2 (hRAX2) (A). Identical amino acid residues between these two proteins
are indicated by asterisks. Gaps required for optimal alignment are represented
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by dashes. The homeodomain is underlined. (B-Q) Whole-mount in situ
hybridization ofRax(B-I) andRaxL(J-Q) on Hamburger-Hamilton stage 11

(B,C,J,K), stage 12 (D,E,L,M), stage 14 (F,G,N,O), and stage 15 (H,I,P,Q) chick

embryos. (B,D,J,L) Dorsal views of the embryos; (C,E,K,M) ventral views of
the same embryos. (F,H,N,P) Lateral views; (G,l,0,P) Magnified frontal or
ventral views. The arrowheads and arrows indicate the retina and ventral
diencephalon, respectively.
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was adjacent to the vitreous, presumably comprising ganglicend one strong expression zone located in the future ONL,
cells (Fig. 2B, arrows). This pattern is consistent with themost likely representing the developing photoreceptor cells
observation that mousaxis highly expressed in proliferating (Fig. 2H arrow). This two-domain expression patteriRakL
retinal progenitors and is downregulated in differentiategpersisted until E11 with decreasing signal in the INL and
retinal cells (Furukawa et al., 1997a). At E7, Retranscript  increasing signal in the ONL (Fig. 2M,N). By EIRaxLwas

was found in a small population of cells residing in the futureletected only in photoreceptors, and this expression was
inner nuclear layer (INL) throughout the retina, which aredownregulated to an undetectable level by E19 (Fig. 20,P). No
likely to be the remaining retinal progenitors (Fig. 2CJRdx  RaxL expression was found in the P30 chick retina (data not
expression was further restricted into a narrow domain in thehown). The expression BfaxLin retinal progenitor cells, and
INL at E9 (Fig. 2I). At E11, when almost all retinal progenitorlater at a high level in developing photoreceptors, suggests a
cells have become postmitotic, we observed a low leviebaf key role for RaxL in the early stage of photoreceptor
signal in the middle of the INL (Fig. 2J). Because a low levetlevelopment.

expression oRaxwas found in Muller glial cells of the mouse _ _

retina (Furukawa et al., 2000), it is likely that this smallRaxL is required for photoreceptor cell development
population comprises the remaining retinal progenitors and/dfo determine whetheRaxL plays a role in photoreceptor
differentiating Muller glial cells
However, the identity of thesRax A 1 E
expressing cells needs furtl

characterization. A fainRax signal
remained at E14 (Fig. 2K) a
became undetectable at E
immediately before hatching (F
2L). We found ndRaxexpression i
the retina of post-hatched chicks
one month of age (P30) (data
shown). Based on the in s
hybridization analysis oRax which
shows a similar expression patteri
that of the mousRaxgene, and give
the amino acid sequence similarity
Rax and mouse Rax, chidRax is
likely to be the homolog of the mot
Raxgene.

The RaxL transcript was detect
at a lower level thaRaxthroughou
the retina at E5 (Fig. 2E). By E6, |
RaxL non-expressing domain w
seen in the ganglion cell region (F
2F, arrow). However, unlikeRax
the RaxL signal remained in tf
developing photoreceptor layer
this stage (compare Fig. 2B,F).
development proceeded, some ret
cells expressing higher levels
RaxL appeared near the pigm
epithelium at E7 (Fig. 2G
presumably the progenitors fated
be photoreceptors. This pattern
expression in the future outer nucl
layer (ONL) persisted (Fig. 2H). T
increase in staining of the future O
progressed from the center to
periphery (compare Fig. 2H,G) ir
pattern that coincides with the ove

temporal developmental of the reti _ _ N ) .
As development progressed, | Fig. 2.In situ hybridization oRax(A-D,I-L) and RaxL(E-H,M-P) on retinal sections of E5

. , (A,E), E6 (B,F), E7 (C,D,G,H), E9 (I,M), E11 (J,N), E14 (K,0), and E19 (L,P) chick embryos.
expreSS|.on domains  of .RaXL (C,G) Sections from the peripheral region; (D,H) sections from the central region of the E7 retina.
resulted,_ one weak expression z - ey | ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer
overlapping that oRaxin the INL, nyclear layer; RPE, retinal pigment epithelium. In B and F, arrows indicate Rax and RaxL non-
representing the remaining reti  expressing domains, respectively. In H, strong expression of RaxL in developing photoreceptor
progenitor cells (Fig. 2H, arrowhea  cells is indicated by an arrow and the weak expression zone in INL is indicated by an arrowhead.
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development, we ectopically expressed full-length RaxL3C shows that the viral infected patches spanned the entire
protein in optic vesicles using a retroviral expression vectothickness of the retina and that the retinal thickness remained
The optic vesicles of chick embryos were infected with a Raxlnormal within those patches. However, there were fewer cells
retrovirus at Hamburger-Hamilton stage 10 and infected retinaaxpressingvisinin transcript within the EnRaxAC virus-
were harvested between E6 and E7. The development wifected domains. To further investigate whether EnR&xL
photoreceptor cells was analyzed using the photoreceptorterfered with the proper development of photoreceptor cells,
marker, visinin, by flat-mount in situ hybridization (Yamagataor just visinin marker gene expression, we examined the
et al.,, 1990). We detected no ectopic expressionisifiine  expression of another photoreceptor-specific gaRER/
expressing cells in the RaxL infected retina (data not shownjRxrg (Hoover et al., 1998Rxrg exhibited a uniform pattern
suggesting th&®axLis not sufficient to promot~
photoreceptor cell fate choice. We then exam
if RaxL is necessary for photoreceptor
development by introducing a putative domin
negative allele ofRaxL As RaxL shares tl
identical amino acid sequence in
homeodomain region with Rax, domine
negative RaxL could potentially interfere wit
both RaxL and Rax functions. To minimize thi
possibility and maintain as muétaxLspecificity
as possible, we made a fusion const
containing the engrailed repressor domain
RaxL with deletion only of the oar/paired-t
motif (EnRaxLAC). The similar fusion constru
has been shown as a dominant negative alle
Xrx1l (Xenopushomolog of RaX in Xenopu:
embryos (Andreazzoli et al.,, 1999). 1
EnRaxLAC retroviral vector was electropora
into optic vesicles of Hamburger-Hamilton st
10 chick embryos. After electroporation,
EnRaxIAC transfected retinal cells sho
produce EnRaxAC virus, which subsequen
infects neighboring retinal cells to create s
viral infected patches in the retina. As
have found that electroporation with h
concentrations of DNA can lead to a nonspe
small eye phenotype, we electroporated the
construct at the low concentration of 0.1-
po/ul. The infected retinas were harvestec
E7.5-E8, and the expression of endogel
visinin and exogenous EnRaXC was analyze
by double in situ hybridization using visinin &
engrailed probes, respectively. The infeq
retinas showed the same ovexadinin pattern a
control non-electroporated retinas. Howe
73% (11 out of 15) of the retinas electropor:
with the EnRaxIAC had several patches with |
visinin expression (Fig. 3A). These patches v
within the infected areas, detected with
engrailed probe (Fig. 3B in greenish blue)
some cases, there was no reductionvisinin
expression in infected areas. This could be d
a low level expression of the EnRaxC protein
which could occur because of the interfere
of some viral integration sites. We found
correlation between the size and locatior

: MU Fig. 3. Flat-mount in situ hybridization of E7.5 chick retinas electroporated with
infected patches and the reductiorwvsinin. To £k e (A F) EnRanC (-1, EnRaxLHD (M.N). and Enirx (O.9) vira

examine if viral Infectlon_grossly alter_ed retl  constructs. Endogenous visinin (A-C,G-I,M-P) @xfgtranscripts (D-F,J-L) are
morphology by affecting progenitor ¢ represented by the purple stain and exogenous BR&nRaxIAC, EnRaxLHD
proliferation, a concern becaus®axL is  and Enlirx by the green-blue stain. The sections of the retina samples in B,E,H,K are
expressed in retinal progenitors, the retina  shown in C,F,I,L, respectively. Scale bars: in A, 2 mm for all the flat-mount images:;
sectioned after double in situ hybridization. | in C, 30um for C,F,I,L.
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of expression in the control, uninfected E7.5 retina (data ndnRaxL AC functions as a dominant negative form of
shown). However, when the retina was electroporated witfRaxL
EnRaxLAC viral construct, the virus infected patches showedVe have shown that EnRa&C, which theoretically acts as a
significant reduction oRxrgexpression in 82% (14 out of 17) dominant negative allele &axL, blocks normal photoreceptor
of the infected retinas (Fig. 3D-F). The fact that twodifferentiation. To determine whether EnR&X indeed
independent photoreceptor specific genes were reduced fynctions as a dominant negative allele BfaxL, the
EnRaxIAC, makes it likely that the development of transactivation activities of RaxL and EnR&& were
photoreceptor cells is affected by EnRAXL. These results analyzed wusing a reporter construct encoding the
suggest thatRaxL is required for the development of chloramphenicol acetyltransferase (CAT) gene driven by five
photoreceptors, and that introducing EnRa&Ldid not alter copies of the Retl enhancer element (RET1-CAT) (Fig. 5A).
retinal cell proliferation. The Retl/PCEL1 site, an enhancer element present in many
To determine whether EnRa&C interfered specifically photoreceptor specific genes, is required for photoreceptor
with RaxlL, we electroporated a similar viral construct, specific expression of these genes (Kikuchi et al., 1993). Fig.
EnRaxAC, containing the engrailed repressor domainRaxi 5B shows that RaxL transactivated the RET1-CAT reporter
with deletion of the oar/paired-tail motif. Seven and 16 infected@onstruct 53-fold above the control expression vector when
retinas were tested forvisinin and Rxrg expression, transiently transfected into COS cells, suggesting that RaxL is
respectively. We found all the retinas tested exhibited norma strong transcriptional activator which can transactive
visinin and Rxrg expression within the EnRAL infected photoreceptor specific genes through the Retl enhancer
patches (Fig. 3G-I and 3J-L, respectively). These resultslement. By contrast, Rax transactived the same reporter
strongly suggest thaRaxL, but not Rax is required for construct more weakly (ninefold above the control vector) (Fig.
photoreceptor cell development. Interestingly, we observed BB), suggesting that Rax might recognize different enhancer
similar photoreceptor phenotype with 100% penetrance wheglements that perhaps function in progenitor cells. To test the
we introduced a dominant-negative allele comprising thelominant-negative activity of EnRa&C, the RET1-CAT
engrailed repressor domain fused withReLhomeodomain construct was transiently co-transfected with vectors
(EnRaxLHD) (Fig. 3M,N). However, when a control viral expressing RaxL and/or various engrailed-fusion constructs
construct, Enlrx, which carries the homeodomaitrnofused into COS cells. The CAT activity of cell extracts was assayed
to the engrailed repressor domain (Bao et al., 1999), wa& hours after transfection. In the presence of an increasing
introduced into chick retina, the normuisinin and Rxrg  amount of EnRaxAC, the activation activity of RaxL was
expression was observed within the Enlirx infected patchegduced in a dose-responsive manner. An equal amount of
(Fig. 30,P, and data not shown).

RaxL is not required for non- A

photoreceptor cell development

in the retina

In order to examine whether the effe | INL
on retina cell differentiation k

EnRaxIAC virus were specific | IPL
photoreceptors, the expression GCL
markers of other cell types we

analyzed. The expression d&rn3a ~ | ONL
(now known asPou4f] the gangliol i

cell marker (Liu et al., 2000;hx1Q

the bipolar cell marker (Beleck L
Adams et al., 1997; Chen and Cef

2000), and Pax§ which mark: |t|:?(|:-L

horizontal, amacrine and gangli
cells (Belecky-Adams et al.,, 199
were analyzed on EnRa&LC infectec
retina. Virus infected E9 reting
including seven retinas fdBrn3a 6
retinas for Chx10 and 8 retinas fc
Paxg§ were analyzed. None of the
markers were affected by express
of EnRaxIAC (Fig. 4). We also four
no changes on the expression of tt
markers when EnRaxLHD w

. . . . Fig. 4. Flat-mount in situ hybridization of E9 chick retinas electroporated with EniRaxiiral
introduced into chick retina (data 1 construct. The signals of endogen&rs3a(A-C), Chx10(D-F) andPax6(G-I1) transcripts are
shown). These results_ strong!y SUgt  shown in purple and EnRa&IC viral transcript is shown in green-blue. The sections of the
that the RaxL gene is required fc reting samples in B,E,H are shown in C,F,1, respectively. Scale bars: in A is 2 mm for
proper development of photorecer A B,D,E,G,H; in F, 3qum for C,F,I. GCL, ganglion cell layer; INL, inner nuclear layer; IPL,
cells, but not other retinal neurons.  inner plexiform layer; ONL, outer nuclear layer.
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Fig. 5. CAT activities were assayed in COS cells transiently

transfected with the RET1-CAT reporter construct (A) together with

Rax or RaxL expression vectors (B) or with combinations of

different ratios of expression vectors as indicated (C). The CAT

activity from each transfection was normalized for internal

transfection efficiency (see Materials and Methods). The relative
CAT activity was normalized to the value from empty vector (B) or
from RaxL transfection alone (C). The data presents the average

value of triplicates. EnRax* represents EnB@x EnRaxIAC or
EnRaxLHD indicated in C.

EnRaxIAC repressed the RaxL activation activity to 25.3%,
and three times more EnRaXC further repressed the activity

of RaxL to 3.9% (Fig. 5C). This decrease of CAT activity is
not due to the overexpression of a homeodomain protein, as
cells transfected with four doses of RaxL showed similar CAT
activity to those transactivated by a single dose of RaxL (data
not shown). EnRaxAC repressed the transactivation of RaxL
specifically, as EnRaxAC showed no effect on the activity

of a CAT reporter driven by the SV40 enhancer elements
(data not shown). These data suggest that End&f@xunctions

as a dominant negative form &faxL, and that expression

of EnRaxIAC inhibits the endogenousRkaxL activity.
Interestingly, we also found dominant negative activities of
EnRaxAC and EnRaxLHD on RaxL transactivation activity in

a dose-related manner (Fig. 5C). The dominant negative effects
of EnRaxXAC and EnRaxLHD were similar but weaker than
EnRaxIAC.

Overexpression of RaxL rescues the photoreceptor
phenotype induced by EnRaxLHD

We have demonstrated that EnRAXL can inhibit the
transcription activity of RaxL in tissue culture cells, suggesting
that the phenotype observed by expressing EnB@xin the
chick retina is due to a block of endogenous RaxL activity. If
this assumption is correct, the dominant negative phenotype
created by EnRaxAC should be rescued by coexpression of
RaxL in ovo. As the phenotype created by EnReXldid not
show full penetrance, we decided to use the dominant-negative
EnRaxLHD, which is more effective, and thus facilitate the
interpretation of a rescue experiment. We
electroporated EnRaxLHD alone or
together with RaxL into chick optic
vesicles. The EnRaxLHD and RaxL
retroviral constructs carry the type B and
type A envelope proteins, respectively,
which allows co-infection of both viruses
into the same cells. After the detection of
EnRaxLHD virus, we stained the infected
retinas with the 3C2 mAb, which
recognizes a matrix core protein of Rous
Sarcoma virus (Potts et al., 1987). The 3C2
mAb recognizes both viruses. When
EnRaxLHD alone was electroporated, we
observed strong inhibition of the visinin
signal, which correlated with EnRaxLHD
infected patches, detected by engrailed
expression. The staining pattern of 3C2

Fig. 6. Flat-mount in situ hybridization of E7.5
chick retinas electroporated with EnRaxLHD
alone (A-C), EnRaxLHD plus RaxL (D-G),
EnRaxLHD plus Rax (H-K) or EnRaxLHD
plus mouse Crx (L-N) viral constructs. The
sections of the retina samples in F,J are shown
in G,K, respectively. The signals of
endogenougsisinin transcripts are shown in
purple, EnRaxLHD viral transcript is shown in
green-blue, and 3C2 mAb, which stains all
viral infected patches, is shown in brown. The
arrows in D,E indicate thésinin expression is
partially rescued by RaxL. Scale bars: in A, 2
mm for A-F,H-N; in G, 30 mm for G,K.
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mAb perfectly matched the engrailed staining pattern (Fig. 6Aphotoreceptors following expression of EnRaxLHD. Two
C). This observation allows us to assume that 3C2 stained areasnoclonal antibodies (mAb) against chick visinin were
with no engrailed signal represents the RaxL-only infectedenerated, 6H9 and 7G4, which exhibited specificity for chick
region. However, the patches with engrailed signal may expresssinin (S. Bruhn and C. Cepko, unpublished). They behaved
EnRaxLHD virus alone, or express both EnRaxLHD and Raxlsimilarly in both western blots and immunohistochemical
viruses. To ensure that most of the EnRaxLHD infected cellassays, with the results of 7G4 shown in Fig. 7A-C. 7G4
were also infected with RaxL virus, we electroporated threeecognized a single band of 24 kDa from chick retinal extracts
times as much RaxL viral construct as EnRaxLHD construdby western blot analysis, which corresponds to the predicted
when co-electroporation was performed. Fig. 6D-G show thatize of chick visinin (Fig. 7A). A low level of visinin protein
when both EnRaxLHD and RaxL were introduced, thewas evident at E5.5 and the level increased gradually as more
inhibitory effect onvisinin expression by EnRaxLHD was photoreceptors differentiated between E6.5 and E8.5 (Fig. 7A).
dramatically reduced (Fig. 6D,E, arrows). These datdhis time course is consistent with the expression profile
demonstrated that ectopic expression of RaxL rescued tld visinin transcripts (Bruhn and Cepko, 1996). The
dominant-negative phenotype generated by EnRaxLHD. Thisnmunostaining on retinal sections further demonstrated that
rescue was specific to RaxL. Chick Rax can not rescue thiee visinin mAb recognized differentiating and mature
photoreceptor phenotype (Fig. 6H-K). Similarly, when thephotoreceptors, which are localized to the developing ONL in
mouse Crx viral construct, encoding another paired-typdifferentiating (E7) and mature (E18) retinas (Fig. 7B,C).
homeodomain protein, which is required for photoreceptolhese analyses demonstrate that the visinin mAb is a reliable
maturation but not for initial photoreceptor cell generationearly marker of photoreceptors.

(Furukawa et al., 1997b), was introduced with EnRaxLHD, no To quantify the number of photoreceptor cells, optic vesicles
rescue ofvisinin expression was found (Fig. 6L-N). These inwere electroporated with EnRaxLHD, RaxL or control RCAS
vivo rescue results strongly suggest that the inhibition ofetroviral constructs at Hamburger-Hamilton stage 10 and
photoreceptor gene expression was due to a block dffected retinas were harvested and dissociated at E8. FACS
endogenoufRaxL activity. The fact thaCrx could not rescue analysis was performed on dissociated retinal cells after
or bypasRRaxLfunction suggests th&axLis required before staining with 7G4 mAb against visinin and antiserum against
Crx function during photoreceptor cell development. This isp27, an Avian Leukemia Viral protein (SPAFAS) (Fig. 7D,E).
consistent with the idea thRiaxLis required in the early stage As viral infections only occurred in some patches of the retina

of photoreceptor cell generation. and we expected the action of EnRaxLHD to be cell
autonomous, only infected cells were scored for visinin

EnRaxLHD caused a reduction in cells expressing expression. The percentage of visinin and p27 double-positive

photoreceptor markers cells among the viral infected population (p27 positive) was

The reduction in the expression of photoreceptor specific genealculated after a total of 250,000 cells were counted from each
could be due to EnRaXC interfering with proper retina. In two independent experiments, 10.8% and 15.7% (on
photoreceptor differentiation and/or photoreceptor survival. T@verage) of control virus infected retinal cells were visinin-

further address these issues, we took advantage of tpesitive photoreceptors. However, when the retina was infected
consistent penetrance of EnRaxLHD to quantify the number ofith the EnRaxLHD virus, the percentage of photoreceptors

A
i
12832 Fig. 7.Western blot with anti-visinin mAb
showing a 24 kDa visinin protein in E5.5,
60— 6.5, 7.5 and 8.5 chick retinal extracts (A,
50— lanes 1 to 4). The photoreceptors in the
40- ONL of E7 (B) and E18 (C) retina are
stained with visinin mAb. The examples
of FACS analyses of RCAS- (D) and
25- EnRaxLHD- (E) infected retina are
20- shown, with the upper-right quadrants
representing the visinin and p27 (virus
15~ infected) double-positive population; and
D E = the upper- and lower-right two quadrants
e PR % — representing all viral-infected cells (p27
] 18 n=g |1=6 positive). The average percentages of
] . 16)  m8 s double-positive cells among all viral
&1 1; " infected population are indicated in the F.
E 5 1ol T nindicates the retina sample numifer.
=107 8 values are based on the Studentsst of
1 6 two-tailed distribution as follows: *,
1074 4 P<0.005; **, P=0.152; *** P=0.226.
0: 0: 2 GCL, ganglion cell layer; INL, inner
10 T e 107 T nuclear layer; IPL, inner plexiform layer;
109 10! 102 103 10 100 10! 102 10% 10? ¢°vci\3§~°¢'¢°%"§ ¢°§~°¢' ONL, oute{ nuclear IayerF;)RPE, retin){:\I

2 L
p27 p27 <& & pigment epithelium.
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was significantly decreased to average 7.5% and 10.4%ifferentiating photoreceptors did not lead to an increase of the
respectively (Fig. 7F). We found no significant change in the@ther retinal cell types scored following introduction of
VC1.1-positive population, which comprises amacrine andlominant negativ&kaxL These data suggested that interfering
ganglion cells, when the retina was infected with EnRaxLHDwith the normal function oRaxL did not induce a change in
virus (data not shown). Interestingly, we found a slight increaseetinal cell fates. The reduction in differentiating photoreceptors
in visinin-expressing photoreceptors in retinas infected witltould then be a block in photoreceptor cell differentiation and/or
RaxL virus (from average 10.8% and 13.5% to 12.3% anthduction of photoreceptor cell death, or an effect on
15.8%, respectively) (Fig. 7F). Overexpression of RaxL thugroliferation that affects only photoreceptor cells. The latter case
slightly increased the number of photoreceptors, ané very unlikely, as photoreceptors are made by a multipotent
interfering with the endogeno&axLby overexpression of the progenitor (Fekete et al., 1994) and thus other cells would be
dominant negative EnRaxLHD led to a significant reduction offfected, as would general proliferation, if this were the case.

differentiating photoreceptor cells in the retina. Nevertheless, to test the effect of dominant negRtasd_on cell
_ _ proliferation, the anti-phospho-Histone H3 antibody was used to
EnRaxLHD induces apoptosis detect mitotic cells on E7.5 retinal sections electroporated with

Results from both the FACS analysis and whole-mount in sitthe EnRaxLHD viral construct. The virus infected patches were
hybridization showed that decreasing the number ofisualized with 3C2 mAb (Fig. 8, red). At E7.5 very few M-
phase cells were found in or near the ventricular surface (green
nuclei in Fig. 8A), and there was no significant difference
between virus-infected patches and adjacent non-infected areas
(Fig. 8A,B). We also found that EnRaxLHD had no significant
effect when scored for phospho-Histone H3 staining on E5.5 and
E6.5 retinas when there were more mitotic cells (data not
shown). These data suggest that the decrease in differentiating
photoreceptor cells by EnRaxLHD was not due to interference
with progenitor cell proliferation. We then examined the
possibility that reduction was due to apoptosis. The TUNEL
assay was performed on E7.5 retinal sections electroporated with
EnRaxLHD or control Enirx viral constructs. TUNEL-positive
cells were found only occasionally in normal E7.5 retinal
sections. Very few TUNEL-positive cells were found in control
Enirx infected retina (Fig. 8C,D) and non-infected patches in
EnRaxLHD infected retina (Fig. 8E,F). However, many
TUNEL-positive cells were observed in the EnRaxLHD infected
patches (Fig. 8E, green and yellow dots). The same viral
construct induced no apoptosis when electroporated into chick
brain (Fig. 8G,H), suggesting that overexpression of EnRaxLHD
does not lead to non-specific apoptosis. The specific increase of
apoptosis in EnRaxLHD infected retina provides an explanation
for the decreased number of photoreceptor cells. Interestingly,
we found that the TUNEL-positive cells were not concentrated
in the photoreceptor layer, but spanned the radial thickness of
the retina.

DISCUSSION

We have investigated the expression patterri@axfand RaxL
and performed functional analysesRdxL Our data indicate
the RaxLis required for the early steps in the development of
photoreceptor cells.

Rax and RaxL are expressed in overlapping, but not
identical, patterns

We have isolated cDNAs encoding two members of chick Rax

Ei79~58-PhOSIF(’g°|':';iSt%”§ H3 ?(t;aiﬂi)ng (AB) a_”‘fj TUZ‘EF :r{‘za'?is I‘_’SDfamin, Rax and RaxL Raxis highly expressed in the optic
.5 retinal -F)an rain y sections infected wit nRax H H H H
virus (A.B.E-H) or control Enlrx virus (C.D). The phospho-Histone vesicles, retinal progenitor cells, and the ventral diencephalon,

iy ; . in a pattern similar to that of the mouRax/Rx(Furukawa et
H3 or TUNEL-positive cells are shown in yellow or green, viral- . :
infected cells are shown in red and nuclei stained with DAPI are in al., 1997a; 'V'f.ithefs etal., 1997) and the published cth&n
blue. The red and green merged images are presented in A,C,E,G. 9€ne (Ohuchi et al., 1999). However, contrary to the previous

The same fields with red and blue merged images are presented in report thatRaxLis highly expressed in the developing retina
B,D,F,H, respectively. and ventral diencephalon (Ohuchi et al., 1999), we found that
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RaxLis expressed in the optic vesicles and retinal progenitor Chick photoreceptor genesis is reported to begin sometime
cells, but is absent from the ventral diencephalon. We reasdietween E3 and E5 in different studies (Kahn, 1974; Spence
that this difference is due to the specificity of RexLprobe and Robson, 1989), with the bulk of photoreceptor genesis
used in each study. ThHeaxL probe used previously contains occurring between E5 and E6 (Prada et al., 1991; Belecky-
the homeodomain, which shares 96% nucleotide (173 out dfdams et al.,, 1996). Photoreceptors do not differentiate
180 nucleotides) identity to titaxhomeodomain region. The morphologically until E9.5, when the inner segments appear
RaxLprobe containing the homeodomain region can recogniz@Meller and Tetzlaff, 1976). The outer segments appear on E13
both Rax and RaxL transcripts, and therefore can cross-(Meller and Tetzlaff, 1976), and the synapses from
hybridize withRaxin the ventral diencephalon. The fact that photoreceptors to bipolar cells are evident on about E18
we do not observRaxLin the ventral diencephalon allows us (Hughes and LaVelle, 1974). As discussed above, we found
to conclude that thRaxLexpression pattern resembles that ofthatRaxLis expressed in developing photoreceptors, but not in
the zebrafish homologg1 andrx2. rx1 andrx2 are expressed mature photoreceptors on E19, suggesting ReatL is not

in the optic primordium and are absent from the ventral midlineequired for the maintenance or survival of mature
of the diencephalon. More interestingly, similarRaxL, rx1  photoreceptors. Furthermore, apoptosis was observed as early
and rx2 are also downregulated as the retina differentiatesgss E7.5 when propeRaxL function was blocked, also
except in the ONL where they continue to be expressed at highdicating that RaxL is required for an early step in
levels in photoreceptors. The photoreceptor cells wixdrand  photoreceptor development.

rx2 expressed are cones, but not rods (Chuang et al., 1999).

RaxL is also expressed in cones as cones comprise 80% BRRaxLHD interferes with the function of ~ RaxL but

chick photoreceptors and thRaxl-expressing population not Rax

comprises the majority, if not all, of the photoreceptorsThere are two populations of retinal progenitor cells expressing
However, we cannot determine RaxL is also expressed in theRaxLtranscript. One is the majority of retinal progenitors,
rods. We speculate thRaxLhomologs are expressed in cone,which expresses a low level BaxLand a high level oRax

but not rod, photoreceptor cells in vertebrates. Such conservétie other population is a small subset of cells that expresses a
expression pattern and gene sequences suggest an importaigh level of RaxL Our data show that overexpression of a
function forRaxLin photoreceptor development. In mammals,fusion construct, EnRaxLHD, interferes with survival of a
the expression of a humaRaxL homolog RAXJ in a subset of cells located predominantly in the middle retinal
retinoblastoma cell line further suggests a rolRafLin retina  layer. This is the area where mitotic progenitor cells reside and
development. In addition, mutations in the hun@AX2 thus it is possible that EnRaxLHD interferes with survival of
gene have been found in individuals with photoreceptorn subset of mitotic cells. These may be the same cells that
degeneration, which, if shown to be causal, would furtheexpress high levels é&axLin this area, and we would propose
establish the importance &axL homologs in photoreceptor that these are the cells that are in the process of producing
cell development and/or function (D. Zack, personalphotoreceptor cells. We believe that it would be this subset
communication). A mouseRaxL homolog has not been of cells, rather than all progenitor cells, based upon the
isolated. Surprisingly, the humaRAX2 syntenic region is observations that EnRaxLHD does not interfere with general
missing in the mouse genome (T. Matsuda and C. Cepkprogenitor proliferation, as the number of mitotic cells and the
unpublished). It is possible that the moulaxL homolog is  overall thickness of infected areas, as well as differentiation of
located in a different location in the mouse genome, and igther retinal cell types, were not significantly affected.
expressed at very low abundance because it is expected toAdeernatively, the dying cells located in the middle of the retina
in cone photoreceptors, which comprise only 2.2% of retinfollowing transduction with EnRaxLHD are newly produced,
cells in the mouse (Young, 1985). It is also possible that theostmitotic cells that are fated to be photoreceptor cells. It is
mouse has n®axL homolog. The function oRaxLmay be not known if cells in this state would be located in this area as
carried out by the moudRax/Rxgene, as mousRax/Rxhas there are no markers for cells that are newly postmitotic and
been reported to be expressed in photoreceptor cells and dated to be photoreceptors. Although photoreceptor cells are
transactivate photoreceptor specific genes (Kimura et alusually located in the outer nuclear layer, it is possible that they

2000). briefly reside in the middle of the retina prior to migrating to

. ) the future outer nuclear layer. It is curious that murine cones
The expression pattern of RaxL suggests a role in do display an inward migration prior to undergoing full
early developing photoreceptors differentiation in the mouse (Rich et al., 1997).

Photoreceptor cells develop in a temporal gradient from the Despite the identical amino acid sequence in the
central to the peripheral retina. In the peripheral chick Ehomeodomain regions dRax and RaxL, dominant-negative
retina, a subset of retinal cells that express a high leRddf ~ EnRaxLAC, which included most of tHeaxLsequence outside
spans the retinal epithelium, except in the differentiatingof homeodomain region, seemed to maintain it’s specificity and
ganglion cell layer. As development proceeds, centrally locateidterfere mainly with the function dRaxL, and notRax It is
RaxL-expressing cells become concentrated in theossible that the enhancer sequence recognizeRaxyin
photoreceptor layer. This pattern is consistent Rl being  progenitor cells is different from that recognized RgxL in
expressed in mitotic progenitors that are in the process @farly photoreceptors. The finding that RaxL transactives the
producing photoreceptors, and/or in newly postmitoticphotoreceptor specific Retl enhancer element more efficiently
photoreceptors. The high level expressionRaixL in such  than Rax supports this idea. However, this idea remains to be
populations placesRaxL at an important point in early confirmed after the identification of the authentic binding
photoreceptor development. elements ofRax and RaxL It is also possible that the
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expression level dRaxis higher than that dRaxLin the retinal  synergistically transactivates the rhodopsin promoter in vitro
progenitor cells and that the expression level of EnR&xL (Mitton et al., 2000). Analysis dirl mutant mice has revealed
was not high enough to interfere witRax function. that it is a critical determinant of early rod photoreceptor cell
Alternatively, the function oRaxin progenitor cells may be development (Mears et al., 2001). A similar function is
dispensable since other paired-type homeodomain genes, eagcribed toNr2e3 (also known asPNR), which encodes a
Pax6 and Chx10 are highly expressed in retinal progenitor ligand-dependent retinal nuclear recepbin2e3is expressed
cells. The similar dominant-negative construct, EnRax in photoreceptor cells (Kobayashi et al., 1999), and mutations
which contained most dRax had no effect on photoreceptor in Nr2e3lead to an increased number of cone cells in mice and
cell differentiation, further supporting the notion that thethe enhanced S cone syndrome, a disorder of photoreceptor
sequence outside of the homeodomain region provide=ells, in humans (Haider et al., 2000; Haider et al., 2001). We
significant specificity in ovo. Although EnR&& can interfere  provide evidence thatRaxfamily memberRaxL, is required
with the transactivation activity of RaxL when assayed on dor the initial generation of photoreceptors in chiBaxLis
simplified reporter construct (RET1-CAT) in tissue cultureexpressed in cone photoreceptors. We hypothesizeRthdt
cells, it appears not to function as a dominant-negative allelend Nrl are required for the early stages of cone and rod cell
of RaxL on complex photoreceptor promoters in ovo. Ourfate determination, respectively. Later in development, as
finding that interference with the endogen®&asLactivity by  cones and rods take up their final stages of differentiadion,
overexpression of EnRaXC disturbs an early step in plays the major role in supporting photoreceptor-specific gene
photoreceptor development, but not the general progenit@xpression. Overexpression @rx failed to rescue the
pool, suggests that only the progenitor population in thg@hotoreceptor phenotype induced by a dominant-negative
process of producing photoreceptor cells, or newbormllele ofRaxL further supporting the idea of early roleRexL
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