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Summary

Several eye-field transcription factors (EFTFs) are then Otx2-driven neural patterning primes the anterior

expressed in the anterior region of the vertebrate neural neural plate for eye field formation. Next, the EFTFs form
plate and are essential for eye formation. TheXenopus a self-regulating feedback network that specifies the
EFTFs ET, Rx1, Pax6 Six3, Lhx2, tll and Optx2 are  vertebrate eye field. We find striking similarities and

expressed in a dynamic, overlapping pattern in the differences to the network of homologou®rosophilagenes
presumptive eye field. Expression of an EFTF cocktail with that specify the eye imaginal disc, a finding that is
Otx2is sufficient to induce ectopic eyes outside the nervous consistent with the idea of a partial evolutionary
system at high frequency. Using both cocktail subsets and conservation of eye formation.

functional (inductive) analysis of individual EFTFs, we

have revealed a genetic network regulating vertebrate Kkey words: Neural patterning, Eye field specification, Ectopic eye
eye field specification. Our results support a model of formation, Genetic network, Noggin, Otx2, ET, Rx1, Pax8, Six3,

progressive tissue specification in which neural induction Lhx2, Tll, Optx2,Xenopus laevisTranscription factor cocktails

Introduction Zuber et al., 1999). Not only are these EFTFs necessary for

eye formation, but in some contexts they are also sufficient.

pverexpression dPaxg Six3 RxandOptx2homologues can

%xpand or induce eye tissues in the nervous system of
rtebrates (Andreazzoli et al., 1999; Bernier et al., 2000;
ow et al., 1999; Chuang and Raymond, 2001; Loosli et al.,
99; Mathers et al., 1997; Oliver et al., 1996; Zuber et al.,
99).

The first morphological evidence of eye formation in
vertebrates is a bilateral expansion of tissue from the ear
forebrain to form the optic vesicles. It has been known fo
nearly 70 years, however, that presumptive eye tissue (e
field) exists prior to optic vesicle formation. In the
salamander, a small piece of anterior neural plate can

isolated 6 hours prior to optic vesicle formation, and " . o
b b Many of these EFTFs were originally identified as

remarkably, after another 24 hours in vitro this tissue wiIIh | ¢ irod f ¢ s il
transform into a single small but histologically normal eye’0mMologs of genes required for eye formatiobmsophila

(Lopashov and Stroeva, 1964). Modern molecular evidend@€lanogaster For example, Pax6 is a homologue of
shows that the eye anlagen is specified at the neural pldgs0Sophila eyelesandtwin of eyeles¢Quiring et al., 1994),
stage when a group of eye field transcription factors, EFTF&NdSix3andOptx2are homologues drosophila sine oculis

are expressed in the anterior neural plate. The EFTFs includ@liver et al., 1995). Thé®rosophila genes,twin of eyeless

ET, Rx1, Pax6 Six3 Lhx2, til andOptx2(also known asixg.  ({0y), eyeless(ey), eyes absent(eyd, sine oculis (so),
Genetic evidence clearly demonstrates the importance &@chshund(dag), eye gone(eyg and optix either induce
these EFTFs in vertebrate eye formation. MutatiorR/0fg ~ €ctopic eyes or are required for normal eye formation
SIX3andOPTX2in human result in malformations affecting (Hanson, 2001; Heberlein and Treisman, 2000; Kumar, 2001;
the eyes (Wawersik and Maas, 2000). The targeted, oawersik and Maas, 2000). The expression patterrieypf
spontaneous mutation ¢faxg Rx (Rax— Mouse Genome €Y, SO, eya dac andeygoverlap in theDrosophilaeye field
Informatics) Lhx2, TlI, Six3 and Six6 in mouse, results in during its specification (Kumar and Moses, 2001a). It has been
animals with abnormal or no eyes (Hill et al., 1991; Lagutirproposed that the overlapping expression patterns of these
et al., 2003; Li et al., 2002; Mathers et al., 1997; Porter et algenes drives eye specification and is regulated by the Notch
1997; Tucker et al., 2001; Yu et al., 2000). Similar phenotypegnd EGFR signaling systems (Kumar and Moses, 2001a).
have been observed when homologueSir8 Pax6 tll, Rx1 ~ Dominant-negative Notch receptor blocks compound eye
and Optx2genes have been functionally inactivated in otheformation, while constitutively activate Notch induessand
vertebrate species (Carl et al., 2002; Chow et al., 19990y expression and ectopic fly eyes (Kurata et al., 2000).
Hollemann et al., 1998; Isaacs et al., 1999; Loosli et al., 2001 role for Notch signaling in vertebrate eye formation is
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Table 1. Primer sets used for PCR analysis

Cycle Number Accession
Target gene Upstream primer 6 3) Downstream primer (50 3) number of bp number/reference
ET CCT ATC CTT GAC TTG CTA CA GTT TTG GGG AAG GAG GGT AT 24 255 AF173940
Pax6 GCA ACC TGG CGA GCG ATA AGC CCT GCC GTC TCT GGT TCC GTAGTT 28 450 U76386
Six3 TTGTCT GTC TGTCTC TTGTT TTCTGT GTT TGG TTT ATC TC 30 369 AF183571
Rx1 CCC CAA CAG GAG CAT TTA GAA GAC AGG GCA CTC ATG GCAGAAGGT T 28 416 AF017273
tll ACT TGC CTC TCGTGC TGC TCTACTG ATCCGG TCGGGTTGCTCATCTT 30 351 U67886
Lhx2 ACC CTC CTC CCC CAT TACTCAC AGG GCA TAT CTG GGC ATC TTC A 30 461 AY141037
Optx2 ACA GAG CAG CGG CGG CAA AGA GAG CGC TCC CTG GTACTG TGACTG A 30 296 AF081352
NCAM CAC AGT TCC ACC AAATGC GGA ATC AAG CGG TAC AGA 30 343 Xenbase
Otx2 GGA TGG ATT TGT TACATC CGT C CAC TCT CCG AGC TCACTT CCC 25 315 u19813
XAG GAC TGG TGC TGT TCAACC TTG CAT TGG GAA ATA ACT GGG ACC 25 349 u76752
H4 CGG GAT AAC ATT CAG GGT ATC ACT ATC CAT GGC GGT AAC TGT CTT CCT 24 189 Hollemann et al., 1998

Primer sets were designed from the indicated GenBank sequence or from the indicated source (see Materials and metletaitsfof the BCR reaction
conditions). Xenbase primer sequences can be found at http://www.xenbase.org/

suggested by similar experiments. Mice homozygous for §/aterials and methods

hypomorphic Notch2 mutation have bilateral microphthalmia

(McCright et al., 2001), while activation of Notch signaling Animals

induces the expression Bax§ Six3and Rxand causes eye Fertilised eggs were obtained from pigmentahopusnjected with

duplications and ectopic eye tissue formation (Onuma et alb00 U of human chorionic gonadotropin (Sigma-Aldrich Company,

2002). UK) to induce egg laying. Embryos were dejellied with 3.3 mM DTT
In Drosophila it has been possible using genetics to shov? 200 mM TrisHCL (pH 8.8) and staged according to Nieuwkoop

that these genes act as a network with hierarchical componedfid Faber (Nieuwkoop and Faber, 1994).

and multiple steps of feedback regulation including functionakna microinjection

protein interactions (Chen et al., 1997; Pignoni et al., 199755504 RNA was synthesised in vitro from pCS2.Xnoggin,
More recently, overexpression and inactivation studies havgcs2 xotx2, pCS2R.XET, pCS2R.XPax6, pCS2R.XSix3,
begun to shed light on the transcriptional network of EFTF$CS2+.XRx1, pCS2R.XLhx2 (3), pCS2+mt.X-tl, pCS2.XOptx2,
involved in vertebrate eye formation. OverexpressioRaofg pCS2.nuBgal or pCS2GFP template DNA using the Message
Six3 Optx2and Rx upregulate each other's expression, whileMachine kit (Ambion, Austin, TX). X-Gal staining was performed on
inactivation of each can reduce the expression of the otheegbryos injected with 200 n@gal as previously described (Turner
(Andreazzoli et al., 1999; Bernier et al., 2000; Chow et al.and Weintraub, 19945FP was sometimes used (500 ng per embryo)
1999; Chuang and Raymond, 2001; Goudreau et al., 200 ;place offigal to label injected embryos, when there was a concern
Lagutin et al., 2001; Lagutin et al., 2003; Loosli et al., 1999/atPgal staining would obstruct in situ staining.

Zuber et al., 1999). For exampRax6andSix3crossregulate  RT-pCR analysis

each other's expression in both medakafish and mouse (Carlgj animal cap assays, embryos were injected at the two-cell stage
al., 2002; Goudreau et al., 2002). Addrosophila functional with the indicated RNA(s). Ectodermal explants (animal caps) were
interactions among the vertebrate EFTFs involve proteinisolated from stage 8.5 embryos using the Gastromaster (XENOTEK
protein complexes and multiple levels of regulation (Li et al. Engineering, Belleville, IL). Total RNA was isolated from embryos
2002; Mikkola et al., 2001; Stenman et al., 2003), implyingor pools of ten stage 21 animal caps by extraction with RNAzol B
that a complex network must exist. reagent (Tel-Test, Friendswood, TX, USA). After treatment with RQ-
As in the salamandeXenopus laeviseural plate explants 1 DNAse (Promega, Poole, UK) to remove contaminating genomic
form eye tissue in vitro. WheXenopusanterior neural plate DNA. first-strand cDNA synthesis was performed by reverse
explants are isolated with underlying prechordal mesoderm Eﬁ”ser'pt'on with random hexamers in a volume ofi®istone H4

: ; ) R was performed usingpl of template in a final reaction volume
stage 12.5, two retinas form, demonstrating that the eye fie 12.5pl to determine the relative amount of cDNA in each sample.

is specified as early as stage 12.5 (Li et al., 1997). The frognsequent PCR was performed using normalised amounts of
EFTFs, ET, Paxg Six3 Rx1, Lhx2 tll and Optx2 are template. Cycling conditions were: 92°C, 2 minutes then 92°C, 45

expressed together in tienopusanterior neural plate prior seconds; 56 or 65°C, 45 seconds; 72°C, 45 seconds, for 24-30 cycles
to stage 15 (Bachy et al., 2001; Casarosa et al., 1997; Hirsahd ended with a single extension step of 72°C for 10 minutes. An
and Harris, 1997; Hollemann et al., 1998; Li et al., 1997annealing temperature of 65°C was used for the Optx2 primer set; all
Mathers et al., 1997; Zhou et al., 2000; Zuber et al., 1999pther primer sets were annealed at 56°C. The primers used are shown
In th|s paper’ we test the |dea proposed by Kumar and Mosé's Table 1 Radiolabelled PCR prOdUCtS were Separated on 7%
for Drosophilaeye field specification, in order to determine if Polyacrylamide gels, expression levels were determined using a Storm
the coordinated expression of EFTFs can also specify t 0 Phosphoimager with ImageQuant ver. 4.1 software (Molecular

. ’ . ynamics, Sunnyvale, CA) and normalised to H4 as a loading control.
vertebrate eye field. We find that EFTF cocktails not only For multistage analysis, RNA was isolated from three embryos per

induce ectopic eye fields Kenopusbut generate ectopic €yes siage and a total of four sets of RNAs from staged embryos were
at high frequency outside the nervous system. In additiogsted yielding similar results. For animal cap assays, each experiment
we provide an initial characterisation of the functionalwas performed between three and five times to ensure reproducibility.
interactions among the EFTFs involved in vertebrate eye fieldontrol experiments (not shown) with cloned templates demonstrated
specification. that the amplification efficiencies did not vary between primer sets
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A 18 Fig. 1.Relative timing of EFTF expression. RT-PCR was
E 8 9 10 10° 11 11° 12 12° 13 14 15 16 17 18 -RT used to detect the expressiorEdt Paxg Six3 Rx1, tll,
Lhx2andOptx2in the unfertilised embryo (E) and until
— e -w ET stage 18 of development. The transient expressi&ixaf

andtll prior to stage 10.5 was detected in four independent
experiments. PCR amplification of Histone H4 demonstrates

Pax6 that approximately equivalent amounts of cDNA templates
were used. A duplicate set of reactions from stage 18

s ot e e
embryo RNA were run without reverse transcriptase to test
w Six3 for contaminating plasmid and genomic DNA (18 —RT). The
PCR products were subcloned and sequenced to confirm
their identities. (B) Schematic showing the results of
e e et ot

Rx1 multiple experiments. Each dot represents the developmental
stage at which strong induction was observed.

-H“ til or using a fluorescent dissecting microscope to detect

GFP. The diameter of thBx1 expression domain in the
rostrocaudal dimension on the injected side was then
“ Lhx2 compared with that of the uninjected side.
-— M Optx2
Results
Vertebrate EFTF expression is coordinated
w H4 and suggests a genetic hierarchy

To determine the relative timing of vertebrate EFTF

B , 3 expression, we used RT-PCR to establish the
9 10 1w 1 N 12 12 13 14 15 16 . . .
— — developmental stage at which each is first and strongly
ET p—— bl expressed. Onlpix3is expressed at detectable levels
: in the egg (Fig. 1A). Earlfix3expression is transient
Pax6 f—"T and lost by stage 10.ET, Pax§ RxJ, tll, Lhx2 and
sxa  Loe$ Optx2were first detected at stages 10, 10.5, 11, 11.5,
: 12 and 12.5, respectively. In contrast to the first
-t (X detectable expression, strong expressioRas® Six3
" e o o Rx1 tll and Lhx2 is nearly simultaneous and starts
. . between stages 12 and 12.5, while strong induction of
T ET and Optx2 occurs by stages 10.5 and 14/15,
L oee2 f—‘ ) respectively. Some variation in the expression of these

genes was observed from experiment to experiment
(Fig. 1B). However, the relative timing of expression
using these conditions. A no reverse transcription control wawas consistent in each experiment. These results demonstrate
included in each reaction to check for the presence of contaminatirg tightly coordinated, strong expression of five EFTFs within
genomic and plasmid DNA. Subcloning and sequencing confirmed thg 30 minute time span. In addition, these results suggest that:
identities of the amplified products. (1) ET expression does not require the expressioPaxg

cDNA identification and sequence analysis Shlég?nl:i\)t?gi te"x er)éii?) rr1od%t')|('2P21r>]<% (Szi)%pgfistﬁ]%rrfﬂ;g ed for
XSix3was isolated by screening a stage 42 head cDNA library (a gih P ’

from P. A. Krieg, University of Texas, Austin, TX) with ¢Six3 ; ;

PCR-amplified fragment that was obtained as previously describe—(lﬁ—ﬂﬁnzF\I;feg:Zthg;g?iseﬁg llgrﬁ'\]/aetzloar? ping patterns
(Andreazzoli et al., 1999). Plating, hybridisation and washing . . o
conditions have been described previously (Franco et al., 1991). THateractions suggested by the synchronised timing of EFTF
XSix3predicted amino acid sequence is identical to that described Bgxpression could only operate if these factors were colocalised.
Zhou and colleagues (Zhou et al., 2000). A full-length cDNA wasTherefore, we used double whole-mount in situ hybridisation
cloned into theEcoRI/Xhd site of pBS(SK-) vector. A complete to determine the relative expression patterns of the eye field
description of the cloning and sequence ofXlkeaopus Lhx&vill be transcription factors.

given elsewhere (M.E.Z., unpublishe®enopus Lhx2equence has  \ve first compared the expression domains of these genes
been submitted to GenBank under Accession Number AY141037. \,iih Otx2, which is required for the establishment of

In situ hvbridisation presumptive forebrain and midbrain territories (K_ablar et al.,
y 1996; Pannese et al., 1995). Because the eye field originates

Whole-mount single and double in situ hybridisation Xenopus 1 - ; o .
embryos was performed as previously described (Andreazzoli et aY\”thm the forebrain, mice deficient iOix2 lack eyes

1999; Harland, 1991). Bleaching of pigmented embryos was carriéfi\campora et al., 1995; Matsuo et al., 1995). At gastrula
out following color reaction as described by Mayor et al. (Mayor eftages,Otx2 is expressed in the entire presumptive anterior
al., 1995). To determine the change in eye field diameter, the injectéteuroectoderm (Fig. 2A), but between the end of gastrulation
side of embryos was first determined by staining3fgal expression and the beginning of neurulation (stage 12.5/13) it is
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Otx2st.12 —— A Otx2st.13

Fig. 2. Comparison of EFTF expression patterns by double
whole-mount in situ hybridisatio®tx2 expression at stage

12 (A) and 13 (B). In C-l and K-T, the dark blue stain is the
expression pattern of the gene named on the left, while the
magenta stain is the expression pattern of the gene named on
the right, at the stages shown. For example, i©t&2is

dark blue andRxlis magenta. (J) BotAmxlandRx1stain

dark blue. (J-L) Th&x1(J), Pax6(K) andSix3(L)

expression borders are indicated by a broken line. A
schematic summary of the overlapping expression patterns of
the eye field transcription factors at stage 12.5/13 (U) and 15
(V) is shown. Scale bars: in A, 3@on for A-L; in M, 300

pm for M-T.

telencephalic primordium at early neural stages
(Pannese et al., 1998). The expression domaifxbf
andEmx1do not overlap, although bofPax6and Six3
overlie Emx1 expression confirming that the lateral
expression ofRx1 (and thereforeLhx2 and ET) lies
within both thePax6andSix3expression domains (Fig.
2J-L). Although theSix3 expression domain clearly
extends beyond the anterior limit®mx1(Fig. 2L), the
most anterior limit oPax6expression is coincident with
Emx1(Fig. 2K).ET, Pax§g Six3 RxlandLhx2thus have
overlapping, but not identical, expression domains in the
eye field region. Th&T expression domain is the most
restricted of these genes within the presumptive eye
field and theSix3domain is the broadest. One can think
of concentric rings of expression in domains of
decreasing size Six3 > Pax6 > Rx1 > Lhx2 > ETFig.
2U).

By midneurula stages (stage 14/18l),and Optx2
expression can be detected by WI8Hs first observed
in a narrow stripe of cells in the prechordal region of the
neural plate. As described by Holleman et al.
(Hollemann et al., 1998), the expression domaitil of
overlaps the posterior and laterBax6 expression
domain (Fig. 2M), distinct from the eye field. By
contrast, Six3 expression overlapstll expression
et ) s medially (Fig. 2N). The expression domaindofl, ET

B 3 and Optx2 closely border, but do not significantly

overlap the expression domaintbf(Fig. 20-Q). These
results suggest thét is unlikely to be required for eye
field specification as it is expressed after the eye field
forms and only partially overlaps the eye field region.
Optx2transcripts are detected within thaxg Six3 Rx1
downregulated in the medial region of its expression domaiandLhx2 expression domains (Fig. 2R-T and not shown).
(Fig. 2B). This ‘hole’ in theOtx2 expression domain, is the  Clearly, some of the EFTFs are expressed outside the
approximate location of the eye field. definitive eye field, consistent with the roles of genes like

ET, Paxg Six3 RxlandLhx2 are all first detectable in the Pax6andSix3in the development of other nearby structures,
presumptive eye field before the completion of gastrulation ansuich as the olfactory epithelium and the hypothalamus
the beginning of neurulation (stage 12) (not shoiR¥lis  (Lagutin et al., 2003; Oliver et al., 1995; Van Heyningen and
expressed neatly within the inner limits of the ‘hole’ in theWilliamson, 2002). Within the eye field — the expression
Otx2expression domain (Fig. 2C), and within fReldomain  patterns of the EFTFs are dynamic and follow the
are the even smaller expression domainshe andET (Fig.  morphogenesis of the neural plate, including the lateral
2D,E). BothPax6 and Six3 expression domains are slightly migration of the eye field as it begins to separate. This is
larger that theRx1 domain and overlap that @itx2 (Fig. 2F-  illustrated by comparing their expression patterns at stage
I). To define the anterior and lateral expression boundaries @2.5/13 and stage 15 only 3 hours later (Fig. 2U,V). These
these genes more clearly, we used the homeodomairesults demonstrate that the anterior neural plate is subdivided
containing transcription factdEmxlas a positional marker. into molecularly distinct domains that express specific
Emx1 is expressed in the rostral neural plate in thesubsets of the EFTFs.
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100%
1]
3
-E 75%
EFTF w
Control + B-gal in| Contral "6
- 50%
c
S
o
o 25%
0%
no
_mPaxﬁ_numz.nusixa_ no ET | no Rxl | optx2 | no th | All |
ONormal | 20% | 9% | 7% | 17% | 0% | 2% | 4% | 0% |
OMalformed Eye | 44% | 51% | 27% | 12% 5%  18%  13% | 5% |
B Streaming Pigment| 12% | 7% | 18% | 12% 28% @ 9% 11% 7%

MEct. Pig./Eye Tissue 24% | 33% | 48% | 60%  68%  70% | 72% | BB%

Fig. 3. Coordinated expression of EFTFs induces ectbpi@

expression and ectopic eye-like structures outside the nervous system.
(A-D) In situ hybridisation foL.hx2expression (violet) in stage 20
embryos. (A) Uninjected embryo shows the normal expression pattern
of Lhx2 (B-D) Otx2 ET, Pax§ Six3 Rx1, tll, Optx2andp-gal RNAs

were injected into one cell of two-cell stage embr{egal staining

(light blue) shows the injected side. Arrow indicates to ectopi?
expression (violet). (E-H) Embryos injected wiltx2, ET, Pax§ Six3

Rx1, tll andOptx2RNAs, and grown to stage 45. Arrows indicate
ectopic eyes and arrowheads point to lens. (I,J) Sections through
ectopic eyes reveal the layering of ganglion (GCL), inner nuclear

(INL) and outer nuclear (ONL) cell layers. (1) The retinal ganglion

cells are detected using the markermegviolet). Rod

photoreceptors are identified in the outer nuclear layer, by the
detection of opsin (green, J). Opsin also stains a rosette of cells
between the GCL and the lens. Lens was detected using anti-
crystalline antibodies and stains red in J. (K) Cocktail subsets reveal
the relative importance of EFTFs for eye tissue induction. Animals
were scored according to severity of phenotype — from ectopic pigment/eye tissue (most severe) to normal animals.
When all the factors were present, most embryos developed ectopic pigment or eye tissue (Ect. Pig./Eye Tissue).
WhenPax6was left out of the cocktail, for example, the frequency of ectopic pigment or eye tissue was greatly
reduced and 20% of the embryos were unaffected (Normal).

The coordinated overexpression of EFTFs is (RPE) on the injected side. Sections taken through this
sufficient to generate secondary eye fields and ectopic tissue and immunostained for opsin, revealed that
ectopic eyes outside the nervous system photoreceptors were often associated with the ectopic pigment.

To determine if the coordinated expression of EFTF genes i&pproximately 20% of injected embryos clearly developed
sufficient to generate eye fields and eyes in vertebrates, vagiite large ectopic eyes, the most striking aspect of which was
expressed a cocktail of seven of the EFTFs in developintheir location. Ectopic eyes were detected near the CNS, but
Xenopusembryos. We injecte®tx2, ET, Paxg Six3 Rx1, tll were also often found at locations far from the CNS, e.g. in the
and Optx2 RNAs simultaneously into one blastomere at thebelly region and even at the anus (Fig. 3E-H). These tissues
two-cell stage withBgal to identify the injected side of the expressed markers for differentiated retinal ganglion, rod and
embryo.Lhx2 was intentionally left out of the cocktail, as we cone photoreceptor cells, RPE and lens (Fig. 3I-J and not
needed an early marker to identify the presence of ectopic eghown), indicating that they were indeed eyes as defined by the
field. Preliminary experiments demonstrated that the absencell types detected as well as their morphology.

of Lhx2 from the cocktail had little effect on the observed ] S

phenotypes. Coordinated expression of the EFTF cocktaffocktail subsets reveal crucial circuit components

induced ectopic expression @fhx2 in 100% of injected The high efficiency with which cocktails of EFTFs generate
embryos. Ectopid.hx2 was detected both within and outside ectopic eye tissue enabled us to determine those most crucial
the nervous system (Fig. 3B-D), whereas its normal expressidar eye formation. To do this, we systematically injected
domain is limited to the anterior neural plate (Fig. 3A). Whercocktail subsets lacking one of the EFTFs and determined their
the injected embryos were grown to stage 45, we found ~90%ificiency at inducing ectopic eye tissues. The most dramatic
of these embryos expressed ectopic retinal pigment epitheliumaductions in ectopic eye tissue were observed Waz6was
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A B a0 Fig. 4.Nogginbut notOtx2regulates eye field
U nogOtx2 -RT E transcription factor expression whil#x2blocks
NCAM 5 the repression d&T by noggin (A) RT-PC_:R was
g 150 used to detect changes in the expression of the
Otx2 N - 3 EFTFs in response twggin(10 pg) andDtx2
- M0 oa (200 pg). The effect ddtx2on its own expression
XAG e - % 100 190 was not determined (ND). The presenc&®dand
ET ‘ - . g Six3in uninjected animal caps (U) was not a result
Paxe . g of DNA contamination as neither transcript was
2 50 detected when duplicate samples were amplified
Six3 * — 3 s in the absence of reverse transcriptase (—RT).
Uninjected sibling embryos ‘E’ were used as a
Rx1 . - 0 _ : _ : positive control for PCR. Histone H4 was used as
L2 | - . i iy a loading control. (B) RT-PCR was used to
. 100pg  200pg determine the relative expressior&dfin
tr - . C ectodermal explants from embryos injected with
‘ Otx2 Otx2, nogginor both. The percent &T
Opn2 . /. expression relative to uninjected controls is shown
H4 . noggin — ET above each bar of the graph. (C) Interpretation of
the combined results from A and B.

removed (Fig. 3K), followed bptx2, Six3andET. Removal Optx2 tll and Lhx2 from the cocktails is intriguing because

of Rx1, Optx2or tll from the EFTF cocktails affected ectopic each of these genes has been shown to be required for normal
eye tissue induction to a lesser extent (Fig. 3K). The strongye formation. Remembering that this is non-mutant tissue, a
effect of removind?axg Otx2andSix3from the cocktails may possible explanation is th&x1, Optx2 tll and Lhx2 can be

have been predicted, as numerous studies have demonstratetliced to sufficient levels by the remaining EFTFs —
these genes are required for eye formation. However, a cruciedmpensating for their removal. The strong ectopic expression
role for ET in early eye formation has not been reportedof Lhx2 seen in embryos injected with EFTF cocktails (Fig.
Conversely, the relatively small effects of removiRyJ 3B-D) certainly supports this hypothesis. The genetic hierarchy

Rx1 (pg) ‘I ET (pg)
100 250 500 1000 E

RAx1 inj

number of number of

1 & NC embryos injected  experiments
ET 0 1005 0 28 2
Rxl 0 94% 6% 31 2
Pax6  T4% 0 26% 38 2

Six3 0 0 1005 62 3 ET_) Rx1

Lhx2 0 0 10050 25 2
fr-gal 0 0 100 % 27 2

Fig. 5.ET, RxlandPax6regulateOtx2 expression. Embryos were injected into one blastomere at the two-cell stage with RNA of the indicated
gene. Whole-mount in situ hybridisation was used to d&te@expression in embryos injected with 10085(B), 400 pgRx1(C), 200 pg

Pax6(D), 200 pgSix3(E) or 500 pd-hx2(F) RNA. Embryos in A,D-F were co-injected wiBigal RNA to identify the injected side. In B and

C, the embryos were not stained fgal expression so that the repressio®@b2 could be more easily visualised. Scale bar: |3®0

(G) Quantitation of the effect of EFTFs @1ix2expression. Percent of embryos with an increagedecrease!() or no change (NC) i@©tx2
expressionET inducesRxlexpression. (H,IRx1injection did not effecET expression, whil&T inducedRx1expression irKenopusanimal

caps in a dose-dependent manner. Histone H4 was used as a loading control; U, uninjected; E, parallel, uninjected enWhale{dd)nt

in situ hybridisation was used to det&dt (J-K) andRx1(L-M) expression in stage D8enopusembryos injected with 200 @@x1(K) or ET

(M) RNA. In (J,K), embryos were injected wiilgal RNA. In L,M, GFP RNA was used to detect the injected side of the embryo. The right side
is the injected side in J-M. Scale bar: 300. (N) Interpretation of the results of Figs 4, 5.
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suggested by the timing of EFTF expression (Fig. 1) is alsplate, in a region corresponding to the cement gland anlagen,
consistent with this idea as the four EFTFs that are deemeshd posterior to the eye field, in the region fated to be the
most crucial by the cocktail subset method are expressemimordium of the mesencephalon (Eagleson et al., 1995), Fig.
earlier than, and may therefore induce the expressidRxdf, 2B, Fig. 5A). We found that botBT and Rx1repressed®tx2

Optx2 tll or Lhx2 expression throughout the entire anterior neural plate (Fig.
) ) ) 5B,C). Otx2 expression was repressed in 100% of embryos

EFTFs are induced by the combined action of injected WithET RNA and 94% of embryos injected wiltx1

noggin and Otx2 RNA (Fig. 5G). In 74% of embryos injected wigtaxg there

The above results suggest that eye field formation might reswitas an expansion of tl@tx2 expression domain (Fig. 5D,G).
from a series of progressive inductions. Extending thidnterestingly, Otx2 expression was expanded laterally and
hypothesis prior to eye field specification, the ectoderm isaudally but not into the eye field Bax6 (Fig. 5D). Neither
converted into the neural plate in response to neural induceiSix3 nor Lhx2 altered Otx2 expression (Fig. 5E,F). These
Next, presumptive forebrain is specified by the regulatedesults demonstrate that bd#T and Rx1are able to repress
expression ofOtx2 Finally, the eye field forms within the the expression ddtx2in the eye field region.
presumptive forebrain. If this model were correct, one would As ET is expressed befor&xl, it is possible that the
expect that botmogginand Otx2 are upstream of the EFTF repression oDtx2 by ET is indirect — mediated throudgRx1
genes, and may activate them either directly or indirectly. W&o test this possibility, we first used the animal cap assay to
therefore used the animal cap assay to test the effaoggfn  determine the effect &@T andRx1on each other’s expression.
andOtx2on the expression of the EFTFs. Rx1 neither induced nor repress&d expression in animal

In untreated animal caps, onyT and Six3were detected caps at concentrations as high as 1000 pg (Fig. 5H). However,
(U, Fig. 4A), consistent with their early expression in theET strongly induced the expressionRi1in a dose-dependent
embryo (Fig. 1). The neural inducerpggin dramatically manner (Fig. 5I).
increased the expression of many of the eye field transcription To test this pathway in vivo, we inject&l or Rx1 RNA
factors including Paxg§ Six3 Rx1, Lhx2 tll and Optx2 and assayed for changesRil1 or ET expression in stage 13
Interestinglynogginstrongly represseiT expression. Similar embryos. To target the eye field, we injecEdor Rx1RNA
results were found with another neural induchrdin (data  into dorsal blastomeres at the four-cell stage. Consistent with
not shown). Botmogginand Otx2 induced the neural marker the animal cap assayBx1had no effect ofeT expression at
NCAM and the cement gland mark¥AG. Unlike noggin stage 13 (compare Fig. 5J-K). As predict&d, strongly
however,Otx2 did not alter the expression BfT, Paxg Six3 induced the expression &x1in 93% of injected embryos
Rx1, Lhx2 tll or Optx2 The inability ofOtx2 to induce any (n=29). InterestinglyRxlinduction was only observed in the
EFTFs suggests that their regulatiorix2 independent. anterior neural plate in the presumptive eye field region (Fig.

The strong repression OET by noggin and chordin, 5M). WhenET was injected ventrallyjRx1linduction was not
however, raised the question of how the initial expression afbserved (not shown). Whd#l was injected at the two-cell
ET is turned on in the eye field. We therefore considered thstage (resulting in the expressionEr throughout an entire
possibility thatOtx2 inhibits the repression d&T by noggin half of the embryo)Rx1induction was again only detected in
To test this ideanogginmRNA was injected with and without the anterior neural plate, including the presumptive eye field
Otx2mRNA, and the effect oBT expression was determined region (not shown).
in animal capsOtx2 alone had no effect o&T, while noggin The downregulation oDtx2 in the eye field can thus be
repressedET expression to 15% of control levels (Fig. 4B). explained by the fact th&T induces the expression BixJ,
However, co-expression @itx2with nogginnot only rescued which then represse3tx2 (Fig. 5N). However, these results,
ET expression, but increaséd levels beyond that of controls do not rule out the possibility th&T also represse®tx2
in a dose-dependent manner. These results indicate irdependently oRx1 In fact, there is some indication that this
potentially crucial role foOtx2in eye field formation. Neural pathway may also be operative as inductioRxiby ET was
induction alone results in a neural plate resistantETo detected in most but not all embryos whi& repressed®tx2
expression; however, subsequent expressio®taP in the  expression in all embryos tested. In addition, we found that in
anterior neural plate permitET expression and perhaps the presumptive cement gland regi&T, represse®tx2 (Fig.
subsequent eye field formation (Fig. 4C). 5B) without inducingRx1 (Fig. 5M), implicating anRxZ:

o independent mechanism in this tissue.
ET, Rx1 and Pax6 regulate Otx2 expression in the

anterior neural plate and presumptive eye field Both Otx2 and noggin potentiate functional
The loss ofOtx2 expression between stages 12 and 13 iéteractions between the EFTFs.
synchronised with the induction of several EFTFs in the eye fiel@he inducing effect oET on Rx1is limited to the anterior
(Fig. 2), suggesting that they may repr@ss2expression in the forebrain, suggesting th&@tx2, although not an inducer of
anterior neural plate during normal embryonic development. EFTFs itself, may provide an environment that primes the
was, in fact, previously shown that overexpressionRafli  anterior neuroectoderm for eye field formation (Fig. 4). If so,
represse®tx2expression in the neural plate (Andreazzoli et al. co-injection ofOtx2 might potentiate the effects &T on the
1999). To test if other EFTFs are also capable of regul@ix®?  activation of downstream EFTFET is an obvious candidate
expression, we injected the EFTFs into one cell of two-cell stager co-injection experiments as it is expressed earlier than all
embryos and determined their effect ©tx2 expression using other EFTFs and has the most restricted expression domain.
whole-mount in situ hybridisation. As predicted by the above modéltx2 strongly potentiates
Otx2 expression normally extends both rostral to the neurahe induction olRx1by ET in the animal cap assay (Fig. 6A).
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Fig. 6. Otx2andnogginpotentiate the induction &x1by ET. (A,B) RT-PCR was used to detect changaxihandXAG expression in
ectodermal explants froddenopusembryos injected withoggin Otx2andET. ET (100 pg) was injected alone, with 50 or 100 p@btf2

(A), or 5 pgnoggin(B). (A) Lane 1, uninjected; lane ET (100 pg); lane 3Dtx2(50 pg); lane 40tx2 (100 pg); lane 5ET (100 pg) +Otx2 (50
pg); lane 6ET (100 pg) +Otx2(100 pg); lane 7, embryo, no reverse transcription; lane 8, emiyainduction was used as a positive control
for Otx2activity. (B) Lane 1, uninjected; lane 2T (100 pg); lane 3poggin(5 pg); lane 4ET (100 pg) +noggin(5 pg). (C-G)Rx1lexpression
was normalised to Histone H4 then set relative to uninjected codtgBpotentiates th&T induced expansion &xlexpression in the
anterior neural plate. Whole-mount in situ hybridisation was used to &etkekpression at stage 13 in embryos injected gl alone (C), or
in combination with 25 p@®tx2 (D), 10 pgET (E) or bothOtx2andET (F). (G) The rostrocaudal diameter of fRelexpression domain on the
injected side[gal-positive) was measured and compared with the uninjetgedifegative) side of the embryo (see F for an example).

This is in spite of the fact th@tx2alone does not indudgxl  experiments and directed overexpression studies suggest that
expression in vitro. The effect is dose dependent as co-injectia@arly genes such & may be required for the expression of
of 50 and 100 pg ddtx2with ET induced a three- and eleven- later expressed genes in the eye field and rule out the possibility
fold increase inRx1 expressionNoggin also potentiates the that later genes such &ptx2 are required for the initial
RxZlinduction byET. Weak Rx1 expression was detected in induction of earlier EFTFs. Nevertheless, dominant-negative
animal caps from embryos injected with suboptimal amount®ptx2andtll constructs an@®ptx2knockouts retard eye field
of ET or noggin However, co-injection ohogginand ET  growth and thus lead to reduced levels of other EFTFs,
RNAs at these same concentrations induced a greater than fivecluding ET andPax6(Hollemann et al., 1998; Li et al., 2002;
fold increase irRx1expression (Fig. 6B). Zhu et al., 2002; Zuber et al., 1999). Because of the possibility
We next examined the effect Otx2ET co-injection orRx1  of such indirect feedback effects on EFTF expression, it is
expression in vivoOtx2 (25 pg) only slightly increaseBx1  difficult to unravel the EFTF network using a loss-of-function
expression in stage 13 embryos (Fig. 6D,G), Whilg10 pg) approach alone, especially when the initial expression of these
expanded the average domairRxflexpression by 15% (Fig. genes in the eye field is so closely synchronised. To overcome
6E,G). However, co-injection ddtx2 with ET increased the this problem, we used a systematic approach, injecting
average eye field diameter by nearly 35% (Fig. 6F,G)embryos with one EFTF at a time, and screening the injected
approximately equivalent to the effect of 25 pgEdf alone  caps using RT-PCR to detect changes in the expression of the
(Fig. 6G). These results are consistent with the model atmaining EFTFs.

progressive tissue specification described above. A representative experiment and a summary of our results
are shown in Fig. 7A,B. This data was then assembled into a

The circuitry of the EFTF network revealed by circuit using Occam’s razor (Fig. 7C) that shows the most

systematic overexpresssion studies in animal caps parsimonious set of necessary interactions needed to explain

The relative timing, spatial expression patterns, cocktail subs#te results. These results confirm many of the predictions made
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from the expression studies (Figs 1, 2) and incomplete cocktdaxg Six3and Otx2 that previous studies have demonstrated
experiments (Fig. 3ET, positioned at the front of the circuit are central to eye formatioRax6andSix3induce each other’s
induces the expression &1 Lhx2 andtll, which in turn  expression as well as that lofix2 andtll. Pax6 also induces
induce the expression oPax@Lhx2tll:Optx2 Pax6 and Optx2 Lhx2 andtll were induced by five and four of the six
Pax8Six3Lhx2, respectively. HowevelET is unique in that EFTFs, respectively, confirming the hypothesis that a sufficient
none of the EFTFs studied here can induce its expression @amount of these genes could be induced by the remaining
the animal cap assay. Convers€lpix2 the last of these genes EFTFs to compensate for their removal from the eye inducing
to be expressed during eye formation, is induced byRa6  cocktails. In summany/ET at the front of the circuit induces
andRx1, yet is unable to induce any of the earlier expresseBx1, which activates a crossregulatory network, including
EFTFs. The four EFTFs expressed earliest and deemed m&stxg Six3 Lhx2 andtll, followed byOptx2induced byPaxa
crucial by the incomplete cocktail method are not only situated Additional interactions may also exist and are not ruled out
towards the front end of the circuit, but are also factors likdy the present data set. The working model illustrated in Fig.
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7C forms a framework that further experiments may build orbrain development (Eggert et al., 1998). Finally, our results
to define more precisely the genetic interactions required fahowingPax6as the most critical component of tkenopus
vertebrate eye formation. EFTF cocktail with respect to the induction of ectopic eyes
meshes well with the general prominence givelRatand its
. . Drosophila homologuesey and toy as transcription factors
Discussion centrally involved in early eye development (Wawersik and
Eye specification in flies and vertebrates Maas, 2000).
Kumar and Moses proposed a two-stage mechanism for The functional interactions among the genes required for
Drosophilaeye specification. First the eye-antennal imaginaDrosophilaeye formation have been extensively investigated
disk complex is subdivided into two distinct presumptive orgarfHeberlein and Treisman, 2000; Kumar and Moses, 2001b).
fields. Next, specific organ identities (eye versus antenna) atésing the ectodermal explant assay, we identified functional
defined. In the embryo prior to eye specificatimy, ey, so, epistatic interactions among the vertebrate EFTFs. There are
eya dac and eyg have only partially overlapping expression some striking similarities with the functional interactions
patterns. However, at the second larval stage their expressiamong the fly EFTFs. For example, we see inductioBixi
patterns are coordinated and the eye becomes specified (KunaadOptx2by Pax6and induction oPax6by Six3in ectodermal
and Moses, 2001a). In the vertebrate, we have shown thexplants (Fig. 7B). Iirosophila eycan induce ectopisoand
inductive and patterning events prepare the anterior neuraptix expression and ectopic eye formation induced by co-
plate for formation of the vertebrate eye field. However, it isexpression ofowith eyaresults in the activation of tleygene
the coordinated expression of the EFTFs that is required f¢Halder et al., 1998; Niimi et al., 1999; Pignoni et al., 1997;
the specification of the eye field. We find this to be &eimiya and Gehring, 2000).
remarkable example of mechanism conservation, given the Some differences between fly and vertebrate eye formation
large evolutionary distance between these species and thee also evident. We found th#dt was able to induce the
differences in the development and morphology of fly andxpression ofPax§ Six3 and Lhx2 and thatPax6 and Six3
vertebrate eyes. inducetll expressionDrosophila tll does not requirey or so

In the fly, toy, ey, so eya dacandeygare co-expressed in in the embryonic visual system (Daniel et al., 1999; Rudolph
the second larval stage and the elimination of any of therat al., 1997). We fountlhx2 to be induced by all the EFTFs
reduces the probability of eye formation (Kumar and Mosednvestigated in this report with the exception@ptx2 (Fig.
2001a). InXenopusET, Rx], Pax6andSix3are co-expressed 7A,B). The geneapterous (ap) is the most homologous
in the anterior neural plate and the elimination of any of thenbrosophilagene toLhx2, however,apterousloss-of-function
from a cocktail of EFTFs injected into tbéenopusembryo  mutants have no reported defect in eye formation (Bourgouin
reduces the frequency of ectopic eye tissue formation. et al., 1992; Cohen et al., 1992; Lundgren et al., 1995).

These remarkable similarities in general developmental . .
design are perhaps logically predicated based on the functionggrtebrate EFTFs and their functions
and structural homologies between wsophilaeye genes It is interesting to examine the results of this paper in light of
and the vertebrate EFTFs (Hanson, 2001; Wawersik and Maagudies, particularly knockout studies, on specific EFTFs in
2000). orthodenticle (otd) the Drosophila homolog of Otx other vertebratesOtx2/~ mice lack forebrain and midbrain
genes is required for development of the eye, antenna af@campora et al., 1995; Matsuo et al., 1995).Xenopus
anterior brain, and is normally expressed in a wide domain thanterior structures are also lost whé&ix2 fused to the
spans the dorsal midline and encompasses the entire dorsalgrailed transcriptional repressor is expressed in embryos
head ectoderm (Finkelstein and Boncinelli, 1994). Itglsaacs et al., 1999). An early requirement fotx2 in
expression is turned off in the head midline duringvertebrate eye formation is implied from studies in witiakg
development and in the part of the visual primordium thaBix3 Optx2 or Rx overexpression result in the formation of
forms the posterior optic lobe and the larval eye (Royet andctopic eye tissues, because as Chuang and Raymond
Finkelstein, 1996). This is strikingly similar to the changes webserved, ectopic eye tissue is only generated in the head
see in theXenopus OtxZxpression pattern. Theptomotor-  region defined byOtx2 expression (Chuang and Raymond,
blind (omb gene is a member of tAdx2T-box subfamilyET  2002). Using EFTF cocktails, we were able to generate ectopic
shares more sequence homology withibthan any other gene eyes outside of the nervous system (Fig. Gix2 clearly
in the fly genome (not showrgmbexpression is first detected potentiates the functional interaction among the EFTFs and is
in the optic lob anlagen, later expanding to a larger part of the crucial component of the mix (Figs 3, 6). However, a more
developing larval brain (Poeck et al., 1993). In the eye imaginaletailed analysis will be required to determine if ectopic eye
disc, omb is detected in glial precursors, posterior to theformation outside the nervous system is a result of including
morphogenetic furrow and in the optic stalk. NMutibmutants  Otx2in the cocktail.
die in pupal stage and show severe optic lobe defects Our results suggest a role fail as an initiator of eye field
(Pflugfelder et al., 1992). Therosophila Rxhomolog is not  specification. Originally identified as a T-box family member
expressed in the larval eye imaginal discs nor the embryonexpressed very early in the eye field, (Li et al., 1997),
eye primordia (Eggert et al., 1998; Mathers et al., 1997)subsequent overexpression studies showec=that involved
However, it is expressed prior &y in the procephalic region in the dorsoventral patterning of the eye (Wong et al., 2002).
from which the eye primordia originates, suggesting a role forhe more than 50 T-box family members identified have been
Drosophila Rxprior to ey during eye formation in the fly classed into five subfamilies (Papaioannou and Silver, 1998;
(Eggert et al., 1998; Mathers et al., 1997). It has therefore be#&¥ilson and Conlon, 2002)ET is a member of thelbx2
suggested thddrosophila Rxmay only be required for early subfamily that includes thEbx2 Thx3 Tbhx4andThx5genes,
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and is most similar toTbx3 The mouse and chicken Two Rxhomologues have been reportedienopugRx1land
orthologues ofTbx2 Tbx3 and Tbhx5 are all expressed in Rx2 and medakafishHRx2 and Rx3, while three have been
overlapping domains within the dorsal neural retina of thedentified in zebrafishr1, rx2 andrx3) (Casarosa et al., 1997;
embryonic optic cup (Chapman et al., 1996; Gibson-Brown eChuang et al., 1999; Loosli et al., 2001; Mathers et al., 1997,
al., 1998; Sowden et al., 2001) — very similar to the expressidinkler et al., 2000). MedakafidRx3shares greater sequence
pattern ofXenopus ETLi et al., 1997; Takabatake et al., 2000). homology with Xenopus XRxZhan XRx1 (not shown). In
Evidence of a role fofbx3in mammalian eye formation is medaka Rx3 mutants, Rx2 expression is unaffected and
limited. Mouse Thx3 has been detected in preimplantationmorphogenetic movements are normal until optic vesicle
embryos as early as 3.5 days post coitum (Bollag et al., 199dyagination, Rx2positive retinal tissue forms and the
Chapman et al., 1996) and in the retinal primordia (Takabatalseparation of the single retinal field into the two eye primordial
et al., 2000), but n@bx3 null mutants have been reported. is unaffected (Winkler et al., 2000). Medakafi§tx2 is
Hypomorphic mutations in humanTbx3 cause Ulnar- exclusively expressed in presumptive and differentiated retinal
mammary syndrome (UMS), an autosomal dominant disorddissue during and after gastrulation (Loosli et al., 2001,
affecting limb, apocrine-gland, tooth, hair and genitalMathers et al., 1997). These results suggest that medakafish
development with no apparent effect on the eye (Bamshad Bix2 or an as yet unidentified medaR&homolog is acting as
al., 1997). However, the mouddx3is clearly expressed in theRx1functional homologue iXXenopus
some embryonic tissues that are unaffected in the humanRx’-, Pax6’-, Lhx27/~ and Six3’~ mice all lack eyes
syndrome (Bamshad et al., 1997; Chapman et al., 1996). It m&@rindley et al., 1995; Mathers et al., 1997; Porter et al., 1997;
be that the human mutations responsible for UMS do not affeducker et al., 2001), but the morphological defects seen in
its role in these other tissues, or that other T-box familghese embryos also give clues to the order in which they are
members compensate for a defective form Bbx3 required during eye formatioRx’~ embryos do not develop
Interestingly, the putative orthologue of zebrafldix2 tbxg optic sulci, vesicles or cups, which normally form between
is expressed in the single eye field at the end of gastrulatimiages E8.5 and E9.5 (Zhang et al., 208ax67~ (Sey and
(~10 hours post fertilisation, hpf), while the putative zebrafisi.hx2-~ mice, however, do develop optic vesicles, which form
Thx3 orthologue is not expressed prior to 24 hpf and is nobptic stalks and rudimentary optic cups (Grindley et al., 1995;
reported to be expressed in the retina (Dheen et al., 199Bprter et al., 1997). IRax6’~ animals,Rx1, Six3and Lhx2
Ruvinsky et al., 2000; Yonei-Tamura et al., 1999). Thus, it magxpression is unaffected as late as E10.5 (Bernier et al., 2001;
be that the zebrafidx2 not zebrafishibx3is the functional Zhang et al., 2000). Recently, Lagutin and colleagues
homologue ofXenopus ET demonstrated a requirement fdBix3 during forebrain
Overexpresssion studies are very useful in characterisindpvelopment (Lagutin et al., 2008ix3”~ mice die at birth,
genetic networks, but clearly do not rule out the existence @nd lack head structures anterior to the midbrain, including the
parallel pathways and additional intermediates. For exampleyes. Mous&ix3expression is first detected at E7.0 to E7.5 in
the fact thahoggincan induceRx1while repressindeET means the anterior neuroectoderm and the first morphological
that a parallel pathway fdRx1induction must exist and that abnormalities irSix37~ mice are seen at E8 Rx1expression,
ET expression is not essential faxlinduction. WhetheET  although significantly reduced, is still detected at E8.5 in the
is required in vivo folRx1induction is not known. However, anterior neural plate dix3null animals, demonstrating that
the question of requirement and the normal pathway ofarlyRxlexpression does not requis&3 By contrast, neither
activation are different issues. The observation #atis  Rx1 nor Pax6 is detectable at optic vesicle stages, as these
expressed prior t®x1and induceRRx1 expression, and that structures do not develop. Interestingly, we also de3e@
this activity is enhanced in neuralised tissue suggests vegxpression prior to eye field formation in the fro@nopus
strongly that this pathway is active in the embryo. Six3is detected weakly until stage 9, is lost, and then increases
The role of Rx in vertebrate eye formation has beendramatically during eye field specification (Fig. 1). Perhaps
investigated in more detail th&T. Rxhomologues have been there results point to a twofold role f8ix3in eye formation
identified in humans, rodents (mouse and rat), chicken, fish an early neural patterning function then as a component
(zebrafish, medakafish and cavefish), as well as frog (Casarasfa the self-regulating network responsible for eye field
et al., 1997; Loosli et al., 2001; Mathers et al., 1997; Ohuclspecification. Our animal cap analysis indicates Dptx2
et al., 1999; Strickler et al., 2002; Tucker et al., 2001). Miceloes not regulate the expression of any of the EFTFs,
lacking functional Rx homologues do not develop eyes consistent with the observation th&®axg Six3 and Rx
(Mathers et al., 1997; Tucker et al., 2001).Rx’~ mice, expression are normal in the small ey&i®67'~mouse (Li et
neitherPax6nor Six3are upregulated in the presumptive optical., 2002). Dominant-negatii# constructs inhibit the growth
area as early as E9.0 (Zhang et al., 2000). These results afethe optic vesicle irKenopugHollemann et al., 1998), and
consistent with our own, indicating thakhas an early role in tll”~ mice show signs of retinal degeneration 3 weeks after
eye formation and is upstream @&ax6 and Six3 The  birth that eventually result in visual defects (Yu et al., 2000).
medakafish mutant eyelessl)( is the result of an intronic Our results similarly argue thdt andOptx2are not involved
insertion into theRx3 locus (Loosli et al., 2001)Rx3 is in the earliest steps of eye field formation, but &t RxJ,
required for evagination and proliferation of the optic vesiclePaxg Six3andLhx2 are part of a self-regulating network of
In medakaRx3mutants, botfTbx2andThx3expression in the nuclear factors in vertebrates that helps specify the eye field.
retina is lost, suggesting thRix3is genetically upstream of
these genes or that Thx2/3 are expressed in tissues lost or réeye thank Yi Rao, Tomas Pieler and Anna Philpott who provided
patterned inRx3 mutants (Loosli et al., 2001). This is in us with the pCS2R.XET, pCS2MT.Xtll, pCS2.noggin, respectively.
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